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ABSTRACT 

 

 

 

This thesis presents a systematic study on the structural behavior of hybrid 

FRP-concrete-steel double-skin tubular columns (hybrid DSTCs) under static and 

cyclic loading, with particular attention to the use of high strength concrete (HSC) 

and the effect of column size. A hybrid DSTC consists of a layer of concrete 

sandwiched between an outer tube made of FRP and an inner tube made of steel. 

The FRP tube, with fibers oriented close to the hoop direction, is used to confine 

the concrete and to enhance the shear resistance of the column. This column form 

was proposed by Prof. J.G. Teng to achieve excellent durability and ductility (and 

hence seismic resistance). 

 

Following the introductory and the literature review chapters of the thesis, 

Chapters 3 and 4 present the first part of the research program concerned with the 

behavior of concrete filled FRP tubes (CFFTs) under cyclic axial compression. 

The experimental work included the concrete strength as a key variable, and was 

designed to supplement the very limited existing research on the cyclic 

compressive behavior of FRP-confined HSC. Lam and Teng’s cyclic stress-strain 

model was critically assessed using the new test results as well as existing test 

results. A modified version of Lam and Teng’s model, applicable to both normal 

strength concrete (NSC) and HSC confined with either a wet-layup FRP tube or 

an FRP filament-wound tube, was then proposed. The proposed model was found 

to provide reasonably accurate predictions of test data. 
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Chapters 5 and 6 present the second part of the research program which was 

concerned with the behavior of hybrid DSTCs filled with NSC/HSC subjected to 

monotonic/cyclic axial compression. Previous studies on the axial compressive 

behavior of hybrid DSTCs were generally limited to small-scale specimens (i.e. 

with a diameter < 200 mm) filled with NSC and confined with a wet-layup FRP 

tube. The experimental investigation was thus focused on three issues: (1) the 

effect of using HSC; (2) the effect of using a filament-wound FRP tube; and (3) 

the effect of specimen size. The test results were compared with Yu et al.’s model 

for static behavior and the stress-strain model presented in Chapter 4 for cyclic 

behavior. Both models were found to provide reasonably accurate predictions of 

test results. 

 

Chapters 7 and 8 present the last part of the research program which was focused 

on the seismic behavior of hybrid DSTCs filled with NSC/HSC. A series of 

DSTCs were tested under combined axial compression and cyclic lateral loading. 

The test columns had a relatively large column section (i.e. with a diameter of 300 

mm) and a realistically large void ratio (i.e. 0.73) to achieve close representation 

of real column behavior. The test results indicated that hybrid DSTCs possess 

excellent ductility and seismic resistance even when HSC with a cylinder 

compressive strength as high as 120 MPa is used. A numerical column model for 

DSTCs under combined axial compression and cyclic lateral loading was then 

developed, whose predictions were found to be in close agreement with the test 

results. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

 

1.1 BACKGROUND 

 

1.1.1 Concrete-Filled FRP Tubes 

 

Corrosion of steel reinforcement in concrete structures is the major reason for the 

deterioration of reinforced concrete structures. To overcome the deterioration 

problem, extensive research has been conducted on the use of FRP composites in 

new construction to take advantage of its excellent corrosion resistance. 

Concrete-filled FRP tubes (CFFTs) (Mirmiran and Shahawy 1997; Fam and 

Rizkalla 2001a, b) are an attractive form of hybrid compression members 

combining FRP and concrete in an optimal manner (Figure 1.1). A CFFT consists 

of an outer FRP tube filled with plain or steel bar-reinforced concrete. The FRP 

tube is typically manufactured using the filament-winding process (i.e. a 

filament-wound FRP tube), which is more suitable in real construction than FRP 

tube fabricated via the wet-layup method. When CFFTs are under axial 

compression, the concrete is under lateral confinement from the FRP tube which 

is in tension in the hoop direction. Due to the confinement of the FRP tube, both 

the strength and the ductility of the concrete can be significantly enhanced. As a 

result, the two brittle materials (i.e. FRP and concrete) can form a highly ductile 

compression member, particularly when internal steel reinforcement is also 
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provided in the longitudinal direction. In addition to excellent ductility and thus 

excellent seismic resistance, CFFTs also have excellent corrosion resistance; the 

steel tube is also much lighter than a corresponding steel tube. With these 

advantages, CFFTs are attractive for use as bridge columns and piles, which are 

often exposed to harsh environments (e.g. sea water). Many studies (e.g. Mirmiran 

and Shahawy 1997; Zhang et al. 2000; Fam and Rizkalla 2001a, b; Xiao 2004; 

Burgueño and Bhide 2006; Zhu et al. 2006; Ahmad et al. 2008; Ji et al. 2008; 

Ozbakkaloglu and Oehlers 2008; Yu and Teng 2011; Zohrevand and Mirmiran 

2013) have been conducted on CFFTs in recent years. 

 

As a structural form with a great potential for use in seismic regions, the behavior 

of CFFTs subjected to cyclic loading is of particular interest. The stress-strain 

behavior of the confined concrete in CFFTs under cyclic axial compression is 

particularly important for the accurate modeling of such columns under seismic 

loading. A number of experimental studies (e.g. Rousakis 2001; Ilki and 

Kumbasar 2003; Shao et al. 2006; Lam et al. 2006; Abbasnia and Ziaadiny 2010; 

Ozbakkaloglu and Akin 2012; Abbasnia et al. 2012; Abbasnia et al. 2013; Bai et 

al. 2013) have been conducted on the cyclic stress-strain behavior of concrete 

confined with an FRP wrap with fibers oriented in the hoop direction only, but no 

systematic experimental study has been concerned with the cyclic behavior of 

confined concrete in CFFTs with a filament-wound FRP tube. In addition, the 

shrinkage of the concrete infill in CFFTs may lead to a small initial gap between 

the FRP tube and the concrete, which can also have adverse effects. To the best of 

the author’s knowledge, the only existing cyclic axial compression test on 

concrete-filled filament-wound FRP tubes was conducted by Mirmiran and 

Shahawy (1997), where only one specimen was tested. The behavior of the 

concrete in CFFTs is complicated by the significant axial stiffness and the 

Poisson’s effect of the FRP tube, and the failure mode of such an FRP tube is also 
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different from that of an FRP wrap with only hoop fibers. In addition, the possible 

shrinkage gap between the FRP tube and the concrete may have adverse effects on 

the effectiveness of confinement.  

 

Against this background, this thesis first presents a systematic study involving 

both laboratory experiments and theoretical modeling on the behavior of circular 

CFFTs under cyclic axial compression. The strength of concrete is treated as a key 

variable in the study as CFFTs offer an excellent opportunity for the use of high 

strength concrete (HSC) which is effectively confined by the FRP tube. This study 

on CFFTs was also motivated by the need to understand the cyclic stress-strain 

behavior of confined normal strength concrete (NSC) or HSC in hybrid FRP-steel 

concrete double-skin tubular columns (hybrid DSTCs), which is a key issue of the 

present PhD research program. 

 

1.1.2 Hybrid FRP-Concrete-Steel Double-Skin Tubular Columns 

 

While CFFTs possess several excellent properties as explained above, they are 

relatively heavy due to their solid section (Figure 1.1). In bridge engineering, 

reinforced concrete columns with a hollow section (Figure 1.2) are often preferred 

to reduce the self-weight of bridge piers because the central concrete core makes 

limited contributions to the resistance of the column when lateral loading is 

important. Therefore, in a seismic region, a hollow section is preferred as for the 

same amount of material, a hollow section offers a much greater resistance to 

lateral loading than a solid section; alternatively, for the same lateral load 

resistance, a hollow section leads to material savings. 

 

For the reason given above, hollow-section reinforced concrete columns have 

been widely used in bridge construction. Such columns, however, suffer from 
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poor corrosion-resistance, especially in a harsh environment; their ductility needs 

to rely on heavy transverse steel reinforcement, which can be costly and lead to 

construction inconvenience. The cover concrete can also easily spall off during 

seismic loading, which compromises the seismic resistance of hollow RC columns. 

More recently, double-skin steel tubular columns have been explored as a new 

form of columns; these columns consist of an outer steel tube, an inner steel tube 

and a concrete infill in between (Figure 1.3). The concrete in such columns can 

receive confinement from both tubes, but the corrosion problem of the outer steel 

tube remains. In addition, the outer steel tube, as the main longitudinal 

reinforcement, is subjected to direct compression when the column is loaded and 

is thus prone to outward local buckling which may significantly reduce the 

strength and ductility of the column.  

 

A novel form of structural members has recently been proposed by Teng et al. 

(2004, 2007), namely, hybrid FRP-concrete-steel double-skin tubular columns 

(hybrid DSTCs) (Figure 1.4). A hybrid DSTC consists of an outer tube made of 

FRP and an inner tube made of steel, with the space between filled with concrete. 

Hybrid DSTCs may be constructed in-situ or precast, with the two tubes acting as 

the stay-in-place form. The fibers in the FRP tube are generally oriented close to 

the hoop direction to confine the concrete and to enhance the shear resistance of 

the column. The inner void may be partially filled with concrete if desired. 

Compared with CCFTs (Figure 1.1), hybrid DSTCs retain the excellent corrosion 

resistance property but have better ductility as a result of the use of a ductile steel 

tube as the main longitudinal reinforcement and have lower construction costs as 

the FRP outer tube, which is used mainly to provide confinement, can be made 

very thin. Compared with hollow reinforced concrete columns (Figure 1.2), 

hybrid DSTCs possess better corrosion resistance due to the use of an FRP outer 

tube and better ductility as the concrete is effectively confined by the two tubes. 
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Compared with double-skin steel tubular columns (Figure 1.3), hybrid DSTCs not 

only have superior corrosion resistance, but also have better ductility as local 

bulking is not a problem for the FRP outer tube with fibers oriented close to the 

hoop direction. 

 

Existing research on hybrid DSTCs has led to a good understanding of the static 

behavior of hybrid DSTCs through laboratory testing of small-scale columns 

constructed with normal strength concrete (NSC) and confined with an FRP tube 

fabricated using the wet-layup method. The existing work has confirmed that the 

concrete in this new column form is very effectively confined by the two tubes 

and the local buckling of the inner steel tube is either delayed or suppressed by the 

surrounding concrete, leading to a very ductile response (Yu 2007). Most of the 

work undertaken at The Hong Kong Polytechnic University prior to the project 

research program can be found in Teng et al. (2004), Yu et al. (2006), Teng et al. 

(2007), Yu (2007), Wong et al. (2008), Teng et al. (2010) and Yu et al. (2010a, 

2010b, 2010c, 2010d). A design approach was proposed and adopted by the 

Chinese Technical Code for Infrastructure Application of FRP Composites (GB 

50608 2010) based on these studies. Hybrid DSTCs have already received 

significant international attention and positive responses from researchers. 

Hollaway (2010) introduced this new form of hybrid members in detail in his 

review paper and commented that it “is relatively easy to construct and is highly 

resistant to corrosion and earthquakes”. Yang and Han (2008) commented that 

this new member form “combines the advantages of all three constituent 

materials and those of the structural form of double-skin tubular columns”. This 

novel form of structural members has since been studied by a number of research 

groups around the world, including Tsinghua University (e.g. Qian and Liu 2006; 

Liu 2007; Liu and Qian 2007; Qian and Liu 2008; Han et al. 2010), Harbin 

Institute of Technology (Yu 2006; Zhang 2009), Fuzhou University (Xu and Tao 
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2005; Wang and Tao 2009), the University of Adelaide (e.g. Ozbakkaloglu and 

Fanggi 2013a, 2013b; Fanggi and Ozbakkaloglu 2013), and the University of 

Wollongong (e.g. Yu et al. 2012; Yu and Teng 2013). 

 

The excellent ductility of hybrid DSTCs means that they are particularly attractive 

for use in seismic regions. Therefore, their behavior under cyclic loading is of 

particular interest, which has received rather limited research attention. Existing 

work has also been focused on small-scale hybrid DSTCs constructed with NSC 

and confined with a wet-layup FRP tube. For practical applications, studies on 

large-scale hybrid DSTCs are of great importance for reliable modeling and safe 

design. Since hybrid DSTCs are highly ductile, and the absence of steel 

reinforcing bars ensures good-quality casting of HSC, they offer a promising 

opportunity for the use of HSC which is more brittle than NSC. HSC also 

facilitates the use of a large void ratio for hybrid DSTCs without compromising 

the contribution of concrete to its load-carrying capacity. For practical 

applications, wet-layup tubes cannot be used as the manual layup process is labor 

intensive and creates challenges for quality control. Therefore, filament-wound 

FRP tubes should be used together with steel tubes as the stay-in-place form. 

Against this background, this thesis presents a systematic research program on 

hybrid DSTCs under static and cyclic loading, with a strong focus on following 

three issues: the testing of large-scale specimens, the use of HSC, as well as the 

use of filament-wound FRP tubes. 

 

1.2 RESEARCH OBJECTIVES 

 

The research program presented in this thesis has been carried out with the 

following specific objectives: 
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1. To investigate the behavior of CFFTs under cyclic axial compression through 

an experimental study (Chapter 3); 

2. To develop a cyclic stress-strain model that is applicable to both NSC and 

HSC confined with FRP (Chapter 4); 

3. To investigate the behavior of hybrid DSTCs filled with NSC/HSC under 

monotonic axial compression through an experimental study (Chapter 5); 

4. To investigate and model the behavior of hybrid DSTCs filled with NSC/HSC 

under cyclic axial compression (Chapter 6); 

5. To investigate the behavior of hybrid DSTCs subjected to combined axial 

compression and cyclic lateral loading through an experimental study 

(Chapter 7); 

6. To develop a numerical model for simulating the behavior of hybrid DSTCs 

subjected to combined axial compression and cyclic lateral loading (Chapter 

8). 

 

1.3 THESIS LAYOUT 

 

The thesis consists of 9 chapters. The work presented in each chapter is briefly 

summarized below.  

 

Chapter 1 explains the background to the research program, outlines the research 

objectives, and describes the layout of the thesis. 

 

Chapter 2 presents an extensive literature review on topics related to the present 

study. First, the relevant existing knowledge about FRP composites is briefly 

reviewed, covering the fabrication methods for FRP composite products and 

methods for obtaining the mechanical properties of FRP composites. Second, the 

existing knowledge of FRP-confined concrete is examined in detail, with 
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particular attention to FRP-confined concrete in circular sections under 

monotonic/cyclic compression. Last, studies on hybrid DSTCs are briefly 

reviewed, with an emphasis on hybrid DSTCs under monotonic/cyclic 

compression, as well as hybrid DSTCs subjected to combined axial compression 

and cyclic lateral loading. 

 

Chapter 3 presents an experimental study on the behavior of circular CFFTs under 

cyclic axial compression, where the strength of concrete is a key variable. The 

experimental program is a much needed supplement to the very limited existing 

research on the cyclic compressive behavior of FRP-confined HSC. The test 

results are compared with Teng et al.’s (2009) monotonic stress-strain model and 

Lam and Teng’s (2009) cyclic stress-strain model for FRP-confined concrete, 

both of which have been based on test databases which are limited to concrete 

confined with an FRP wrap and include only a small number of tests for HSC. The 

comparisons show that Teng et al.’s (2009) monotonic stress-strain model is 

capable of providing accurate predictions for HSC in CFFTs, provided that the 

FRP tube has a sufficient circumferential stiffness to ensure a monotonically 

ascending axial stress-strain curve. The comparisons also show that Lam and 

Teng’s (2009) cyclic stress-strain model may be applicable to NSC in CFFTs, but 

is not sufficiently accurate for HSC in CFFTs. 

 

Chapter 4 presents a critical assessment of Lam and Teng’s (2009) cyclic 

stress-strain model for FRP-confined concrete against the new test results of 

CFFTs obtained in Chapter 3 as well as those of FRP-confined concrete with 

wet-layup FRP tubes which were published after Lam and Teng’s (2009) study. 

Several deficiencies are identified through the critical assessment. A cyclic 

stress-strain model is then proposed to correct the deficiencies of Lam and Teng’s 

(2009) model, and to provide reasonably accurate predictions for both NSC and 
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HSC confined with either an FRP wrap or an FRP filament-wound tube. 

 

Chapter 5 is concerned with experimental behavior of hybrid DSTCs under 

monotonic axial compression. Existing studies on the axial compressive behavior 

of hybrid DSTCs have generally been limited to small-scale specimens (i.e. with 

the diameter being smaller than 200 mm) and wet-layup FRP tubes, with only a 

few exceptions. In particular, there has been no experimental study on large-scale 

hybrid DSTCs with a filament-wound FRP tube and HSC. This chapter thus 

presents the first experimental study on large-scale hybrid DSTCs with a filament 

FRP tube under monotonic axial compression, with a strong focus on the 

following three issues: (1) the effect of using HSC; (2) the effect of using 

filament-wound tubes; and (3) the effect of specimen size. The test results are then 

compared with an existing stress-strain model (Yu et al. 2010) which was 

developed based on results of small-scale hybrid DSTC specimens with NSC and 

a wet-layup FRP tube. Yu et al.’s (2010) model is shown to be capable of 

providing reasonably accurate predictions for specimens with a bilinear ascending 

stress-strain curve and specimens with slight fluctuations in the axial stress-strain 

curve, but to slightly overestimate the results of specimens with a sudden load 

drop. 

 

Chapter 6 is focused on hybrid DSTCs subjected to cyclic axial compression. Only 

one study (Yu et al. 2012) has been conducted on hybrid DSTCs under cyclic 

axial compression, and this study was limited to NSC, small-scale specimens (i.e. 

with the diameter being around 200 mm) and wet-layup FRP tubes. This chapter 

first presents an experimental study on hybrid DSTCs under cyclic axial 

compression with a strong focus on the three important issues: the use of HSC, the 

use of filament-wound tubes, and column size. Comparisons between the test 

results and the predictions from the cyclic stress-strain model proposed in Chapter 
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4 for FRP-confined concrete are also presented for the unloading/reloading paths. 

The comparisons show that the model proposed in Chapter 4 can provide 

reasonably predictions of the unloading/reloading paths of concrete in hybrid 

DSTCs. 

 

Chapter 7 presents the first experimental study on hybrid DSTCs filled with HSC 

subjected to axial compression in combination with cyclic lateral loading. A 

relatively large column section (with a diameter of 300 mm) was chosen to allow 

reliable experimental modelling of real columns. The parameters examined 

include the concrete strength, the confinement stiffness of the FRP tube, and the 

axial load ratio. The test results indicate that hybrid DSTCs possess excellent 

ductility and seismic resistance even when HSC with a cylinder compressive of 

around 120 MPa is used. The test results provide valuable data needed for the 

formulation and verification of a theoretical model for the seismic behavior of 

hybrid DSTCs. 

 

In Chapter 8, a numerical model for simulating the seismic behavior of hybrid 

DSTCs is presented. This numerical model was implemented into the open-source 

program “Open System for Earthquake Engineering Simulation” (OpenSees 2009) 

using its force-based “NonLinearBeamColumn” element to consider both 

geometric nonlinearity and material nonlinearity. The large scale hybrid DSTCs 

presented in Chapter 7 were simulated using the proposed numerical column model 

via OpenSees. Predictions of the numerical column model are shown to be in close 

agreement with the test results.  

 

The thesis is concluded in Chapter 9 with a summary of the main conclusions 

drawn from previous chapters. Areas for the further research are also outlined. 
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Figure 1.1: Cross section of CFFTs 
 
 

 
 

Figure 1.2: Cross section of hollow steel reinforced concrete columns 
 
 

 
 

Figure 1.3: Cross section of steel double-skin tubular columns 
 
 

 
 

Figure 1.4: Cross section of hybrid DSTCs 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

 

2.1 INTRODUCTION 

 

This chapter presents a review of existing knowledge pertinent to hybrid 

FRP-concrete-steel double-skin tubular columns (hybrid DSTCs). In a hybrid 

DSTC, the FRP tube, containing fibers oriented close to the hoop direction, offers 

mechanical resistance primarily in the hoop direction to confine the concrete and 

to enhance the shear resistance of the column. Therefore, the existing knowledge 

of FRP composites is first reviewed, including fabrication techniques for FRP 

composites and products, applications in civil engineering, and methods for 

obtaining their mechanical properties. As the first part of the present research 

program was concerned with the experimental behaviour and theoretical 

modelling of FRP-confined concrete under cyclic axial compression, existing 

knowledge of FRP-confined concrete is then examined, with particular attention 

to monotonic stress-strain models and cyclic stress-strain models for 

FRP-confined concrete. Then, previous studies on hybrid DSTCs under 

monotonic/cyclic axial compression are summarized, which have generally been 

limited to small-scale specimens filled with NSC (i.e. with a diameter < 200 mm) 

and confined with a wet-layup FRP tube. Finally, the very limited existing work 

on the seismic behavior of hybrid DSTCs subjected to combined axial 

compression and cyclic lateral loading is briefly discussed. 
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2.2 FRP COMPOSITES 

 

FRP composites are formed by embedding continuous fibers (e.g. carbon fibers, 

glass fibers and aramid fibers) in a resin matrix (e.g. epoxy, polyester and vinyl 

ester resins) which binds the fibers together (Teng et al. 2003). FRP composites 

have many advantages over traditional materials, such as high strength, high 

stiffness, a long fatigue life, a small density, corrosion resistance, environmental 

stability and flexibility, etc. The widely used FRP composites include glass FRP 

(GFRP), carbon FRP (CFRP) and aramid FRP (AFRP).  

 

FRP composites have found many applications in different areas, such as in the 

aircraft industry (e.g. the fuselage and wings for the Boeing 787 “Dreamliner”), 

the automobile industry (e.g. the engine hood, dash board and other parts of a car), 

the energy industry (e.g. the composite blade for a wind turbine tower; insulators 

in electricity transmission tower), the military industry (e.g. antennae shields for 

radars; various applications in military vessels and weapons), civil infrastructures 

(e.g. composite pipes used for water transportation), as well as sports equipment 

(e.g. badminton bats and tennis bats). 

 

2.2.1 Fabrication Methods 

 

In civil engineering applications, FRP composite products are commonly 

fabricated in two ways: in-situ fabrication and prefabrication in a factory.  

 

For the retrofitting of an existing structure, the installation of FRP strengthening 

systems is generally carried out on-site, and the wet-layup method is the more 

commonly used method for preparing the FRP. In a wet-layup process, fibers or 

woven fabrics are mixed with a resin material (generally an epoxy resin) for 
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external bonding to concrete beams (i.e. flexural strengthening or shear 

strengthening) (Figure 2.1) or for wrapping around existing columns (i.e. 

enhancing the ductility and seismic behaviour) (Figure 2.2). This method leads to 

handling flexibility on-site as FRP composites are light in weight and flexible 

compared with traditional retrofitting materials (e.g. steel plate or steel shells).  

 

Factory prefabrication generally refers to the filament winding and the pultrusion 

techniques, which produce FRP products with better quality control and are more 

suitable for mass production. Filament winding is a common fabrication technique 

for composite cylindrical structures (e.g. FRP tubes), involving the winding of 

resin-bathed filaments under a certain amount of tension over a cylindrical mould 

with the fiber volume ratio, the fiber angle and the stacking sequence well 

controlled (Figure 2.3). The pultrusion technique is a continuous manufacturing 

process utilized to make profiles with a constant cross-section (e.g. FRP bars, FRP 

plates or other section forms with fibers only in the longitudinal direction) (Figure 

2.4).  

 

With decreases in the cost of raw materials, FRP composites have found 

increasing applications both in the retrofitting of existing structures [e.g. external 

bonding of FRP to concrete beams for flexural strengthening or shear 

strengthening (Figure 2.1); wrapping FRP on columns to enhance their seismic 

performance (Figure 2.2)] and in constructing new structures [e.g. using FRP bars 

in reinforced concrete structures (Figure 2.5); using filament-wound FRP tubes to 

construct FRP-confined concrete columns (Figure 2.6)]. 
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2.2.2 Mechanical Properties 

 

2.2.2.1 Lamination Theory 

 

It is well known that FRP composites possess a linear-elastic stress-strain 

behaviour when it is loaded in tension in the direction of fibers. The material 

properties of FRP composites can be estimated based on the classical lamination 

theory (Daniel and Ishai 1994), in which the mechanical properties of FRP 

composites are estimated based on the properties of the two constituent materials 

(i.e. fibers and resin). The analysis process generally includes two steps (Daniel 

and Ishai 1994): (1) estimating the mechanical properties of an FRP lamina (one 

plane or curved layer of unidirectional fibers or woven fabric in a resin matrix) 

based on the material properties of the fibers and the resin; the lamina is an 

orthotropic material with three principal material axes [the direction of the fibers 

(longitudinal), the direction normal to the fibers in the plane of the lamina 

(in-plane transverse) and the direction normal to the plane of lamina]; (2) 

evaluating the mechanical properties of an FRP laminate (a laminate is made up of 

two or more unidirectional laminas stacked together at different directions) based 

on the mechanical properties of a lamina (Yu 2007). The first step is referred to as 

micro-mechanical analysis and the second step is referred to as macro-mechanical 

analysis in the classical lamination theory, which is described in detail in Daniel 

and Ishai (1994). 

 

Based on these analyses, constitutive equations can be derived for FRP 

composites. It should be noted that, in the lamination theory, the material 

properties of the fibers and the resin (i.e. Young’s moduli, shear moduli, Possion’s 

ratios, tensile strengths, compressive strengths and shear strengths, etc.) are 

crucial for estimating the mechanical properties of FRP composites. However, 
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these basic material properties of the fibers and the resin may be not available to 

researchers. Thus, difficulties arise in estimating the mechanical properties of FRP 

composites using this method. 

 

2.2.2.2 Test Methods 

 

Alternatively, the mechanical properties of FRP composites can be assessed by 

direct experimental testing following well-established test standards for FRP 

composites. There are various testing standards for FRP composites, such as the 

test method for determining the in-plane tensile properties of FRP composites 

given by ASTM D3039/D3039M (2008), the test method for obtaining the 

in-plane shear response of FRP composites given by ASTM D3518/D3518M 

(1994), the test method for acquiring the longitudinal compressive properties of 

FRP tubes given by GB/T 5350 (2005), the test method for determining the 

apparent hoop tensile strength of plastic or reinforced plastic pipe by the split disk 

method given by ASTM D2290 (2008), as well as the test method for determining 

the in-plane compressive properties of FRP composites given by ASTM 

D3410/D3410M (2003). In the research program presented in the present thesis, 

the testing standards of ASTM D2290 (2008) and GB/T 5350 (2005) were 

adopted for determining the hoop tensile properties and the longitudinal 

compressive properties of filament-wound FRP tubes.  

 

As described in ASTM D2290 (2008), the test specimen shall be a full-diameter, 

full-wall thickness ring cut from the original pipe. The specimen should then be 

loaded through a self-aligning split disk apparatus, which applies a tensile force to 

the ring-shape specimen. An apparent tensile strength rather than a true tensile 

strength is obtained from this test because some bending exists in the ring during 

the test at the split of the test fixture. This bending in the ring is caused by the gap 
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between the two half-circular disk sections induced by the tensile force. Based on 

the split disk test, the apparent tensile strength of the specimen can be obtained by 

dividing the tensile force with the section area under tension. By installing 

bi-directional strain gauge rosettes on the ring specimen, strains can also be 

obtained, thus the Young’s modulus and the Possion’s ratio for the ring can be 

determined. 

 

In GB/T 5350 (2005), a simple method is given for obtaining the longitudinal 

compressive properties of FRP tubes by compressing short tube specimens in a 

universal testing machine. With the installation of bi-directional strain rosettes on 

the specimen, the compressive strength, the compressive strain, the Young’s 

modulus and the Possion’s ratio can also be determined. 

 

2.3 FRP-CONFINED CONCRETE 

 

In civil engineering, one important application of FRP composites is to provide 

confinement for concrete, both in the retrofitting of existing reinforced concrete 

columns using the wet-layup method or in the construction of new columns using 

filament-wound FRP tubes. In experimental studies on FRP-confined concrete, the 

following three methods have been used to prepare the FRP jacket: (1) forming of 

the FRP jacket by manually wrapping and resin impregnation of fiber sheets on 

hardened concrete as is done in retrofit applications (referred to as wet-layup FRP 

tubes or FRP wraps) (e.g. Xiao and Wu 2000; Teng and Lam 2004; Yu 2007); (2) 

prefabrication by manually wrapping and resin impregnation of fiber sheets on a 

mold which is removed after the resin has cured (referred to as prefabricated 

wet-layup FRP tubes) (e.g. Ozbakkaloglu and Akin 2012); (3) prefabrication using 

the filament-winding process (referred to as filament-wound FRP tubes) (e.g. Fam 

et al. 2003). FRP-confined concrete with FRP jackets formed using method (2) 
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and (3) have also been referred to as concrete-filled FRP tubes (CFFTs), as the 

concrete is cast into prefabricated FRP tubes. 

 

2.3.1 FRP-Confined Concrete under Monotonic Axial Loading 

 

Over the past two decades, extensive research has been conducted on 

FRP-confined concrete under monotonic axial compression (e.g. Mirmiran and 

Shahawy 1997; Karbhari and Gao 1997; Samaan et al. 1998; Saafi et al. 1999; 

Spoelstra and Monti 1999; Toutanji 1999; Xiao and Wu 2000; Xiao and Wu 2003; 

Fam and Rizkalla 2001; Teng and Lam 2002a, 2002b, 2003, 2004; Teng and Lam 

2004; Binici 2005; Jiang and Teng 2007; Teng et al. 2007; Eid and Paultre 2007; 

Teng et al. 2009; Fahmy and Wu 2010; Xiao et al. 2010; Wei and Wu 2012). 

Detailed reviews of existing studies on FRP-confined concrete in circular sections 

can be found in Lam and Teng (2002) and Ozbakkaloglu and Lim (2013).  

 

In early studies, the stress-strain model developed for steel-confined concrete 

(Mander et al. 1988) was directly adopted for FRP-confined concrete (e.g. 

Saadatmanesh et al. 1994; Seible et al. 1995), which was found to be inadequate 

in later studies. FRP-confined concrete is different from steel-confined concrete in 

the nature of behavior. For steel-confined concrete, the lateral confining pressure 

is constant when the steel is in plastic flow (i.e. active confinement); by contrast, 

for FRP-confined concrete, the lateral confinement provided by FRP increases 

continuously with the applied load due to the linear-elastic stress-strain curve of 

FRP (i.e. passive confinement). When FRP-confined concrete is subjected to axial 

compression, the concrete expands laterally, which loads the FRP jacket in hoop 

tension. As a result, the dilation of concrete in FRP-confined concrete can be 

effectively restrained by the FRP jacket. 
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The ultimate condition of FRP-confined concrete is reached when the FRP jacket 

ruptures under hoop tension. It was assumed in early studies (e.g. Samaan et al. 

1998; Saffi et al. 1999; Toutanji 1999) that when the FRP jacket ruptures, its hoop 

tensile stress is equal to the tensile strength of the FRP material obtained from 

material tests (i.e. flat coupon tests, ASTM D3039/D3039M 2008). However, 

subsequent studies showed that the rupture strains/strengths of FRP measured in 

tests on such FRP-confined concrete cylinders are substantially lower than those 

obtained from flat coupon tests (e.g. Xiao and Wu 2000; Shahawy et al. 2000; 

Lam and Teng 2003). A systematic study was carried out by Lam and Teng (2004) 

to clarify this issue, in which three types of tests (i.e. flat coupon tensile tests, FRP 

ring split-disk tests, and FRP-confined concrete axial compression tests) were 

conducted to obtain the rupture strain of the FRP jacket. Based on their 

experimental results, Lam and Teng’s (2004) identified three causes for this 

phenomenon: (1) the deformation localization of cracked concrete; (2) the 

curvature of the FRP jacket; and (3) the existence of an overlapping zone (for 

FRP-confined concrete cylinders with the FRP jacket formed using the wet-layup 

method). It was also recommended by Lam and Teng (2003) that a unified 

stress-strain model for concrete confined by different types of FRP should be 

based on the actual hoop rupture strain of the FRP jacket, but not the ultimate 

tensile strain from flat coupon tests. 

 

It has also been well recognized that FRP-confined concrete has a monotonically 

ascending bi-linear shape stress-strain curve when the confinement stiffness of the 

FRP jacket exceeds a certain threshold (referred to as sufficient confinement) 

(Lam and Teng 2003). In this case, both the compressive strength and the ultimate 

strain of the confined concrete are reached simultaneously and are significantly 

enhanced. However, the stress-strain curve may have a post-peak descending 

branch if the confinement provided by the FRP jacket is insufficient, in which 
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case the compressive strength is reached before the ultimate strain. As shown in 

Figure 2.7, three types of stress-strain curves are possible for FRP-confined 

concrete as classified by Lam and Teng (2003): (a) the increasing type; (b) the 

decreasing type with ݂௨
ᇱ  ݂

ᇱ ; and (c) the decreasing type with ݂௨
ᇱ ൏ ݂

ᇱ  ( ݂௨
ᇱ  

is the ultimate stress of FRP-confined concrete; and ݂
ᇱ  is the unconfined 

concrete strength).  

 

Many stress-strain models have been proposed for predicting the behavior of 

FRP-confined concrete, which can be classified into two categories: (a) 

design-oriented models in closed-form expressions (e.g. Karbhari and Gao 1997; 

Samaan et al. 1998; Saafi et al. 1999; Toutanji 1999; Xiao and Wu 2000; Lam 

and Teng 2003; Xiao and Wu 2003; Teng et al. 2009); (b) analysis-oriented 

models which predict stress-strain curves using an incremental numerical 

procedure (e.g. Mirmmiran and Shahawy 1996; Spoelstra and Monti 1999; Fam 

and Rizkalla 2001; Chun and Park 2002; Harries and Kharel 2002; Marques et al. 

2004; Binici 2005; Jiang and Teng 2007; Teng et al. 2007). Ozbakkaloglu et al. 

(2013) presented a comprehensive review and systematic assessment of 88 

existing models for FRP-confined concrete in circular sections. 

 

2.3.1.1 Design-Oriented Stress-Strain Models 

 

In design-oriented stress-strain models, the compressive strength, the ultimate 

axial strain as well as the stress-strain curve of FRP-confined concrete are 

predicted using closed-form equations based directly on the interpretation and 

regression analysis of experimental results (Lam and Teng 2003). Therefore, the 

accuracy of design-oriented models depends heavily on the reliability and the size 

of the experimental database, as well as the variables or parameters selected for 

inclusion in the closed-form equations.  



Literature Review 

27 
 

 

Many design-oriented stress-strain models are available in open literature (Yu 

2007; Ozbakkaloglu et al. 2013). Samman et al. (1998) proposed a single 

complex equation to predict the complete bilinear stress-strain behaviour of 

FRP-confined concrete in both the axial and the lateral directions. Xiao and Wu 

(2000) proposed a bilinear stress-strain model with two straight lines based on 

their own tests on FRP-confined concrete columns together with equations 

derived from the theory of elasticity. Saafi et al.’s (1999) model, modified from 

Toutanji’s (1999) model, approximates the stress-strain curve of FRP-confined 

concrete with two curved lines. In Lam and Teng (2003), a parabolic first portion 

together with a linear second portion was proposed to form their model for 

FRP-confined concrete. Lam and Teng’s (2003) model was based on a large 

database containing test results of 76 FRP-confined concrete specimens 

assembled from the open literature. Lam and Teng’s (2003) model has received 

extensive citations and numerous positive comments by the international scientific 

community and has been adopted by the design guidelines/codes of the UK, US 

and China due to its simplicity and accuracy. Teng et al. (2009) formulated a 

refined version of the design-oriented model proposed by Lam and Teng (2003); 

this refined version includes more accurate expressions for the ultimate axial 

strain and the compressive strength.  

 

Lam and Teng’s (2003) model for FRP-confined concrete has a parabolic first 

portion plus a linear second portion with a smooth transition at axial strain ߝ௧ as 

shown in Figure 2.8. The first parabolic portion is given by: 

ߪ ൌ ߝܧ	 െ
ሺܧ െ	ܧଶሻଶ

4 ݂
ᇱ ଶ for 0ߝ  ߝ  ௧ (2.1)ߝ

and the linear second portion is given: 



Chapter 2 

28 
 

ߪ ൌ 	 ݂
ᇱ 	ܧଶߝ  for ߝ௧  ߝ  ௨ (2.2)ߝ

where ߪ  and ߝ  are the axial stress and the axial strain of FRP-confined 

concrete, respectively; ݂
ᇱ  and ܧ are the compressive strength and the elastic 

modulus of unconfined concrete, respectively.  

 

The slope of the linear second portion ܧଶ is given by: 

ଶܧ ൌ
݂
ᇱ െ ݂

ᇱ

௨ߝ
 (2.3)

where ݂
ᇱ  and ߝ௨ are the compressive strength and the ultimate axial strain of 

FRP-confined concrete, respectively. 

 

The strain at the transition point ߝ௧ is given by: 

௧ߝ ൌ
2 ݂

ᇱ

ܧ െ ଶܧ
 (2.4)

The compressive strength ݂
ᇱ

 and ultimate axial strain ߝ௨  of FRP-confined 

concrete are defined by: 

݂
ᇱ

݂
ᇱ ൌ ൝1  3.3 ݂

݂
ᇱ

1

݂/ ݂
ᇱ  0.07

݂/ ݂
ᇱ ൏ 0.07

 (2.5)

and 

௨ߝ
ߝ

ൌ 	1.75  12 ݂

݂
ᇱ ൬
,௨ߝ
ߝ

൰
.ସହ

 (2.6) 

where ߝ  is the axial strain at the compressive strength of unconfined concrete, 

and ߝ,௨  is the FRP hoop rupture strain obtained from FRP-confined 

concrete.	 ݂ is the lateral confining pressure provided by the FRP jacket at hoop 

rupture failure and can be found from: 

݂ ൌ 	
,௨ߝݐܧ

ܴ
 (2.7)
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where ܧ and ݐ are the elastic modulus and thickness of the FRP jacket, 

and ܴ is the radius of the confined concrete core. 

 

Lam and Teng’s (2003) model can yield accurate predictions for FRP-confined 

concrete with sufficient confinement (defined by them as meeting the condition of 

݂/ ݂
ᇱ 	 0.07) and it reduces directly to idealized stress-strain curves adopted by 

existing design codes for unconfined concrete. 

 

As shown in Figure 2.9, Teng et al. (2009) refined Lam and Teng’s (2003) model 

based on additional test data and proposed the following equations for the ultimate 

condition of FRP-confined concrete: 

݂
ᇱ

݂
ᇱ ൌ ቄ1  3.5ሺߩ െ 0.01ሻߩఌ

1
ߩ  0.01
ߩ ൏ 0.01 

(2.8)

and 

௨ߝ
ߝ

ൌ 	1.75  ߩ6.5
.଼ߩఌଵ.ସହ (2.9)

The ratio between the confining pressure ݂ (the pressure provided by the FRP 

jacket when it fails by rupture due to hoop tensile stresses) and the unconfined 

concrete strength ݂
ᇱ  is referred to as the confinement ratio. The confinement 

ratio ݂/ ݂
ᇱ  can be expressed as the product of the confinement stiffness ratio ߩ 

and the strain ratio ߩఌ: 

݂

݂
ᇱ ൌ 	

,௨ߝݐܧ
݂
ᇱ ܴ

ൌ ఌ (2.10)ߩߩ

ߩ ൌ
ݐܧ
ሺ ݂

ᇱ ሻܴߝ/
 (2.11)

ఌߩ ൌ
,௨ߝ
ߝ

 (2.12)

Teng et al. (2009) also proposed a refinement for the linear second portion after 
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the smooth transition ߝ௧ as shown in Eq. 2.13, which caters for stress-strain 

curves with a descending branch as shown in Figure 2.9. 

ߪ ൌ ቐ
݂
ᇱ 	ܧଶߝ

݂
ᇱ െ	 ݂

ᇱ െ ݂௨
ᇱ

௨ߝ െ ߝ
ሺߝ െ ሻߝ

ߩ								 	 0.01
ߩ								 	൏ ௧ߝ 				0.01  ߝ  ௨ (2.13)ߝ

It should be noted that ݂௨
ᇱ  in Eq. 2.13 is found from Eq. 2.14, which predicts the 

axial stress at the ultimate axial strain, but not the compressive strength ݂
ᇱ  of 

FRP-confined concrete; actually, the two values are the same unless the 

stress-strain curve has a descending branch (Teng et al. 2009).  

݂௨
ᇱ ൌ 	1  3.5ሺߩ െ 0.01ሻߩఌ (2.14)

 

2.3.1.2 Analysis-Oriented Stress-Strain Models 

 

In analysis-oriented stress-strain models, the stress-strain curves of FRP-confined 

concrete are generated via an incremental numerical procedure, in which the 

responses of the concrete core and the FRP jacket as well as their interaction are 

considered in an explicit manner. The success of an analysis-oriented model 

depends on the close representation of the lateral deformation characteristics of 

unconfined, actively confined, and FRP-confined concrete (Teng et al. 2007). 

Analysis-oriented models are capable of predicting not only the response of 

sufficiently confined concrete with a bilinear stress-strain curve, but also that of 

insufficiently confined concrete with a stress-strain curve featuring a descending 

branch. The majority of analysis-oriented models found in the open literature (e.g. 

Mirmmiran and Shahawy 1996; Spoelstra and Monti 1999; Fam and Rizkalla 

2001; Chun and Park 2002; Harries and Kharel 2002; Marques et al. 2004; Binici 

2005; Teng et al. 2007; Jiang and Teng 2007) have been based on active 

confinement model for concrete, force equilibrium and displacement 
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compatibility in the radial direction between the FRP jacket and the concrete core 

(Yu 2007). 

 

The analysis-oriented model proposed by Teng et al. (2007) is given by Eqs. 2.15 

~ 2.21, where compressive stresses and strains in the concrete as well as tensile 

hoop stresses/strains in the FRP jacket are taken to be positive. The peak axial 

stress ݂
ᇱ∗ and the corresponding axial strain ߝᇱ∗  of confined concrete under a 

specific constant confining pressure (i.e. actively confined concrete) can be found 

from Eq. 2.15 and Eq. 2.16, respectively.  

݂
ᇱ∗

݂
ᇱ ൌ 1  3.5

ߪ
݂
ᇱ  (2.15)

∗ᇱߝ

ߝ
ൌ 1  1.75

ߪ
݂
ᇱ  (2.16)

where σ is the lateral confining pressure and can be related to the hoop strain ߝ 

of the confining material by Eq. 2.17, which is further related to the lateral strain 

of the confined concrete through Eq. 2.18. 

σ ൌ
ߝݐܧ

ܴ
 (2.17)

ߝ ൌ െߝ (2.18)

The relationship between the axial strain ߝ and the lateral strain ߝ	of confined 

concrete is described by the following equation: 

∅൬
െߝ
ߝ

൰ ൌ 	
ߝ
ߝ

/ሺ1  8
ߪ
݂
ᇱ ሻ 	

ൌ 0.85 ቊ1  0.75ሺ
െߝ
ߝ

ሻ ൨
.

െ expሾെ7ሺ
െߝ
ߝ

ሻሿቋ 
(2.19)

The axial stress-strain curve of FRP-confined concrete can then be found from 

Eqs. 2.20 and 2.21, which was originally proposed by Popovics (1973) and used 

in Mander et al.’s (1998) model for steel-confined concrete.  
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ߪ
݂
ᇱ∗ ൌ

ሺߝ/ߝᇱ∗ ሻݎ
ݎ െ 1  ሺߝ/ߝᇱ∗ ሻ

 (2.20)

ݎ ൌ
ܧ

ܧ െ ݂
ᇱ∗/ߝᇱ∗

 (2.21)

The incremental numerical procedure for generating the axial stress-strain curves 

of FRP-confined concrete using Teng et al.’s (2007) model can be described as 

follows: (1) for a given axial strain of concrete ߝ, the corresponding lateral strain 

ߝ  can be determined with Eq. 2.19; (2) based on the conditions of force 

equilibrium (Eq. 2.17) and displacement compatibility (Eq. 2.18) in the radial 

direction between the concrete core and the FRP jacket, the corresponding lateral 

confining pressure σ can be obtained; (3) based on the axial strain ߝ and the 

obtained lateral confining pressure σ, the axial stress ݂
ᇱ∗ and the corresponding 

axial strain ߝᇱ∗  of confined concrete can be found from Eqs. 2.15 and 2.16, 

respectively; (4) the axial stress ߪ corresponding to the given axial strain ߝ 

can then be calculated with Eqs. 2.20 and 2.21, and thus a point on the 

stress-strain curve of FRP-confined concrete is obtained; (5) by repeating steps 

(1)~(4), the whole stress-strain curves of FRP-confined concrete is generated. The 

incremental procedure should be terminated when the hoop strain ߝ exceeds the 

rupture strain of the FRP jacket, ߝ,௨ (Teng et al. 2007).  

 

Based on additional test data, Jiang and Teng (2007) presented a thorough 

assessment of the performance of eight analysis-oriented stress-strain models for 

FRP-confined concrete (i.e. Mirmmiran and Shahawy 1996; Spoelstra and Monti 

1999; Fam and Rizkalla 2001; Chun and Park 2002; Harries and Kharel 2002; 

Marques et al. 2004; Binici 2005; Teng et al. 2007). All these models employ an 

active confinement model as the base model. Teng et al.’s (2007) model was 

identified to be the most accurate model among these eight models, even though it 

overestimates the axial stress at ultimate axial strain for weakly-confined concrete 
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and to a lesser extent for moderately-confined concrete. A nonlinear equation for 

the strain at the peak axial stress (Eq. 2.22) is proposed in Jiang and Teng (2007) 

to replace Eq. 2.16 in the original model presented in Teng et al. (2007). This 

refinement significantly improved the performance of Teng et al.’s (2007) model 

for weakly-confined concrete. This improved model has also been referred to as 

Jiang and Teng’s (2007) model. 

∗ᇱߝ

ߝ
ൌ 1  1.75ሺ

ߪ
݂
ᇱ ሻ

ଵ.ଶ ( 2.22)

 

2.3.2 FRP-Confined Concrete under Cyclic Axial Loading 

 

Columns incorporating FRP-confined concrete have great potential for use in 

seismic regions. Therefore, the behaviour of FRP-confined concrete under cyclic 

axial compression is of great interest. A number of studies have been conducted 

on the cyclic stress-strain behavior of FRP-confined concrete (e.g. Mirmiran and 

Shahawy 1997; Rodrigues and Silva 2001; Rousakis 2001; Ilki and Kumbasar 

2003; Shao et al. 2006; Lam et al. 2006; Lam and Teng 2009; Abbasnia and 

Ziaadiny 2010; Abbasnia et al. 2012; Wang et al. 2012; Ozbakkaloglu and Akin 

2012; Abbasnia et al. 2013a, 2013b; Bai et al. 2013). To the best of the authors’ 

knowledge, only four cyclic stress-strain models have been proposed for 

FRP-confined concrete in circular columns (i.e. concrete under uniform FRP 

confinement) (i.e. Shao et al. 2006; Lam and Teng 2009; Wang et al. 2012; Bai et 

al. 2013).  

 

Shao et al. (2006) presented a total of 24 FRP-confined concrete stub columns, 

which were tested in uniaxial compression with loading and unloading at different 

displacement levels; the parameters examined included FRP types, the FRP jacket 

thickness and loading patterns. Based on a regression analysis of their test results, 
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a stress-strain model was developed (Shao et al. 2006). While this model is 

capable of predicting the reloading paths reasonably closely, it consistently 

overestimates the plastic strains and can not accurately capture the shape of the 

unloading paths (Lam and Teng 2006). Shao et al.’s (2006) model is also 

incapable of predicting the cumulative effect of loading history on the plactic 

strain and the stress deterioration of concrete (Lam and Teng 2006; Ozbakkaloglu 

and Akin 2012). Wang et al. (2012) reported experimental results of 30 

CFRP-confined large-scale concrete columns of circular section subjected to 

monotonic/cyclic axial loading, among which the majority specimens were 

FRP-confined steel reinforced concrete. A cyclic stress-strain model was proposed 

for FRP-confined concrete as well as concrete subjected to combined confinement 

from FRP and hoop steel. This model also does not consider the cumulative effect 

of repeated loading cycles. Bai et al.’s (2013) model is specifically for concrete 

confined with FRP possessing a large rupture strain (around 6%); it includes most 

of the components (e.g. unloading/reloading paths) of Lam and Teng’s (2009) 

model but a different envelope stress-strain curve to reflect the effect of this 

special type of FRP. 

 

Lam and Teng’s (2009) cyclic stress-strain model was based on a test database 

available to them at that time, and was shown to capture all the key characteristics 

of and provide reasonably accurate predictions for cyclically loaded FRP-confined 

concrete. Lam and Teng’s (2009) model consists of the following major 

components: (a) a monotonic stress-strain model (Lam and Teng 2003) for 

FRP-confined concrete to predict the envelope curve; (b) new algebraic 

expressions for predicting unloading and reloading paths; (c) predictive equations 

for determining the plastic strain and the stress deterioration of confined concrete. 

This model caters for all possible unloading/reloading scenarios and can thus be 

directly used in numerical simulations without additional development (e.g. Teng 
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et al. 2010). The equations describing the cyclic stress-strain model proposed by 

Lam and Teng (2009) are described in detail and critically assessed in Chapter 4. 

 

Although Lam and Teng’s (2009) model was developed on the basis of a relatively 

large database, a few significant issues could not be well resolved using the test 

database available to them at that time. The test database was limited to concrete 

confined with wet-layup FRP wraps. The calibration of the model for high 

strength concrete (HSC) was based on a limited amount of test data from one 

single study (i.e. Rousakis 2001). A recent study by Ozbakkaloglu and Akin (2012) 

has shown that the performance of Lam and Teng’s (2009) model for HSC is not 

as good as its performance for NSC. In addition, while Lam and Teng’s (2009) 

model has considered the cumulative effect of loading history in their model, their 

proposed equations were based on limited test data with the maximum number of 

repeated loading cycles at a given unloading point being three.  

 

Against this background, Chapter 3 presents an experimental study on the 

behavior of concrete confined with circular FRP tubes under cyclic axial 

compression, with particular attention to specimens with HSC and the number of 

repeated loading cycles at a given unloading point. As prefabricated 

filament-wound FRP tubes were used as the confining material, these specimens 

are also referred to as CFFTs. This experimental program is a much needed 

supplement to the very limited existing research on the cyclic compressive 

behavior of FRP-confined HSC. Furthermore, Chapter 4 presents a critical 

assessment of Lam and Teng’s (2009) model against the new test results as well as 

those published after Lam and Teng’s (2009) work in order to develop an 

improved cyclic stress-strain model for FRP-confined concrete. 
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2.4 HYBRID FRP-CONCRETE-STEEL DOUBLE-SKIN TUBULAR  

COLUMNS 

 

Hybrid DSTCs are a novel form of structural members proposed by Prof. J.G. 

Teng of The Hong Kong Polytechnic University (PolyU) (Teng et al. 2004, 2007). 

A hybrid DSTC consists of an outer tube made of FRP and an inner tube made of 

steel, with the space between filled with concrete (Figure 1.4). In Teng et al. 

(2007), the rationale of the new column form with its expected advantages is 

explained in detail. Since then, a large amount of research has been conducted on 

this novel form of columns at PolyU (e.g. Teng et al. 2004, 2007; Yu 2007; Wong 

et al. 2008; Yu et al. 2010a, 2010b; Xie et al. 2011) as well as other universities 

around the world, including Tsinghua University (e.g. Qian and Liu 2006, 2008; 

Han et al. 2010), Harbin Institute of Technology (Yu 2006; Zhang 2009), Fuzhou 

University (Xu and Tao 2005; Wang and Tao 2009), the University of Adelaide 

(e.g. Ozbakkaloglu and Fanggi 2013a, 2013b; Fanggi and Ozbakkaloglu 2013), 

and the University of Wollongong (e.g. Yu et al. 2012; Yu and Teng 2013). 

 

At PolyU, a major research program on hybrid DSTCs has been ongoing. This 

research program covers the following aspects: (1) use of high strength concrete 

(HSC); (2) use of filament-wound FRP tubes; (3) effect of specimen size; (4) 

behavior of hybrid DSTCs under cyclic axial compression; and (5) behavior of 

hybrid DSTCs under combined axial compression and cyclic lateral loading. 

Existing knowledge of hybrid DSTCs under monotonic/cyclic axial compression, 

as well as hybrid DSTCs under combined axial compression and cyclic lateral 

loading are briefly reviewed below. 
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2.4.1 Hybrid DSTCs under Monotonic Axial Loading 

 

Since the invention of hybrid DSTCs (Teng et al. 2004, 2007), a large number of 

experimental studies have been undertaken by the research group led by Prof. 

Teng at PolyU. Many aspects of the axial compressive behavior of hybrid DSTCs 

have been studied, covering the illustration of basic behavior, finite element 

modelling and the development of a stress-strain model for the confined concrete 

in hybrid DSTCs (e.g. Teng et al. 2004, 2007; Yu 2007; Wong et al. 2008; Yu et al. 

2010a, 2010b; Zhang et al. 2011; Xie et al. 2011). 

 

Yu’s (2007) PhD thesis presents the first systematic study of hybrid DSTCs, in 

which 18 small-scale hybrid DSTC specimens with a characteristic diameter (the 

outer diameter of the annular concrete section) of 152.5 mm and a height of 305 

mm were tested under monotonic axial compression (Figure 2.10). These 

specimens had wet-layup FRP tubes and had concrete cylinder strengths ranging 

from 36.7 MPa ~ 46.7 MPa. The experimental investigation and the modelling 

work conducted by Yu (2007) can also be found in a number of papers (Teng et al. 

2004, 2007; Wong et al. 2008; Yu et al. 2010a, 2010b; Yu and Teng 2013). Teng et 

al. (2004) introduced the new hybrid column with the first series of stub column 

tests under monotonic axial compression. In Teng et al. (2007), the rationale of 

the new column form together with its expected advantages is explained. The test 

results given in Teng et al. (2007) confirmed that the concrete in this new form of 

columns is very effectively confined by the two tubes and the local buckling of 

the inner steel tube is either delayed or suppressed by the surrounding concrete, 

leading to a very ductile response. Wong et al. (2008) presented a systematic 

experimental study on hybrid DSTCs and compared their behavior with that of 

two other types of columns (i.e. FRP-confined solid columns and FRP-confined 

hollow columns), which showed that the presence of an inner void reduces the 
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beneficial effect of external FRP confinement, but the loss of confinement 

effectiveness can almost be completely compensated for through the provision of 

a suitable inner steel tube. Yu et al. (2010a) examined the behavior of confined 

concrete in hybrid DSTCs using a finite-element model to investigate the effects 

of several key parameters on stress-strain behavior (i.e. the stiffness of the FRP 

tube, the stiffness of the steel tube, and the size of the inner void). A simple 

stress-strain model for confined concrete in hybrid DSTCs was then proposed 

based on both experimental results and finite-element results for practical use (Yu 

et al. 2010a). Based on these investigations, a design approach was proposed and 

adopted by the Chinese Technical Code for Infrastructure Application of FRP 

Composites (GB 50608 2010).  

 

Zhang et al. (2011) presented the first series of axial compression tests on hybrid 

DSTCs with high strength concrete (HSC), where six hybrid DSTCs were tested 

(characteristic diameter: 204 mm; height: 400 mm; concrete strength: 83.5 MPa; 

wet-layup FRP tubes). Zhang et al.’s (2011) test results indicated that hybrid 

DSTCs with HSC can still possess excellent ductility if the FRP tube has a 

sufficiently large hoop strain capacity (Figure 2.11). 

 

Xie et al. (2011) presented the first study on the axial compressive behavior of 

large-scale hybrid DSTCs, where three specimens were tested (characteristic 

diameter: 400 mm; height: 800 mm; concrete strengths: 29.3 MPa~40.1 MPa; 

wet-layup FRP tubes). Xie et al.’s (2011) tests confirmed the excellent ductility of 

large-scale hybrid DSTCs (Figure 2.12). 

 

Yu and Teng (2013) presented the first ever study on hybrid DSTCs with a square 

outer tube and a circular inner tube (width of square concrete cross-section: 150 

mm; height: 300 mm; concrete strength: 37.5 MPa; wet-layup FRP tubes). In 
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practical applications, square hybrid DSTCs may be needed for aesthetic reasons. 

The experimental results showed that the concrete in these square hybrid DSTCs 

is effectively confined by the two tubes, and the behavior of confined concrete is 

similar to that of concrete in FRP-confined square columns (Figure 2.13).  

 

Hybrid DSTCs have also attracted research attentions from other researchers (e.g. 

Qian and Liu 2008; Ozbakkaloglu and Fanggi 2013a, 2013b; Fanggi and 

Ozbakkaloglu 2013). In Qian and Liu (2008), 10 hybrid DSTCs [characteristic 

diameter: 190 mm; height: 500 mm; concrete strengths: 23.7 MPa~32.5 MPa; 

filament-wound FRP tubes (with fibers at ±60 or ±80 degrees to the longitudinal 

axis)] were tested, and the results showed that FRP tubes with ±80 degrees fibers 

lead to better performance. 

 

In Ozbakkaloglu and Fanggi (2013a, 2013b) and Fanggi and Ozbakkaloglu (2013), 

three series of tests were conducted on small-scale hybrid DSTCs (characteristic 

diameter: 150 mm; height: 300 mm; concrete strengths: 36.7 MPa ~113.8 MPa; 

prefabricated wet-layup FRP tubes). In Ozbakkaloglu and Fanggi (2013a, 2013b), 

the effect of additional concrete infill in the inner steel tube, was studied as an 

important parameter. The filling of the inner steel tube with concrete resulted in a 

small decrease in the ultimate axial strain and a small increase in the ultimate 

stress of confined concrete in hybrid DSTCs. Fanggi and Ozbakkaloglu (2013) 

presented another experimental study on hybrid DSTCs with AFRP tubes. One 

pair of hybrid DSTCs in their tests was fabricated with a square inner steel tube. 

From their experimental study, it was found that, the confinement to the concrete 

in hybrid DSTCs with a square inner steel tube is less effective than that in 

corresponding hybrid DSTCs with a circular inner steel tube. 

 

The above review indicates that existing studies on the axial compressive 
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behavior of hybrid DSTCs have generally been limited to small-scale specimens 

(i.e. with the characteristic diameter being smaller than 200 mm) and wet-layup 

FRP tubes, with only a few exceptions. In particular, there has been no 

experimental study on large-scale hybrid DSTCs built with a filament-wound FRP 

tube and HSC. As part of the on-going programme of hybrid DSTCs in PolyU, a 

systematic experimental campaign on hybrid DSTCs under monotonic axial 

compression was completed as part of the research program presented in this PhD 

thesis, with a strong focus on three issues: (1) the use of HSC; (2) the use of 

filament-wound FRP tubes; and (3) the testing of large-scale specimens. 

 

2.4.2 Hybrid DSTCs under Cyclic Axial Loading 

 

To the best of the author’s knowledge, only two studies have been conducted on 

hybrid DSTCs under cyclic axial compression (i.e. Yu et al. 2012; Ozbakkaloglu 

and Fanggi 2013b), and no cyclic stress-strain model has been developed for the 

confined concrete in hybrid DSTCs yet. 

 

Yu et al. (2012) presented the first ever study on the behavior of circular hybrid 

DSTCs under cyclic axial compression (Figure 2.14). In total, 6 identical hybrid 

DSTCs filled with NSC (characteristic diameter: 205 mm; height: 400 mm; 

concrete strength: 43.9 MPa; wet-layup FRP tubes) were tested under cyclic axial 

compression following three different loading schemes (i.e. full 

unloading/reloading; partial unloading; partial reloading); two specimens were 

prepared for each loading scheme. The experimental results showed that hybrid 

DSTCs are very ductile under cyclic loading and their envelope axial load-strain 

curve is almost the same as the corresponding monotonic axial stress-strain curve. 

It has also been shown that repeated unloading/reloading cycles have a cumulative 

detrimental effect on the permanent strain and the stress deterioration of confined 
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concrete in hybrid DSTCs. Yu et al. (2012) also presented comparisons between 

the test results and predictions from two existing stress-strain models. Yu et al.’s 

(2010) monotonic stress-strain model was found to provide acceptable but 

conservative predictions of the experimental envelope curves of these hybrid 

DSTCs. Yu et al. (2012) also confirmed that Lam an Teng’s (2009) cyclic 

stress-strain model provides reasonably accurate predictions of the experimental 

unloading/reloading cycles. 

 

Ozbakkaloglu and Fanggi (2013b) reported cyclic compression tests on six 

small-scale hybrid DSTCs with additional concrete infill in the steel inner tube 

(characteristic diameter: 150 mm; height: 300 mm; concrete strengths: 42.5 MPa 

and 82.4 MPa; prefabricated wet-layup FRP tubes). The study was only concerned 

with hybrid DSTCs with an inner void, so Ozbakkaloglu and Fanggi’s (2013b) 

work is not further discussed in this PhD thesis. 

 

Against this background, an experimental study on hybrid DSTCs under cyclic 

axial compression was undertaken as part of the present PhD research program, 

and the results are presented later in this thesis. The study was focused on the 

following three aspects: (1) the use of HSC; (2) the use of filament-wound FRP 

tubes; and (3) the testing of large-scale specimens. 

 

2.4.3 Hybrid DSTCs under Combined Axial Compression and Cyclic Lateral 

Loading  

 

The excellent ductility of hybrid DSTCs means that they are particularly attractive 

for use in seismic regions. Therefore, their behavior under cyclic lateral loading is 

of significant interest. Existing work on the seismic behavior of hybrid DSTCs 

has been rather limited. To the best of the authors’ knowledge, only Qian and Liu 
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(2008) and Han et al. (2010) conducted cyclic lateral loading tests on small-scale 

hybrid DSTCs (i.e. with the characteristic diameter of the columns being smaller 

than 200 mm) constructed with NSC. Both of them suffer from significant 

limitations, although they also provided useful conclusions for the planning of the 

present experimental programme.  

 

Qian and Liu’s (2008) study employed cantilever specimens with a characteristic 

diameter  of 194 mm and a height (the distance between the loading point and 

the upper surface of the footing) of 1000 mm, leading to a shear-span ratio of 5.15 

(Figure 2.15). Filament-wound FRP tubes were used to construct the column 

specimens. FRP tubes with fibers oriented at both ±60 degrees and ±80 degrees 

were used, leading to the conclusion that the latter tubes were more effective in 

confining the concrete than the former tubes. A number of void ratios were 

covered by the test programme, but only the largest void ratio used (0.74) is 

realistically large. However, due to the small column diameter, the annular 

concrete layer in columns with a void ratio of 0.74 was only 25 mm, which can 

create difficulties with concrete casting. The concrete strength was not a 

parameter in the study: the concrete cylinder compressive strengths ranged from 

around 36 to around 42 MPa (converted from their cube tests by a factor of 0.79). 

Despite these limitations, their study did confirm that hybrid DSTCs possess 

excellent seismic performance as the outer FRP tube provides effective 

confinement to the inner concrete and prevents the concrete from spalling during 

cyclic lateral loading. 

 

In Han et al.’s (2010) study, eight hybrid DSTCs were tested, including four 

columns with a square section and another four columns with a circular section. 

All specimens had a concrete cylinder compressive strength of around 38 MPa 

(converted from their cube tests by a factor of 0.79). These specimens were tested 
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horizontally with two pinned ends under a vertical cyclic load. The four circular 

columns had a characteristic diameter of 150 mm and a length of 1500, leading to 

a shear-span ratio of 5.0 (Figure 2.16). The FRP tube for these columns were 

made via the wet-layup process from bi-directional carbon fiber sheets with nearly 

the same material properties in the hoop and the longitudinal directions, which is a 

significant shortcoming of these tests in terms of understanding the behavior of 

real columns which are likely to have FRP tubes with the fibres oriented close to 

the hoop direction to achieve better structural performance. These circular 

columns had a void ratio of 0.5, which is also far smaller than desirable values in 

practice (from around 0.7 to 0.8). When the void ratio is 0.5, only a quarter of the 

concrete is removed compared to a solid section, and the steel tube is too close to 

the centre to be effective in resisting bending actions. 

 

To address the limitations of the studies conducted by Qian and Liu (2008) and 

Han et al. (2010) as mentioned above, an experimental study was planned and 

executed as part of the present PhD research program. The following aspects were 

taken into account in the planning of the experimental study: (1) hybrid DSTCs 

filled with HSC should be the focus as the two previous studies were limited to 

DSTCs filled with NSC; (2) all DSTCs should have a realistically large void ratio 

(between 0.7 and 0.8); (3) a reasonably large section size should be used so that 

the concrete layer is not too small for concrete casting even with a realistically 

large void ratio; (4) filament-wound GFRP tubes with fibers oriented close to the 

hoop direction should be used; (5) self-compacting concrete should be used to 

enhance the casting quality of concrete and given that self-compacting concrete is 

also a likely option in real projects. Numerical simulations of the seismic behavior 

of hybrid DSTCs has not been attempted before, so a numerical simulation study 

was also planned as part of the present PhD research program.   
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Figure 2.1: Flexural and shear strengthening of concrete beams  
(Motavalli and Czaderski 2007) 

 

  

 
Figure 2.2: Seismic retrofitting of concrete columns  

(Motavalli and Czaderski 2007) 
 

  
 

Figure 2.3: FRP tubes fabricated by filament-winding  
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Figure 2.4: FRP products fabricated by pultrusion 

 
Figure 2.5: FRP rebars in new construction (Berg et al. 2006) 

  
Figure 2.6: FRP tubes in new construction (Fam et al. 2003)  
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Figure 2.7: Classification of stress-strain curves of FRP-confined concrete 
(from Lam and Teng 2003)  
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Figure 2.8: Lam and Teng’s (2003) model for FRP-confined concrete  

(from Lam and Teng 2003) 

 
Figure 2.9: Teng et al.’s (2009) model for FRP-confined concrete 

(from Teng et al. 2009) 
 

 

Figure 2.10: Hybrid DSTCs under axial compression (Yu 2007) 
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Figure 2.11: Hybrid DSTCs with HSC under axial compression  
(Zhang et al. 2011) 

 

 
Figure 2.12: Large-scale hybrid DSTCs under axial compression  

(Xie et al. 2011) 
 

Figure 2.13: Hybrid DSTCs with a square outer tube and a circular inner steel 
tube under axial compression (Yu and Teng 2013)  
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Figure 2.14: Hybrid DSTCs under cyclic axial loading  
(Yu et al. 2012) 

 

 

Figure 2.15: Hybrid DSTCs subjected to lateral cyclic loading  
(Qian and Liu 2008) 

 

Figure 2.16: Hybrid DSTCs subjected to lateral cyclic loading  
(Han et al. 2010) 
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CHAPTER 3 

 

BEHAVIOR OF CONCRETE-FILLED FRP TUBES 

UNDER CYCLIC AXIAL COMPRESSION 

 

 

 

3.1 INTRODUCTION 

 

Concrete-filled FRP tubes (CFFTs) (Mirmiran and Shahawy 1997; Fam and 

Rizkalla 2001a, b) are an attractive form of hybrid compression members 

combining FRP and concrete in an optimal manner. A CFFT consists of an outer 

FRP tube filled with plain or steel-reinforced concrete. The FRP tube is typically 

manufactured through a filament-winding process (i.e. filament-wound FRP tube). 

When a concrete-filled FRP tube is under compression, the axially-compressed 

concrete is also subjected to lateral confinement from the FRP tube which is in 

tension in the circumferential (or hoop) direction. This lateral confinement from 

the FRP tube can increase both the strength and the ductility of the concrete 

significantly. As a result, a highly ductile compression member can be formed 

from the two brittle materials, namely, FRP and concrete, even when steel 

reinforcement is completely absent. In addition to excellent ductility and thus 

excellent seismic resistance, the advantages of CFFTs include their excellent 

corrosion resistance and the lightweight nature of FRP tubes compared to steel 

tubes. With these advantages, concrete-filled FRP tubes are attractive for use as 

bridge columns and piles, both of which are commonly exposed to severe outdoor 
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environments (e.g. sea water). Many studies have been conducted on CFFTs over 

recent years, with the respective focuses on the axial compressive behavior (e.g. 

Mirmiran and Shahawy 1997; Zhang et al. 2000; Fam and Rizkalla 2001a, 2001b; 

Ozbakkaloglu and Oehlers 2008), flexural behavior (e.g. Burgueño and Bhide 

2006), seismic behavior (e.g. Zhu et al. 2006; Zohrevand and Mirmiran 2013), 

fatigue behavior (e.g. Ahmad et al. 2008), behavior under fire (e.g. Ji et al. 2008), 

as well as design procedures (e.g. Yu and Teng 2011) and review of the literature 

(e.g. Xiao 2004). 

 

As a structural form with great potential for use in seismic regions, the behavior 

of CFFTs subject to cyclic loading is of particular importance. The stress-strain 

behavior of the confined concrete in CFFTs under cyclic axial compression is 

particularly important for the accurate modeling of such columns under seismic 

loading. A number of experimental studies (Rousakis 2001; Ilki and Kumbasar 

2003; Shao et al. 2006; Lam et al. 2006; Abbasnia and Ziaadiny 2010; 

Ozbakkaloglu and Akin 2012; Abbasnia et al. 2012, 2013; Bai et al 2013) have 

been conducted on the cyclic stress-strain behavior of concrete confined by an 

wet-layup FRP tube with fibers oriented in the hoop direction only (referred to as 

“FRP wrap” for concision in this chapter), but no systematic experimental study 

has been concerned with the confined concrete in CFFTs with a filament-wound 

FRP tube. To the best of the authors’ knowledge, the only existing cyclic axial 

compression test on concrete-filled filament-wound FRP tubes was conducted by 

Mirmiran and Shahawy (1997), where only one specimen was tested. The 

behavior of the concrete in CFFTs is complicated by the significant axial stiffness 

and Poisson’s effect of the FRP tube, and the failure mode of such an FRP tube is 

also different from that of an FRP wrap with only hoop fibers. In addition, the 

shrinkage of the concrete infill in CFFTs may lead to a small initial gap between 

the FRP tube and the concrete, which can also have adverse effects. Against this 
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background, this chapter presents an experimental study on the behavior of 

circular CFFTs under cyclic axial compression. The experimental program 

included the strength of concrete as a key variable, as CFFTs offer an ideal 

opportunity for the use of high strength concrete (HSC) because of the 

confinement from the tube. The experimental program is thus also a much needed 

supplement to the very limited existing research on the cyclic compressive 

behavior of FRP-confined HSC. Only two studies by Rousakis (2001) and 

Ozbakkaloglu and Akin (2012) where FRP wraps were used.. 

 

3.2 EXPERIMENTAL PROGRAM 

 

3.2.1 Specimen Details 

 

A total of 15 concrete-filled filament-wound FRP tubes were prepared and tested. 

All the specimens had a characteristic diameter of 200 mm (diameter of the 

concrete core) and a height of 400 mm. These columns were cast in 3 batches 

(batches 1 to 3) with 3 different concrete mix ratios respectively to produce 3 

different concrete grades. Each batch included two groups of specimens which 

were confined with two different types of filament-wound FRP tubes respectively. 

Each group included two or three nominally identical specimens among which 

one was tested under monotonic compression while the other one or two were 

tested under cyclic compression. For the group with two cyclically loaded 

specimens, two different loading schemes were used as discussed later. Each 

specimen was given a name, which starts with the letter “S” to represent 

“specimen”, followed by a two- or three-digit number to represent the unconfined 

concrete strength, and then a number which defines the thickness (in mm) of the 

FRP tube, together with two letters “FW” indicating that the tube is made using 

the filament-winding process. This is then followed by a letter “M” or “C” to 
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represent “monotonic” or “cyclic” compression. The last number “1” or “2” in 

some specimens is used to differentiate two nominally identical specimens which 

were tested under two different cyclic loading schemes respectively. The details of 

all specimens are summarized in Table 3.1. 

 

3.2.2 Preparation of Specimens 

 

In the preparation of these specimens, the FRP tube was used as the mold for 

casting concrete (Figure 3.1). A 25 mm wide carbon FRP circumferential strip was 

provided near each end of a CFFT specimen to avoid unexpected failure there. 

Both ends of the specimen were then capped with high strength gypsum to 

achieve flat and smooth end surfaces which were perpendicular to the specimen 

axis. 

 

3.2.3 Material Properties 

 

3.2.3.1 Concrete 

 

Self-compacting concrete was used for all the specimens. A previous study by the 

authors’ group (i.e. Yu et al. 2013) has demonstrated that the behavior of 

FRP-confined self-compacting concrete is generally similar to that of 

FRP-confined normal concrete. In batch 1, the concrete was prepared with 

ordinary Portland cement, fly ash, super plasticizer (S.P.), river sand, and granite 

aggregate with a maximum nominal size of 10 mm. In batches 2 and 3, silica 

fume was added to achieve the high strengths required. The mix proportions used 

are summarized in Table 3.2. Three plain concrete cylinders (152.5 mm x 305 mm) 

were tested for each batch to determine the concrete properties following ASTM 

C39/C39M (2011). The elastic modulus, compressive strength and compressive 
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strain at peak stress of the concrete averaged from the concrete cylinder tests are 

given in Table 3.1. The axial stress-axial strain curves for these concrete cylinders 

are shown in Figure 3.2. 

 

3.2.3.2 FRP Tubes 

 

Three types of prefabricated filament-wound glass FRP (GFRP) tubes were used 

in the present study. These tubes were manufactured using the same batches of 

raw materials (i.e. fibers and resin), and were designed to have the same nominal 

volume ratio and the same angles of fibers (i.e. ±80 degrees to the longitudinal 

axis of the tube respectively), for the same mechanical properties. The only 

difference among the three types of FRP tubes is in their thicknesses, which were 

measured to be 2.2 mm, 4.7 mm and 9.5 mm, respectively. Based on their actual 

thicknesses, the actual fiber volume ratios in the three types of tubes were found 

to be slightly different (i.e. 0.452, 0.466 and 0.482 respectively). In the present 

study, only selected tubes were tested under hoop tension and axial compression 

respectively. Appropriate small adjustments were made to the mechanical 

properties obtained from tests to consider the difference in the actual fiber volume 

ratio when these values were used for other types of tubes. 

 

Tensile split-disk tests on 5 FRP rings were conducted following ASTM 

D2290-08 (2008) as shown in Figure 3.3. The 5 FRP rings, each having a uniform 

height of 35 mm, were cut from the same FRP tube with a thickness of 4.7 mm. 

Six hoop strain gauges with a gauge length of 20 mm were installed, among 

which two were centered at the two gaps, whereas the nearer edges of the other 

four gauges were located at 15 mm away from the gaps. The readings of the two 

strain gauges at the gaps were found to be lower due to the effect of bending there. 
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The experimental tensile stress-strain curves are shown in Figure 3.4, where the 

tensile stress was obtained by dividing the applied tensile force by two times the 

cross-section area of the ring, while the tensile strain was averaged from the four 

hoop strain gauges away from the gaps to eliminate any effects from local bending 

at the gaps. Figure 3.4 shows that the FRP tube has a linear stress-strain 

relationship in the hoop direction. The average rupture strain and secant elastic 

modulus at failure are 1.49% and 45.9 GPa, respectively. 

 

Compression tests on 5 FRP rings were conducted following GB/T5350-2005 

(2005) as shown in Figure 3.5. The 5 FRP rings all had a height of 60 mm and 

were cut from the same FRP tube with a thickness of 9.5 mm. They were tested on 

an MTS machine with a displacement control rate of 0.036 mm/min. Figure 3.6 

shows the experimental stress-strain curves. The stress is shown to increase 

linearly with the strain until an axial strain of around 0.004, after which the FRP 

tube segment exhibits significantly nonlinear behavior before the final failure of 

the tube segment due mainly to failure of the resin matrix. The average secant 

elastic modulus at an axial strain of 0.004, which represents the slope of the 

approximately linear initial portion, was found to be 15.6 GPa and is referred to as 

 ௦,ଵ. The average ultimate axial stress, ultimate axial strain and secant elasticܧ

modulus at failure (referred to as ܧ௦,ଶ) are 95.1MPa, 0.95% and 10.0 GPa 

respectively. 

 

3.2.4 Experimental Set-Up and Instrumentation 

 

For each specimen, eight axial strain gauges, among which four had a gauge 

length of 20 mm while the other four had a gauge length of 100 mm, were 

installed at the mid-height of the FRP tube (Figure 3.7). The use of two different 

gauge lengths was to clarify any possible effect of the gauge length on the 
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measured axial strains. Three groups of hoop strain gauges with a gauge length of 

20 mm were installed at 3 different heights of the FRP tube respectively: 

mid-height; 100 mm lower than the mid-height; 100 mm higher than the 

mid-height. Each group included four hoop strain gauges evenly distributed over 

the circumference (Figure 3.7). In addition, 4 LVDTs were used to obtain the total 

axial shortening of each specimen. The axial load was applied on both the FRP 

tube and the concrete simultaneously. All compression tests were carried out using 

a column testing facility with a displacement control rate of 0.24 mm/min. All test 

data, including the strains, loads, and displacements, were recorded 

simultaneously by a data logger. 

 

3.2.5 Loading Schemes 

 

For the groups (i.e. S54-2FW, S54-4FW and S104-4FW) with two cyclically 

loaded specimens, one was subjected to type C1 loading while the other was 

subjected to type C2 loading. Both the type C1 and type C2 loading schemes were 

designed for full unloading/reloading cycles where the unloading of each cycle 

was terminated at a zero load and the reloading of each cycle was terminated at 

the unloading displacement of the same cycle (i.e. where the unloading starts) or 

after reaching the envelope curve. For type C1 loading, a single 

unloading/reloading cycle was applied at each of several prescribed unloading 

displacement values before failure. For type C2 loading, a number (9-12) of 

repeated unloading/reloading cycles were applied at a single prescribed unloading 

displacement value. For the groups (i.e. S84-4FW, S84-9FW and S104-9FW) with 

only one cyclically loaded specimen, the specimen was subjected to a 

combination of type C1 and C2 loading: a single unloading/reloading cycle was 

applied at each of the first several prescribed unloading displacement values while 

a number (9-12) of repeated cycles were applied at the last prescribed unloading 
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displacement value. All the loading schemes were executed manually with the use 

of the displacement averaged from the 4 LVDTs (Figure 3.7) and the load readings 

of the column testing facility as the controlling parameters. Details of the loading 

schemes are summarized in Table 3.3. 

 

3.3 TEST RESULTS AND DISCUSSIONS 

 

3.3.1 Test Observations 

 

All the specimens were tested to failure except for the specimens with a 9 mm 

FRP tube (i.e. groups S84-9FW and S104-9FW). The tests for these specimens 

were terminated at an axial load of 8000 kN because of the loading capacity 

limitation of the column testing facility. All specimens after test are shown in 

Figure 3.8. 

 

The failure processes of all specimens were similar, indicating that different 

loading schemes had little effect on this process. As the loading process 

progressed, white patches along the fiber directions appeared on the outer surface 

of the tube, indicating local damage in the resin because of the dilation of the 

concrete inside. These white patches developed continuously until the rupture of 

fibers which occurred nearby. It is worth noting that the rupture of fibers, starting 

from the outermost ply, was a progressive process accompanied with continuous 

snapping noises. This is different from the sudden failure of concrete confined 

with a wet-layup FRP wrap with unidirectional fibers in the hoop direction. 

 

3.3.2 Axial Strains 

 

There are three ways to obtain the axial strain of a specimen: (1) the average 
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reading from the four 20 mm axial strain gauges at the mid-height (referred to as 

SG-20 axial strain); (2) the average reading from the four 100 mm axial strain 

gauges at the mid-height (referred to as SG-100 axial strain); and (3) the average 

strain over the whole height of the specimen based on the average overall axial 

shortening of the four LVDTs (referred to as nominal axial strain).  

 

Figure 3.9 shows a comparison between the axial strains obtained in the three 

different ways for the specimens tested under axial monotonic compression. The 

SG-20 and the SG-100 axial strains shown in Figure 3.9 were all averaged from 

the readings of four axial strain gauges except for specimen S104-9FW-M. In 

specimen S104-9FW-M, one of the 100 mm axial strain gauges was damaged, so 

the SG-100 strains for this specimen were from the three surviving axial strain 

gauges. Figure 3.9a shows that the SG-20 and the SG-100 axial strains are 

generally in close agreement. For the specimens with the lowest concrete strength 

(i.e. specimens in the S54 series), the nominal axial strain also agrees closely with 

the SG-20 and the SG-100 axial strains (Figures 3.9b and 3.9c). However, for the 

specimens in the other two series (i.e. specimens in the S84 and S104 series), such 

agreement is only observed before a threshold strain value (around 0.004 for the 

S84 series and around 0.005 for the S104 series), beyond which the nominal axial 

strain becomes significantly larger than the axial strain gauge readings (i.e. both 

the SG-20 and the SG-100 strains), indicating that significant localized 

deformation occurred outside the 100 mm mid-height region of the column. This 

observation is probably due to the brittleness of HSC, which led to more localized 

and non-uniform damage of concrete. 

 

As the axial strain gauges were attached on the external surface of the FRP tube, 

and significant slips may have existed between the FRP tube and the concrete 

especially after the development of significant localized deformation of concrete, 
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the axial strain gauge readings cannot simply be assumed to closely reflect the 

strain state of the confined concrete. In the subsequent sections, the axial strain of 

the confined concrete is represented by the nominal axial strain. It should be noted 

that the nominal axial strain represents the average deformation of the concrete 

over the column height, where the deformation near the ends is expected to be 

different from that near the mid-height because of the lateral constraints from the 

two ends. The existence of such differences, as well as the other possible 

deformation of the loading system, generally leads to slightly larger strains as 

measured by LVDTs especially in the initial stage of loading. However, this effect 

is believed to be small, given the fact that the nominal axial strain agrees closely 

with the mid-height axial strain gauge reading for the specimens in the S54 series 

(Figure 3.9). 

 

3.3.3 Hoop Strains 

 

Making use of readings from the three groups of hoop strain gauges located at 3 

different heights of the FRP tube, the hoop strain distributions at the ultimate state 

of all the 15 specimens are shown in Figure 3.10, except for specimens in groups 

S84-9FW and S104-9FW which were not tested to failure as mentioned earlier. 

For these specimens, the hoop strains at the time when the tests were terminated 

are shown in Figure 3.10. It is evident that a considerable scatter exists in the 

hoop strain readings. Such scatters appear to be less pronounced for the 

mid-height section than the other two sections (i.e. sections 1 and 3) (Figure 3.7), 

indicating that the lateral expansion of concrete is more uniform in the mid-height 

region. While the maximum hoop strain and the minimum hoop strain were found 

to be typically not at the mid-height section, the average hoop strain reading at the 

mid-height section (ε,௨ଶ) is very close to and generally slightly higher than the 

average reading of the three groups of hoop strain gauges (ε,௨ଵ) (Table 3.4). 
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The average hoop rupture strain appears to be smaller for specimens with a higher 

concrete strength and/or a weaker tube. 

 

3.3.4 Axial Load-Axial Strain Behavior of CFFTs 

 

Typical axial load-axial strain curves of the CFFT specimens are shown in Figure 

3.11. Figure 3.11 shows that the specimens all had an approximately bilinear 

load-strain curve (for monotonically loaded specimens) or envelope curve (for 

cyclically loaded specimens), but for some specimens with a very high strength 

concrete (e.g. specimen S104-4FW-M), there is a slight drop in the load in the 

transition zone between the two approximately linear portions of the curve. Such a 

slight load drop, however, was not found in specimens with a relatively low 

concrete strength (e.g. specimen S54-2FW-M), or specimens with a very strong 

FRP tube (e.g. specimen S104-9FW-M). It is thus believed that such a load drop is 

due to the brittleness of HSC when it is subjected to insufficient confinement. It 

does not appear to be caused by the less intimate contact between the concrete and 

the FRP tube in a CFFT, as such a load drop is also a common observation in HSC 

confined with an FRP wrap (Cui and Sheikh 2009; Ozbakkaloglu and Akin 2012).   

 

3.3.5 Axial Stress-Axial Strain Curves of Concrete 

 

The axial stress-strain curves of the FRP-confined concrete in CFFTs are shown in 

Figure 3.12 for all the specimens, where those of cyclically loaded specimens are 

compared with the curve of the corresponding specimen under monotonic 

compression. The axial stress of the concrete was found as the axial load carried 

by the concrete section divided by its cross-sectional area. The axial load carried 

by the concrete section is assumed to be equal to the difference between the axial 

load carried by the specimen and the axial load carried by the FRP tube at the 
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same axial strain. One main difference between the FRP tube in a CFFT and an 

FRP wrap is that the former generally has a considerable axial stiffness and its 

direct contribution to the axial load capacity cannot be ignored. In the present 

study, the load carried by the FRP tube in CFFTs was found from axial 

compression tests on hollow FRP tubes. When the axial strain of a specimen 

exceeds the ultimate strain of the corresponding hollow FRP tube tests, it is 

assumed that the load resisted by the FRP tube is equal to its ultimate load 

because of the support from the concrete core (Figure 3.11a). It is further assumed 

that in the unloading process, the load taken by the FRP tube reduces 

proportionally to the total axial load acting on the specimen, and reaches zero at 

the same time as the total load becomes zero; in the reloading process, the load 

taken by the FRP tube increases proportionally to the total axial load taken by the 

specimen, and reaches the previous load taken by FRP tube when unloading 

initiates (Figure 3.11b). While these assumptions may lead to small errors in the 

estimated load taken by the FRP tube, such small errors are believed to have 

negligible effects on the obtained axial stress-strain curve of the confined concrete, 

due to the much smaller cross-sectional area of the FRP tube. 

 

It is evident from Figure 3.12 that the envelope curves of all the specimens 

subjected to cyclic axial compression are almost the same as the corresponding 

monotonic axial stress-strain curves. This observation is consistent with that from 

Lam et al.’s (2006) tests on FRP-confined NSC, where FRP wraps formed via a 

wet-layup process were used. Similar to the axial load-strain curves, Figure 3.12 

also shows that all the monotonic stress-strain curves have an approximately 

bilinear shape with a second ascending branch, except for the specimens with 

HSC and a 4.0 mm GFRP tube (i.e. S84-4FW-M and S104-4FW-M). For these 

two specimens, there is a slight fluctuation in the stress-strain curve at an axial 

strain of around 0.006, which is associated with a sudden increase in the hoop 
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strain (Figure 3.13). This phenomenon, as discussed above, is believed to be due 

to the brittleness of HSC and the use of a FRP tube which is not sufficiently stiff 

in the circumferential direction.  

 

Figure 3.12 also shows that the cyclic stress-strain curves of concrete in CFFTs 

possess the following key characteristics, which are the same as those of concrete 

confined with an FRP wrap (Lam and Teng 2009): (1) the loading history has a 

cumulative effect on both the plastic strain and stress deterioration; (2) the 

unloading path is generally nonlinear with a continuously decreasing slope while 

the reloading path is approximately linear. 

 

3.3.6 Key Results 

 

The key test results of all 15 specimens are summarized in Table 3.4. In this table, 

  is the peak axial loadܨ ; is the peak axial load of the specimen from the testܨ

taken by the concrete; ݂
′  is the peak axial stress of the confined concrete; ߝ௨ 

is the ultimate axial strain of the concrete at the rupture of the FRP tube. The peak 

axial stress ݂
′  and the strain at peak stress ߝ of unconfined concrete were 

used to normalize the ultimate axial stress and the ultimate axial strain, 

respectively. 

 

3.4 COMPARISON WITH EXISTING MODELS 

 

It has been shown in Figure 3.12 that the envelope curves of specimens subjected 

to cyclic axial compression are almost the same as the axial stress-strain curves of 

the corresponding monotonically loaded specimens. In this section, the 

experimental envelope stress-strain curves are compared with predictions from an 

accurate monotonic stress-strain model proposed by Teng et al. (2009). Teng et 
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al.’s (2009) model is a refined version of a well-recognized model developed by 

the same research group (Lam and Teng 2003). The test database, on which Lam 

and Teng’s (2003) and Teng et al.’s (2009) models have been based, is however 

generally limited to normal strength concrete (with only one group of specimens 

having the maximum unconfined strength of 55.2 MPa) and concrete confined 

with an FRP wrap. The comparison presented in this section thus allows a 

quantitative assessment of the differences which may be caused by the use of HSC 

and/or a filament-wound tube in the monotonic behavior of FRP-confined 

concrete.   

 

The experimental results are also compared with a cyclic stress-strain model 

proposed by Lam and Teng (2009), which is again based on test results of 

concrete confined with an FRP wrap. Lam and Teng (2009) mentioned that their 

model is expected to be applicable to HSC in terms of the unloading/reloading 

paths, but the calibration of the model for HSC was based on limited test data 

from one single study (i.e. Rousakis 2001). The comparison presented in this 

section thus allows further examination of the applicability of this model to HSC 

and when HSC is confined by an FRP tube. It should be noted that in Lam and 

Teng (2009), Lam and Teng’s (2003) stress-strain model is used to predict the 

envelope stress-strain curve. In the present study, the comparison with Lam and 

Teng’s (2009) model is limited to the unloading/reloading paths. 

 

3.4.1 Comparison with Teng et al.’s (2009) Model 

 

3.4.1.1 Teng et al.’s (2009) Model 

 

Teng et al.’s (2009) model consists of a parabolic first portion and a linear second 

portion. Compared with Lam and Teng’s (2003) model, Teng et al.’s (2009) model 
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includes more accurate expressions for the ultimate axial strain and the 

compressive strength. These new expressions allow the effects of confinement 

stiffness and the jacket strain capacity to be separately reflected and account for 

the effect of confinement stiffness explicitly instead of reflecting it through the 

confinement ratio.  

 

Readers may refer to Teng et al. (2009) for more details of the model. It should be 

noted that Teng et al. (2009) proposed two versions of the model, but both 

versions predict the same stress-strain curves for concrete without a descending 

branch in the stress-strain curve. Predictions of the two versions are thus the same 

for the specimens tested in the present study. 

 

3.4.1.2 Comparison 

 

Comparisons between the predictions of Teng et al.’s (2009) model and the test 

results are given in Figure 3.14. In making the predictions, the material properties 

summarized in Table 3.1 were used and ε,௨ଵ was adopted as the FRP hoop 

rupture strain. It is evident that the predictions agree very well with the 

experimental results except for the initial slope for some specimens. The 

difference in the initial slope is due to the use of strains calculated from the total 

axial shortenings (i.e. LVDT readings) in establishing the experimental curves. As 

explained earlier, the strains from LVDTs are generally larger than those at 

mid-height in the initial stage of loading. If the actual axial strains of concrete at 

mid-height are used, it can be expected that the predicted initial slopes will be in 

closer agreement with the experimental results.  

 

The above comparison suggests that there is no obvious difference between the 

stress-strain behavior of concrete confined with an FRP wrap and that confined 
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with filament-wound FRP tube. The comparison also suggests that Teng et al.’s 

(2009) model, although developed based on test data of normal strength concrete, 

can provide accurate predictions for FRP-confined HSC with sufficient 

confinement. Despite the overall good performance of Teng et al.’s (2009) model 

for HSC, it is also noted that this model fails to predict the slight stress fluctuation 

in the transition zone between the two portions of the stress-strain curve for some 

specimens (e.g. Figures 3.14b and 3.14c). Considering that the magnitude of this 

stress drop may become greater when the circumferential stiffness of the 

confining FRP wrap/tube becomes smaller (Cui and Sheikh 2009; Ozbakkaloglu 

and Akin 2012), the applicability of Teng et al.’s (2009) model needs to be further 

examined for HSC confined by a weak FRP wrap/tube.  

 

3.4.2 Comparison with Lam and Teng’s (2009) Model 

 

3.4.2.1 Lam and Teng’s (2009) Model 

 

Lam and Teng’s (2009) model provides explicit equations to describe the cyclic 

stress-strain history of FRP-confined concrete. In Lam and Teng’s (2009) model, 

the unloading curves, being the paths experienced by the concrete when its strain 

reduces, can be divided into envelope unloading paths (i.e. unloading paths 

starting from the envelope curve) and internal unloading paths (i.e. the previous 

reloading path does not reach the envelope curve). Envelope unloading paths 

depend only on the unloading stress and the unloading strain, while internal 

unloading paths depend also on the prior loading history. The reloading curves, 

being the paths experienced by the concrete when its strain increases, may or may 

not reach the envelope curve. When unloading/reloading cycles are repeated 

within the envelope curve, they are defined as internal cycles and are numbered so 

that the effects of previous internal cycles on subsequent cycles can be considered. 
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In Lam and Teng’s (2009) model, empirical equations are also given for the key 

parameters determining unloading/reloading curves, including the stress 

deterioration rule and the plastic strain which is defined as the strain value at the 

intersection of an unloading path and the strain axis. The cumulative effect of the 

loading history is considered in these equations. Readers may refer to Lam and 

Teng (2009) for more details of the model. 

 

3.4.2.2 Comparison 

 

Predictions from Lam and Teng’s (2009) model are compared with the present test 

results in terms of the envelope unloading/reloading behavior in Figure 3.15. In 

making the predictions, the experimental envelope curves were used together with 

Lam and Teng’s (2009) model, so that any difference between the predictions and 

the experimental unloading/reloading cycles comes only from the cyclic 

stress-strain model.  

 

Figure 3.15 shows that predictions from Lam and Teng’s (2009) model generally 

deviate from the experimental results, and it is evident that such deviations 

become much more pronounced for concrete with a higher strength. Considering 

that the predictions for the S54 series still appear to be reasonable, it may be 

concluded that Lam and Teng’s (2009) model is applicable to normal strength 

concrete filled FRP tubes, but not CFFTs with HSC. This is probably due to the 

fact that the development of Lam and Teng’s (2009) model relied heavily on the 

experimental results by Lam et al. (2006) which only covered a small range of 

concrete strengths (i.e. 38.9 MPa and 41.1 MPa). A recent experimental study by 

Ozbakkaloglu and Akin (2012), where concrete cylinders confined with an FRP 

wrap were tested under cyclic axial compression, also showed that the 
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performance of Lam and Teng’s (2009) model for HSC is not as good as its 

performance for normal strength concrete. Apparently, revisions are needed 

before Lam and Teng’s (2009) model can accurately predict the envelope 

unloading/reloading curves of FRP-confined HSC. 

 

Predictions from Lam and Teng’s (2009) model are compared with the present test 

results in terms of the repeated unloading/reloading cycles in Figure 3.16. In order 

to assess these unloading/reloading cycles clearly, each cycle is shown with the 

corresponding predicted cycle individually to avoid the over-crowding of curves 

at the same unloading strain. Only comparisons for the 1st, 4th, 7th and the last 

cycles are shown in Figure 3.16, as comparisons for other cycles are similar. In 

making the predictions, the envelope unloading strain ߝ௨,௩ and the envelope 

unloading stress ߪ௨,௩, as well as the experimental plastic strains of envelope 

cycles ߝ,ଵ were used so that the comparisons in Figure 3.16 reflect only the 

accuracy of the model for predicting the cumulative effect of loading history. It is 

evident that Lam and Teng’s (2009) model generally provides reasonable 

predictions, but the performance of the model becomes slightly worse for 

specimens with a higher concrete strength. 

 

3.5 CONCLUSIONS 

 

This chapter has presented an experimental study on the cyclic axial behavior of 

CFFTs, where the strength of concrete is a key variable. The test results have also 

been compared with Teng et al.’s (2009) monotonic stress-strain model and Lam 

and Teng’s (2009) cyclic stress-strain model, both of which have been based on 

test databases which are limited to concrete confined with an FRP wrap formed by 

wet-layup method and include only a small number of tests for HSC. The results 

and discussions allow the following conclusions to be drawn: 
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(1) The rupture of fibers in a filament-wound FRP tube, starting from the 

outermost ply, is a progressive process which is different from the failure of 

concrete confined with an FRP wrap.  

(2) The cyclic axial stress-strain behavior of concrete in CFFTs is generally 

similar to that of concrete confined with an FRP wrap. 

(3) Teng et al.’s (2009) monotonic stress-strain model is capable of providing 

accurate predictions for HSC in CFFTs, given that the FRP tube has a 

sufficient circumferential stiffness.  

(4) Lam and Teng’s (2009) cyclic stress-strain model may be applicable to normal 

strength concrete in CFFTs, but not HSC in CFFTs. 
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Table 3.1: Details of specimens 
 

Specimen 
Loading 

type 

FRP tube thickness Concrete properties 

frpt   

(mm) 

'
cof   

(MPa) 

cE  

(GPa) 

co   

(%) 

S54-2FW-M Monotonic 
2.2 

batch 1 

54.1 
27.8 0.25 

S54-2FW-C1,2 Cyclic 

S54-4FW-M Monotonic 
4.7 

S54-4FW-C1,2 Cyclic 

S84-4FW-M Monotonic 
4.7 

batch 2 

84.6 
33.1 0.27 

S84-4FW-C Cyclic 

S84-9FW-M Monotonic 
9.5 

S84-9FW-C Cyclic 

S104-4FW-M Monotonic 
4.7 

batch 3 

104.4 
36.5 0.31 

S104-4FW-C1,2 Cyclic 

S104-9FW-M Monotonic 
9.5 

S104-9FW-C Cyclic 

 

 

 
Table 3.2: Mix proportions of concrete 

 

Batch 

Water 

cement 

ratio 

Water Cement 
Fly 

ash 

Silica 

fume 

Super 

plasticizer* 

Coarse 

aggregate 
Sand 

(kg/m3) 

1 0.35 175 300 200 --- 9 829 796 

2 0.29 174 377 203 29 11 793 762 

3 0.23 155 442 170 68 16 819 712 

*The brand of the super plasticizer is "Grace HK", and the product model is "ADVA109". 
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Table 3.3: Cyclic loading schemes 
 

Specimen 
Unloading displacement (mm) found from LVDTs 

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 

S54-2FW-C1 0.94 1.94 2.91 3.92 4.91 5.93 6.94 --- --- 

S54-2FW-C2 5.96(10) * --- --- --- --- --- --- --- --- 

S54-4FW-C1 1.09 2.01 4.09 6.11 8.13 10.11 12.09 14.12 16.18 

S54-4FW-C2 12.14(10)* --- --- --- --- --- --- --- --- 

S84-4FW-C 1.05 2.07 3.13 4.26 5.10 6.27(11) * --- --- --- 

S84-9FW-C 1.03 2.03 4.09 6.20 8.42 10.43(9) * --- --- --- 

S104-4FW-C1 1.03 1.97 2.95 4.11 5.13 6.10 7.10 8.22 9.49 

S104-4FW-C2 7.05(12) * --- --- --- --- --- --- --- --- 

S104-9FW-C 1.03 2.02 4.07 6.08 8.47(10) * --- --- --- --- 

*The number in the bracket is the number of repeated cycles imposed at that prescribed unloading 

displacement. 

 

 

 

Table 3.4: Key test results 
 

Specimen allF  

(kN) 

cF  

(kN) 

'
ccf   

(MPa) 

cu  

 (%) 

'
cc

co

f

f
 




cu

co

 
, 1 h rup  

 (%) 

, 2h rup  

(%) 

S54-2FW-M 3312 3179 101.3 2.25 1.87 8.73 1.43 1.61 

S54-2FW-C1 2833 2700 86.0 1.76 1.59 6.83 1.08 1.12 

S54-2FW-C2 2917 2785 88.7 1.89 1.64 7.33 1.11 1.18 

S54-4FW-M 5734 5447 173.5 4.93 3.21 19.1 1.95 2.01 

S54-4FW-C1 5366 5078 161.7 4.42 2.99 17.2 1.68 1.82 

S54-4FW-C2 5294 5006 159.4 4.43 2.95 17.2 1.69 1.76 

S84-4FW-M 5189 4901 156.1 2.20 1.85 8.00 1.17 1.27 

S84-4FW-C 5069 4782 152.3 2.39 1.80 8.69 1.10 1.08 

S84-9FW-M 8011 7417 236.2 3.17 2.79 11.5 1.12 1.21 

S84-9FW-C 8012 7418 236.2 3.22 2.79 11.7 1.05 1.18 

S104-4FW-M1 6215 5927 188.8 2.64 1.81 8.48 1.19 1.21 

S104-4FW-C1 5927 5640 179.6 2.58 1.72 8.29 1.32 1.44 

S104-4FW-C2 5551 5263 167.6 2.38 1.61 7.64 1.09 1.13 

S104-9FW-M 8019 7424 236.4 2.61 2.26 8.38 0.94 0.91 

S104-9FW-C 8019 7424 236.4 2.61 2.26 8.38 0.93 0.91 
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Figure 3.1: Preparation of specimens 
 
 
 

 

Figure 3.2: Axial stress-strain behavior of control cylinders 
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Figure 3.3：Tensile split-disk test of FRP tubes 

 

 
Figure 3.4: Tensile stress-strain curves of FRP tubes in the hoop direction 
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Figure 3.5：Compression test of FRP tube segment 

 
Figure 3.6: Axial stress-strain curves of FRP tubes under axial compression 
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(a) Instrumentation 

 

 

 
(b) Experimental set-up 

 

Figure 3.7: Experimental set-up and instrumentation 
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 (a) Failed specimens of batch 1 

 

(b) Failed specimens of batch 2 
Figure 3.8: Specimens after test  
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 (c) Failed specimens of batch 3 

Figure 3.8: Specimens after test (continued) 
 

(a) SG-100 axial strains versus  

SG-20 axial strains 

(b) Nominal axial strains versus  

SG-100 axial strains 

Figure 3.9: Comparison of axial strains obtained using three different methods 
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(c) Nominal axial strains versus  

SG-20 axial strains 

 
Figure 3.9: Comparison of axial strains obtained using three different methods 

(continued) 
 

 
 

Figure 3.10: Hoop strain distributions  
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(a) CFFTs subjected to monotonic axial compression 

 

(b) CFFTs subjected to cyclic axial compression 

 

Figure 3.11: Typical axial load-axial strain curves of CFFTs 
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(a) Specimens of batch 1 

 

(b) Specimens of batch 2 

 

Figure 3.12: Axial stress-strain curves of concrete   
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(c) Specimens of batch 3 

 

Figure 3.12: Axial stress-strain curves of concrete (continued) 
 

 
Figure 3.13: Sudden increase in the hoop strain   
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(a) Specimens of batch 1 

 

(b) Specimens of batch 2 

 

(c) Specimens of batch 3 

 

Figure 3.14: Prediction of envelope stress-strain curves  
with Teng et al.’s (2009) model   
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(a) Specimens of batch 1 

 

(b) Specimens of batch 2 

 

(c) Specimens of batch 3 

 

Figure 3.15: Performance of Lam and Teng’s (2009) model  
for envelope unloading/reloading curves   
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(a) Specimens of batch 1 

 

(b) Specimens of batch 2 

 

(c) Specimens of batch 3 

 

Figure 3.16: Performance of Lam and Teng’s (2009) model  
for repeated unloading/reloading cycles 
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CHAPTER 4 

 

UNIFIED CYCLIC STRESS-STRAIN MODEL FOR 

NORMAL AND HIGH STRENGTH CONCRETE 

CONFINED WITH FRP 

 

 

 

4.1 INTRODUCTION 

 

Fiber reinforced polymer (FRP) with fibers oriented completely or predominantly 

in the hoop direction have been widely used in civil engineering for 

strengthening/retrofitting concrete columns (Teng et al. 2002; Hollaway and Teng 

2008). Due to the confinement provided by FRP tube, both the compressive 

strength and the ultimate compressive strain of concrete can be significantly 

enhanced (Lam and Teng 2002; Teng and Lam 2004). The use of FRP as a 

confining material has also been explored in new construction, where FRP is 

typically adopted in the form of a tube to confine the concrete infill with or 

without additional steel reinforcement (i.e. concrete-filled FRP tubes or CFFTs) 

(Teng et al. 2007; Yu and Teng 2011). In both types of applications, the 

stress-strain behavior of the FRP-confined concrete needs to be properly 

understood and modeled before a safe and economical design approach can be 

developed. The stress-strain behavior of FRP-confined concrete under cyclic axial 

compression is of particular importance for the accurate modeling of such 

columns under seismic loading. 
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A number of experimental studies (Rousakis 2001; Ilki and Kumbasar 2003; Shao 

et al. 2006; Lam et al. 2006; Abbasnia and Ziaadiny 2010; Ozbakkaloglu and 

Akin 2012; Abbasnia et al. 2012, 2013; Bai et al 2013) have been conducted on 

the cyclic stress-strain behavior of concrete confined with an FRP wrap. Chapter 3 

presents the first systematic experimental study on the cyclic compressive 

behavior of CFFTs with filament-wound FRP tube, where the cyclic stress-strain 

behavior of the confined concrete was a focus of the study. The study showed that 

the cyclic axial stress-strain behavior of concrete in CFFTs is generally similar to 

that of concrete confined with an FRP wrap (i.e. wet-layup FRP tube), suggesting 

that a cyclic stress-strain model for the confined concrete suitable for both types 

of applications can be developed. 

 

To the best of my knowledge, only four cyclic stress-strain models have been 

proposed for FRP-confined concrete in circular columns (i.e. concrete under 

uniform FRP confinement) (i.e. Shao et al. 2006; Lam and Teng 2009; Wang et al. 

2012; Bai et al. 2013). Shao et al.’s (2006) model was shown to be inadequate in 

predicting unloading paths and incapable of predicting the cumulative effect of 

loading history on the stress-strain response of concrete (Lam et al. 2006). Wang 

et al.’s (2012) model is for FRP-confined concrete as well as concrete subjected to 

combined confinement from FRP and hoop steel reinforcement; this model also 

does not consider the cumulative effect of repeated loading cycles. Lam and 

Teng’s (2009) model was based on a test database assembled by them and was 

shown to capture all the key characteristics of and provide reasonably accurate 

predictions for cyclically loaded FRP-confined concrete. Bai et al.’s (2013) model 

is specifically for concrete confined with FRP possessing a large rupture strain 

(around 6%); it includes most of the components (e.g. unloading/reloading paths) 

of Lam and Teng’s (2009) model but a different envelope stress-strain curve to 

reflect the effect of this special type of FRP.  
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Although Lam and Teng’s (2009) model was developed on the basis of a relatively 

large database, a few significant issues could not be well resolved using the test 

database available to them at that time. The test database was limited to concrete 

confined with an FRP wrap (i.e. wet-layup FRP tube). The calibration of the 

model for high strength concrete (HSC) was based on limited test data from one 

single study (i.e. Rousakis 2001). A recent study by Ozbakkaloglu and Akin (2012) 

has, however, shown that the performance of Lam and Teng’s (2009) model for 

HSC is not as good as its performance for normal strength concrete (NSC). In 

addition, while Lam and Teng (2009) has considered the cumulative effect of 

loading history in their model, their proposed equations were based on limited test 

data with the maximum number of repeated loading cycles at a given unloading 

point being three. 

 

Against this background, this chapter presents a critical assessment of Lam and 

Teng’s (2009) model against the new test results of CFFTs obtained in Chapter 3 

as well as those of concrete confined with an FRP wrap which were published 

after Lam and Teng’s (2009) study. An improved cyclic stress-strain model is then 

proposed on the basis of this assessment. The proposed model is a unified model 

in two senses: (1) it is applicable to both concrete confined with an FRP wrap and 

concrete in CFFTs; (2) it is applicable to both FRP-confined NSC and HSC. This 

chapter is concerned only with concrete confined with conventional FRP (e.g. 

glass FRP and carbon FRP) with a rupture strain less than 3%, so Bai et al.’s 

(2013) work is not further discussed in the chapter. 

 

4.2 TEST DATABASE 

 

In the present study, a test database was assembled from the studies of Rousakis 

(2001), Ilki and Kumbasar (2003), Lam et al. (2006), Ozbakkaloglu and Akin 
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(2012), Wang et al. (2012) and new test results in Chapter 3. Test results from the 

first three studies were also used by Lam and Teng (2009) for the development of 

their cyclic stress-strain model. Except for new test in Chapter 3 where CFFTs 

with a filament-wound FRP tube were tested, all the tests were conducted on 

circular solid cylinders confined with an FRP wrap (i.e. wet-layup FRP tube). The 

present study is concerned with concrete confined with FRP only, so the majority 

of the specimens reported in Wang et al. (2012), which had transverse steel 

reinforcement, are excluded from the test database. Key information of the tests is 

given in Table 4.1, while readers may refer to the original papers for more details. 

In Table 4.1, the thickness given for wet-layup FRP wraps is the nominal 

thickness, while that for filament-FRP tubes is the actual thickness; their 

respective elastic moduli are both based on the thicknesses listed in Table 4.1. The 

compressive strength of unconfined concrete was obtained from compression tests 

on standard plain concrete cylinders (152.5 mm x 305 mm), except for the tests of 

Rousakis (2001). For Rousakis’s (2001) tests, the unconfined concrete strengths 

were converted from the data obtained from the standard cube compression test 

(CEB-FIP Model Code 1990). 

 

All specimens were subjected to a single unloading/reloading cycle at each 

prescribed unloading displacement/load level except two specimens tested by 

Lam et al. (2006) and six specimens tested in Chapter 3. As indicated in Table 4.1, 

the two specimens (i.e. specimens CI-RC and CII-RC) tested by Lam et al. (2006) 

were subjected to 3 unloading/reloading cycles at each prescribed unloading 

displacement level and the six specimens tested in Chapter 3 were subjected to 

9~12 unloading/reloading cycles at a prescribed unloading displacement level.  

 

Linear variable displacement transducers (LVDTs) were used to obtain axial 

strains in all the studies. For the specimens in Rousakis (2001), Ilki and Kumbasar 
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(2003), Ozbakkaloglu and Akin (2012) and Chapter 3, LVDTs were used to 

measure the total axial shortenings of specimens; for the specimens in Lam et al. 

(2006), the LVDTs covered the 120 mm mid-height region of specimens; for the 

specimens in Wang et al. (2012), the LVDTs covered the 204 mm mid-height 

region. It has been shown (Lam et al. 2006; Chapter 3) that the strains obtained 

from total axial shortenings are generally similar to but slightly larger than those 

obtained from LVDTs covering a certain length of the mid-height region, 

especially in the initial stage of loading, but this effect is generally very small for 

the later loading stage. Lam and Teng (2009) also found that their model was 

generally applicable to the test database assembled by them despite the different 

methods of obtaining axial strains. 

 

4.3 CYCLIC AXIAL STRESS-STRAIN MODEL 

 

4.3.1 General 

 

In this section, Lam and Teng’s (2009) cyclic stress-strain model is first critically 

assessed against the test data of the new database as described above, with the 

focus being on its applicability to HSC and concrete in CFFTs. The key 

components of Lam and Teng’s (2009) model are examined separately, based on 

which revisions are proposed, leading to an improved stress-strain model. 

 

4.3.2 Key Characteristics of FRP-Confined Concrete 

 

Lam and Teng’s (2009) model was proposed based on and can capture the 

following key characteristics of the experimental cyclic stress-strain behaviour of 

concrete confined with an FRP wrap: (1) the envelope curve is basically the same 

as the monotonic stress-strain curve; (2) the loading history has a cumulative 
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effect on both the plastic strain and stress deterioration; (3) the unloading path is 

generally nonlinear with a continuously decreasing slope while the reloading path 

is approximately linear. It is shown in Chapter 3 that the cyclic stress-strain 

behaviour of concrete (including HSC) in CFFTs also possesses the same three 

characteristics, suggesting that the framework of Lam and Teng’s (2009) model 

can be retained in developing an improved stress-strain model. 

 

4.3.3 Terminology 

 

The cyclic stress-strain history consists of unloading curves and reloading curves. 

The unloading curves are defined as the paths that the concrete experiences when 

its strain reduces. Unloading paths can be further divided into envelope unloading 

paths (i.e. unloading paths starting from the envelope curve) and internal 

unloading paths (i.e. the previous reloading path does not reach the envelope 

curve). They should be both independent of the subsequent terminating point. 

However, internal unloading paths are dependent on the prior loading history. The 

stress and strain where an unloading curve starts are named the unloading stress 

σ௨ and the unloading strain ߝ௨ respectively. For envelope unloading, the two 

terms are denoted by σ௨,௩ 
and ߝ௨,௩ 

respectively. The strain value at the 

intersection of an unloading path with the strain axis is defined as the plastic strain 

 . The reloading curves are defined as the paths that the concrete experiencesߝ

when its strain increases. Similar to unloading paths, reloading paths are also 

independent of the subsequent terminating point where the concrete once again 

starts to unload or the concrete reaches the envelope curve. The stress and strain 

where a reloading curve starts are named the reloading stress σ  and the 

reloading strain ߝ respectively. The stress and strain where a reloading curve 

meets with the corresponding envelope curve are referred as envelope returning 

stress σ௧,௩ 
and strain ߝ௧,௩ 

respectively. 
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The internal cycles, which are defined as those cycles repeated within the 

envelope curve, need to be numbered so that the effects of previous internal cycles 

on subsequent cycles can be considered. Envelope unloading is always regarded 

as the first cycle (i.e. ݊ ൌ 1). When the subsequent unloading stress is not greater 

than the present envelope unloading stress	σ௨,௩, the cycle number needs to be 

updated (i.e.	݊ ൌ ݊  1). The number will be reset to zero when a subsequent 

unloading stress is greater than this envelope unloading stress	σ௨,௩ . It is 

possible to encounter an unloading stress which is larger than the corresponding 

envelope unloading stress σ௨,௩, but is smaller than the envelope returning 

stress σ௧,௩. Unloading from such an unloading stress is treated as an envelope 

unloading cycle following Lam and Teng (2009). 

 

The definitions of σ௨ ௨ߝ , , σ௨,௩ ௨,௩ߝ , ߝ , , σ ߝ , , σ௧,௩  and 

 ௧,௩ߝ
for both envelope and internal cycles are illustrated in Figure 4.1. 

 

4.3.4 Monotonic Stress-Strain Model for the Envelope Curve 

 

In Lam and Teng’s (2009) model, Lam and Teng’s (2003) monotonic stress-strain 

model was adopted to predict the envelope curve of FRP-confined concrete under 

cyclic compression. A refined version of this design-oriented model was proposed 

by Teng et al. (2009), which includes more accurate expressions for the ultimate 

axial strain and the compressive strength. Chapter 3 showed that Teng et al.’s 

(2009) model can provide accurate predictions for envelope stress-strain curves of 

concrete in CFFTs. Teng et al’s (2009) model is therefore adopted in the present 

stress-strain model for the envelope curve. 

 

Teng et al.’s (2009) model consists of a parabolic first portion plus a linear second 

portion with a smooth transition at ߝ௧, and is described as follows: 
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ߪ ൌ ߝܧ	 െ
ሺܧ െ ଶሻଶܧ

4 ݂
ᇱ ଶ for 0ߝ  ߝ ൏ ௧ (4.1)ߝ

and  

ߪ ൌ ቐ
݂
ᇱ 	ܧଶߝ

݂
ᇱ െ 	 ݂

ᇱ െ ݂௨
ᇱ

௨ߝ െ ߝ
ሺߝ െ ሻߝ

ߩ  0.01
ߩ ൏ 0.01				 for ߝ௧  ߝ  ௨ (4.2)ߝ

where ߪ and ߝ 
are the axial stress and axial strain of concrete respectively; 

݂
ᇱ  and ܧ  are the compressive strength and elastic modulus of unconfined 

concrete, respectively. The slope of the linear second portion, ܧଶ is given by: 

ଶܧ ൌ
݂
ᇱ െ ݂

ᇱ

௨ߝ
 (4.3)

where ݂
ᇱ  and ߝ௨  are the compressive strength and ultimate axial strain of 

FRP-confined concrete, respectively. The strain at the transition point ߝ௧ is given 

by: 

௧ߝ ൌ
2 ݂

ᇱ

ܧ െ ଶܧ
 (4.4)

The compressive strength ݂
ᇱ

 and ultimate axial strain ߝ௨  of FRP-confined 

concrete are defined by: 

݂
ᇱ

݂
ᇱ ൌ ቄ1  3.5ሺߩ െ 0.01ሻߩఌ

1
ߩ  0.01
ߩ ൏ 0.01  (4.5)

and 

௨ߝ
ߝ

ൌ 	1.75  ߩ6.5
.଼ߩఌଵ.ସହ (4.6)

The ratio between the confining pressure ݂ (the pressure provided by the FRP 

jacket when it fails by rupture due to hoop tensile stresses) and the unconfined 

concrete strength ݂
ᇱ  is referred as the confinement ratio. The confinement ratio 

݂/ ݂
ᇱ  can be expressed as the product of the confinement stiffness ratio ߩ and 
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the strain ratio ߩఌ as shown follows: 

 

݂

݂
ᇱ ൌ 	

,௨ߝݐܧ
݂
ᇱ ܴ

ൌ ఌ (4.7)ߩߩ

ߩ ൌ
ݐܧ
ሺ ݂

ᇱ ሻܴߝ/
 (4.8)

ఌߩ ൌ
,௨ߝ
ߝ

 (4.9)

where ܧ and ݐ are the elastic modulus and thickness of the FRP jacket, 

ߝ  is the axial strain at the compressive strength of unconfined concrete, ߝ,௨ 

is the FRP hoop rupture strain, and ܴ is the radius of the confined concrete core. 

It should be noted that ݂௨
ᇱ  in Eq. 4.2 is found from Eq. 4.10, which predicts the 

axial stress at the ultimate axial strain, but not the compressive strength ݂
ᇱ  of 

FRP-confined concrete; actually, the two values are the same unless the 

stress-strain curve hass a descending branch (Teng et al. 2009).  

 

݂௨
ᇱ

݂୭
ᇱ ൌ 	1  3.5ሺߩ െ 0.01ሻߩఌ (4.10)

 

4.3.5 Unloading Path 

 

An unloading path is defined as the stress-strain path that the concrete experiences 

when its strain reduces. Lam and Teng (2009) proposed the following equations 

(Eqs. 4.11-4.16) for both internal and envelope unloading, which are adopted in 

the present model: 

 

ߪ ൌ ߝܽ	
ఎ  ߝܾ  ܿ (4.11)

with 
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ܽ ൌ 	
௨ߪ െ ௨ߝ௨,ሺܧ െ ሻߝ

௨ߝ
ఎ െ	ߝ

ఎ െ ߝߟ
ఎିଵሺߝ௨ െ ሻߝ

 (4.12)

 

ܾ ൌ ௨,ܧ	 െ ߝߟ
ఎିଵܽ (4.13)

 

ܿ ൌ 	െܽߝ
ఎ െ  (4.14)ߝܾ

 

ߟ ൌ ௨ߝ350	  3 (4.15)

 

௨,ܧ ൌ 	minሺ
0.5 ݂

ᇱ

௨ߝ
,

௨ߪ
௨ߝ െ ߝ

ሻ (4.16)

 

in which, ߪ and ߝ 
are the axial stress and axial strain of concrete respectively; 

and 
 
  .௨, is the slope of the unloading path at zero stress (Figure 4.1)ܧ

 

Figure 4.2 shows a comparison between the predictions of the above equations 

and the experimental envelope unloading curves from new tests in Chapter 3. In 

making the predictions, the experimental	ߝ௨, σ௨  and ߝ were used so that the 

comparison in Figure 4.2 reflects only the performance of the equations for the 

unloading path (i.e. Eqs. 4.11-4.16). Figure 4.2 shows that Eqs. 4.11-4.16 provide 

reasonably accurate predictions for specimens S54-2FW-C1 and S54-4FW-C1, 

but the predictions deviate significantly from the experimental results for the 

remaining specimens which had higher unconfined strengths. This observation 

suggests that Lam and Teng’s (2009) model may be applicable to FRP-confined 

NSC, but revisions are needed before Lam and Teng’s (2009) model can 

accurately predict the unloading paths of FRP-confined HSC. This is probably due 

to the fact that the development of Lam and Teng’s (2009) model relied heavily on 

the experimental results by Lam et al. (2006) which only covered a small range of 
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concrete strengths (i.e. 38.9 MPa and 41.1 MPa). 

 

In Lam and Teng’s (2009) model, two parameters are used to control the shape of 

the unloading path: (1) parameter ߟ which controls the rate of change in the 

degree of non-linearity (or the curvature) of an unloading path with the unloading 

strain; (2) parameter ܧ௨, which controls the slope of the unloading path at zero 

stress. Lam and Teng (2009) proposed Eq. 4.16 for ܧ௨, where the unconfined 

concrete strength ݂
ᇱ  is already a parameter. Figure 4.3 compares the predictions 

of Eq. 4.16 with the experimental results, and demonstrates its applicability to 

HSC. The inaccuracy of Lam and Teng’s (2009) model for HSC is therefore 

believed to be mainly due to their equation for ߟ (i.e. Eq. 4.15) which does not 

reflect the effect of unconfined concrete strength ݂
ᇱ . Based on the experimental 

results in Chapter 3, the following equation was derived through a trial and error 

process, with ݂
ᇱ  being an additional controlling parameter: 

 

ߟ ൌ 	40ሺ350ߝ௨  3ሻ/ ݂
ᇱ  (4.17) 

 

Eq. 4.17 reduces to Eq. 4.15 when ݂
ᇱ  is equal to 40 MPa. Figure 4.2 shows that 

the use of the new equation leads to much better predictions than the use of Eq. 

4.15 in Lam and Teng (2009), especially for specimens S84-4FW-C, S84-9FW-C, 

S104-4FW-C1 and S104-9FW-C. 

 

4.3.6 Plastic Strain of Envelope Cycles 

 

Lam and Teng (2009) proposed the following equation to predict the plastic strain 

of envelope unloading curves ε,ଵ, where the unconfined concrete strength ݂
ᇱ  

and the envelope unloading strain ߝ௨,௩ are the two controlling parameters:   
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ε,ଵ ൌ 	ቐ
0

ሾ1.4ሺ0.87 െ 0.004 ݂
ᇱ ሻ െ 0.64ሿሺߝ௨,௩ െ 0.001ሻ

ሺ0.87 െ 0.004 ݂
ᇱ ሻߝ௨,௩ െ 0.0016

  

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ ൏ 0.0035
0.0035  ௨,௩ߝ  ௨ߝ

  (4.18)

 

In Lam and Teng (2009), the development of Eq. 4.18 was based on: (1) the 

experimental observation that the plastic strain is independent of the confinement 

level and has a linear relationship with the envelope unloading strain; (2) the 

limited test results by Rousakis (2001), Ilki and Kumbasar (2003) and Lam et al. 

(2006) among which only Rousakis’s (2001) study covered HSC. While the first 

observation has been continuously supported by new test results (e.g. Wang et al. 

2012; Ozbakkaloglu and Akin 2012), a recent experimental study on 

FRP-confined HSC by Ozbakkaloglu and Akin (2012) suggested that the 

unconfined concrete strength does not appear to have a considerable effect on the 

envelope plastic strain. Ozbakkaloglu and Akin (2012) also showed that Eq. 4.18 

provides reasonably accurate predictions for their test results on NSC, but 

underestimates the plastic strain of envelope unloading curves ε,ଵ significantly 

based on their test results for HSC. 

 

To clarify this issue, the plastic strains obtained from new tests in Chapter 3 are 

shown against the corresponding envelope unloading strains in Figure 4.4, where 

the trend lines for ߝ௨,௩  0.0035 are also shown. Table 4.2 summarizes the 

statistical characteristics of the trend lines for specimens in Table 4.1 including the 

three studies used in Lam and Teng (2009). Figure 4.4 confirms the linear 

relationship between the plastic strain ε,ଵ and the envelope unloading strain 

௨,௩ߝ . Table 4.2, however, suggests that such a linear relationship is not 

significantly affected by the unconfined concrete strength. The coefficient a (i.e. 

the slope of the trend line) is further shown against the unconfined concrete 
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strength in Figure 4.5, which clearly indicates that this coefficient is similar for 

most specimens covering a range of unconfined concrete strength from 24.5 MPa 

to 105 MPa. The only exceptions appear to be the three HSC specimens tested by 

Rousakis (2001) which had a lower a value. It should be noted that these three 

specimens were also the only HSC specimens used in Lam and Teng (2009) in 

developing Eq. 4.18, which includes the unconfined concrete strength as a 

controlling parameter. For further comparison, the predictions of Eq. 4.18 are also 

shown in Figure 4.6a, and are seen to significantly underestimate the experimental 

results of FRP-confined HSC from most studies including the present study. 

 

Based on the experimental results summarized in Table 4.2, the following 

equations are proposed for the plastic strain of envelope curves, where the 

unconfined strength is not used as a parameter: 

 

ε,ଵ ൌ 	ቐ
0

௨,௩ߝ0.184 െ 0.0002
௨,௩ߝ0.703 െ 0.002

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ  0.0035
0.0035 ൏ ௨,௩ߝ  ௨ߝ

 (4.19) 

 

In the development of Eq. 4.19, the two coefficients a and b are obtained by 

averaging the a and b values listed in Table 4.2 for all the specimens. Figure 4.6b 

shows that Eq. 4.19 can provide reasonably accurate predictions for the majority 

of the test results and is far superior to Eq. 4.18 proposed by Lam and Teng 

(2009). 

 

4.3.7 Stress Deterioration of Envelope Cycles 

 

It has been commonly observed (e.g. Lam et al. 2006) that the new stress 

 on the first reloading path at the envelope unloading strain is lower than the	௪,ଵߪ

envelope unloading stress. This phenomenon is referred to as stress deterioration. 
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Lam and Teng (2009) proposed the following equations for the stress deterioration 

ratio ߶ଵ of envelope cycles: 

 

߶ଵ ൌ 	 ൝
1

1 െ 80ሺߝ௨,௩ െ 0.001ሻ
0.92

  

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ ൏ 0.002
0.002  ௨,௩ߝ  ௨ߝ

  (4.20)

 

where ߶ଵ	is defined as  

 

߶ଵ ൌ
௪,ଵߪ
௨,௩ߪ

  (4.21)

 

The performance of Eq. 4.20 is shown in Figure 4.7 against the experimental 

results in Chapter 3 and two other studies published after Lam and Teng (2009). 

Figure 4.7 shows that Eq. 4.20 provides reasonably accurate predictions except for 

the envelope unloading strains ߝ௨,௩	which are between 0.001 and 0.035. For 

this range of ߝ௨,௩, the predictions of Eq. 4.20 appear to be on the lower bound. 

In order to address this deficiency of Eq. 4.20, the following equations are 

proposed based on all the available test data:   

 

߶ଵ ൌ 	 ൝
1

1 െ 32ሺߝ௨,௩ െ 0.001ሻ
0.92

  

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ  0.0035
0.0035 ൏ ௨,௩ߝ  ௨ߝ

 (4.22)

 

The predictions of Eq. 4.22 are shown to be better than Lam and Teng’s (2009) 

equation, especially for the cases where 0.001 ൏ 	 ௨,௩ߝ 	 0.0035 (Figure 4.7). 

The use of 0.0035 instead of 0.002 as a threshold is also consistent with the 

equation for the plastic strain (i.e. Eq. 4.19). 
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4.3.8 Effect of Loading History 

 

It is evident from Lam et al. (2006) on concrete confined with an FRP wrap and 

the new test results in Chapter 3 on CFFTs that the loading history has a 

cumulative effect on both the plastic strain and stress deterioration. The 

cumulative effect of loading history is considered in Lam and Teng’s (2009) 

model, but their proposed equations were based on only data from Lam et al. 

(2006) where the maximum number of repeated loading cycles at a given 

unloading point was three. In this section, Lam and Teng’s (2009) equations are 

evaluated against new test results in Chapter 3 where the maximum number of 

repeated loading cycles ranged from 9 to 12. Revisions to Lam and Teng’s (2009) 

equations are then proposed wherever necessary.  

 

4.3.8.1 Partial Unloading and Reloading 

 

In some cases, an unloading curve is terminated before reaching the zero stress 

point, or a reloading curve is terminated before reaching the reference strain 

(defined in Eq. 4.25, normally equal to the envelope unloading strain). These 

cases are referred to as partial unloading and partial reloading respectively. In the 

present study, the following definitions for the partial unloading factor	ߚ௨, and 

the partial reloading factor ߛ,  are used to consider the effect of partial 

unloading/reloading, following Lam and Teng (2009): 

  

௨,ଵߚ ൌ 	
௨,௩ߪ െ	ߪ,ଵ

௨,௩ߪ
 n = 1 

(4.23)
௨,ߚ ൌ 	

௨,ߪ െ	ߪ,
௪,ିଵߪ

 n > 2 

 

,ߛ ൌ 	
௨,ାଵߝ െ	ߝ,
,ߝ െ	ߝ,

 (n = 1, 2, 3, …) (4.24)
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where ߝ௨,, ߪ௨,	, ߝ, and
 
 ,௪, are the unloading strain, unloading stressߪ

plastic strain, new stress at the reference strain of the nth loading cycle 

respectively; the reference strain point is defined by:  

 

,ଵߝ ൌ 	  ௨,௩ n = 1ߝ
(4.25)

,ߝ ൌ max	ሺߝ,ିଵ,  ௨,ሻ n > 2ߝ

 

,ଵߪ ൌ  ௨,௩ n = 1ߪ	

(4.26)
,ߪ ൌ 	 ൜

,ଵߪ
௨,ߪ

			
௨,ߝ	 	 ,ିଵߝ
௨,ߝ	 	 ,ିଵߝ

 n > 2 

The following conditions proposed by Lam and Teng (2009) for effective 

unloading/reloading cycles are also adopted in the present study: 

௨ߚ  	0.7 and ߛ  0.7 (4.27)

 

4.3.8.2 Plastic Strain of Internal Cycles 

 

Lam and Teng (2009) proposed the following equations for plastic strains of 

internal cycles:  

 

߱ ൌ 	
௨,ߝ െ	ߝ,
௨,ߝ െ	ߝ,ିଵ

 n  2 (4.28)

 

߱ ൌ 	݉݅݊ ൜
1

߱,௨ െ 0.25ሺߛ,ିଵ െ 1ሻ  n  2 (4.29)

 

ω,௨	ሺ2  ݊  5ሻ ൌ 	 ൝
1

1  400ሺ0.0212݊ െ 0.12ሻሺߝ௨,௩ െ 0.001ሻ
0.0212݊  0.88

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ ൏ 0.0035
0.0035  ௨,௩ߝ  ௨ߝ

  (4.30)
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in which ߝ௨, and ߝ, 
are the unloading strain and plastic strain of the nth 

loading cycle respectively from an envelope unloading strain ߝ௨,௩, with n=1 

representing the envelope cycle; ω is the strain recovery ratio; ω,௨ is the 

strain recovery ratio for the case of ߛ,ିଵ = 1
 
(i.e. full reloading); and en  is 

the number of effective cycles. Lam and Teng (2009) proposed that Eq. 4.30 is 

only applicable when 2	  ݊ 	 5, and that ω,௨ ൌ 1 when ݊  6.   

 

The predictions of Eq. 4.30 are compared with the new test results of Chapter 3 in 

Figure 4.8. The test results presented in Lam et al. (2006) are also shown in Figure 

4.8 for comparison. Figure 4.8 shows that Eq. 4.30 generally provides reasonably 

accurate predictions when ݊ ൏ 5 for both concrete confined with an FRP wrap 

and concrete in CFFTs, but overestimates the test results when ݊  6. This is 

understandable as Eq. 4.30 was developed based on the limited test results with 

the maximum ݊	being 3. In order to address this deficiency of Lam and Teng’s 

(2009) model, the following equations are proposed for n  based on regression 

analysis of the mean ,n ful  values from all the available test data (Figure 4.8): 

 

ω,௨	ሺ݊  2ሻ

ൌ 	ቐ
1

1 െ 32ሺߝ௨,௩ െ 0.001ሻ/ሺ݊ െ 1ሻ
െ0.08/ሺ݊ െ 1ሻ 	 1

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ  0.0035
0.0035 ൏ ௨,௩ߝ  ௨ߝ

 
(4.31)

 

 

4.3.8.3 Stress Deterioration of Internal Cycles 

 

Lam and Teng (2009) proposed the following equations for stress deterioration 

ratios of internal cycles:  
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߶ ൌ
௪,ߪ
,ߪ

 (4.32) 

߶ ൌ 	݉݅݊ ൜
1

߶,௨ െ 0.2ሺߚ௨, െ 1ሻ  n  2 (4.33)

 

߶,௨	ሺ2  ݊  5ሻ ൌ 	 ൝
1

1  1000ሺ0.013݊ െ 0.075ሻሺߝ௨,௩ െ 0.001ሻ
0.013݊  0.925

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ ൏ 0.002
0.002  ௨,௩ߝ  ௨ߝ

  (4.34)

 

in which ߶	is the stress deterioration ratio of the nth loading cycle from an 

envelope unloading strain ߝ௨,௩; ߶,௨ is the stress deterioration ratio for the 

case of ߚ௨, ൌ 1. Lam and Teng (2009) proposed Eq. 4.34 for use when 

2	  ݊ 	 5, and that ߶,௨ ൌ 1 when ݊  6.  

 

The predictions of Eq. 4.34 are compared with the new test results of Chapter 3 in 

Figure 4.9. The test results presented in Lam et al. (2006) are also shown in Figure 

4.9 for comparison. Similar to the observation for Lam and Teng’s (2009) 

equations for plastic strains, Eq. 4.34 generally provides reasonably accurate 

predictions when ݊ ൏ 5, but overestimates the test results when ݊  6. In 

order to address this deficiency of Lam and Teng’s (2009) model, the following 

equations (Eq. 4.35) are proposed for ߶,௨ based on regression analysis of the 

mean ߶,௨ values from all the available test data: 

 

߶,௨ 	ൌ 	 ൝
1

1 െ 80ሺߝ௨,௩ െ 0.001ሻ/݊
െ0.08/݊  1

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ  0.002
0.002 ൏ ௨,௩ߝ  ௨ߝ

 (4.35)
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4.3.9 Reloading Path 

 

A reloading path is defined as the stress-strain path that the concrete traces as its 

strain increases from a starting point on an unloading path. Lam and Teng (2009) 

proposed equations for the reloading path based on the test observation that the 

major part of each reloading path of FRP-confined concrete resembles a straight 

line. In Lam and Teng’s (2009) model, the reloading path consists of a linear first 

portion from the reloading strain ߝ to the reference strain ߝ, and a possible 

short parabolic portion for the remaining part to meet smoothly with the envelope 

curve.  

 

The linear portion of the reloading path is defined as follows: 

 

ߪ ൌ ߪ	 	ܧሺߝ െ ߝ  ሻߝ  ߝ   (4.36)ߝ

 

where the slope of the linear portion is found from: 

 

ܧ ൌ 	 ሺߪ௪ െ	ߪሻ/ሺߝ െ ߝ  ሻߝ  ߝ   (4.37)ߝ

 

In most cases, the linear portion is followed by a parabolic curve from the 

reference strain point to the envelope returning point. For some cases, the 

reloading path has only a straight line which returns to the envelope curve directly 

at the envelope unloading point. These cases are (Lam and Teng 2009): (1) 

௨,௩ߝ  0.001 ; (2) n ൌ 1 ௨,௩ߝ ;  0.001 ,ଵߪ ;  ௨,௩ߪ0.85 ; and (3) 

n  ௨,௩ߝ ;1  ,ߪ ;0.001   .௨,௩ߪ0.85

  

The parabolic portion of the reloading path is given as follows: 
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ߪ ൌ ଶߝܣ  ߝܤ	  ߝ  ܥ  ߝ  ௧,௩ (4.38)ߝ

 

For cases where the reloading path returns to the parabolic first portion of the 

envelope curve, the parameter A is as follows: 

 

ܣ ൌ 	
ሺܧ െ	ܧଶሻଶ൫ܧߝ െ	ߪ௪൯  ሺܧ െ ଶሻଶܧ ݂

ᇱ

4൫ߪ௪ െ	ܧߝ൯ ݂
ᇱ  ሺܧ െ ߝଶሻଶܧ

ଶ  

௧,௩ߝ ൌ
ܧ െ ܤ

ܣ2  ሺ
ܧ െ ଶܧ

݂
ᇱ ሻଶ

൏ 	  ௧ (4.39)ߝ

 

For cases where the reloading path returns to the linear section portion of the 

envelope curve, the parameter A is as follows: 

 

ܣ ൌ 	
ሺܧ െ	ܧଶሻଶ

4ሺߪ௪ െ	 ݂ᇱ 	െ ሻߝଶܧ	
௧,௩ߝ  ൌ

ܧ െ ܤ
ܣ2

 	 ௧ (4.40)ߝ

 

The other two parameters, B and C, are as follows: 

ܤ ൌ െܧ  (4.41)ߝܣ2

 

ܥ ൌ ௪ߪ	 െ ߝܣ
ଶ െ  (4.42)ߝܤ

 

Apparently, the new stress ߪ௪, which determines the slope of the linear portion, 

is a key parameter for the reloading path. Given that ߪ௪	is accurately predicted 

by the new equations proposed in the present study (Eqs. 4.21-4.22，4.32-4.33, 

4.35), it is reasonable to expect that Eqs. 4.36-4.42 can also provide close 

predictions for the test results of FRP-confined HSC whose reloading paths also 

have a major part resembling a straight line. Eqs. 4.36-4.42 are therefore adopted 

in the proposed model. 
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4.3.10 Summary of the Proposed Model 

 

To summarize, the proposed cyclic stress-strain model for FRP-confined concrete 

include:  

 

(1) Teng et al.’s (2009) model (Eqs. 4.1-4.10) for the envelope stress-strain curve; 

(2) Lam and Teng’s (2009) equations (Eqs. 4.11-4.14) for the unloading path, with 

their original equation (Eq. 4.16) for ܧ௨, and the newly proposed Eq. 4.17 

for ߟ;  

(3) Eqs. 4.19 and 4.22 proposed herein for the plastic strain and stress 

deterioration ratio of envelope cycles, respectively;  

(4) Lam and Teng’s (2009) equations (Eqs. 4.23-4.27) for partial unloading and 

reloading;  

(5) Lam and Teng’s (2009) equations (Eqs. 4.28-4.29) for the plastic strain of 

internal cycles, with the newly proposed Eq. 4.31 for ω,௨;  

(6) Lam and Teng’s (2009) equations (Eqs. 4.32-4.33) for stress deteriorations of 

internal cycles, with the newly proposed Eq. 4.35 for ϕ,௨; and  

(7) Lam and Teng’s (2009) equations (Eqs. 4.36-4.42) for the reloading path.  

 

The process of generating cyclic stress-strain curves is similar to that explained in 

Lam and Teng (2009).  

 

4.4 PERFORMANCE OF THE PROPOSED MODEL 

 

4.4.1 Envelope Unloading/Reloading Curves 

 

The predictions of the proposed model are compared with the experimental results 

of Chapter 3 in Figure 4.10 for envelope unloading/reloading cycles. The 
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predictions of Lam and Teng’s (2009) model are also shown for comparison. It is 

evident from Figure 4.10 that the proposed model is superior to Lam and Teng’s 

(2009) model, especially for specimens in the S84 and S104 series. The proposed 

model generally provides reasonably accurate predictions, but considerable errors 

are also seen for some specimens (i.e. specimens S84-9FW-C and S104-9FW-C). 

The errors are found to be mainly from the inaccuracy in predicting the envelope 

plastic strain,ε,ଵ. The equation proposed in the present study (i.e. Eq. 4.19) for 

ε,ଵ is based on a regression analysis of all the available test data while there is 

considerable scatter in the test data (Figure 4.6). When the experimental envelope 

strains of the three specimens (i.e. specimens S54-2FW-C1, S84-9FW-C and 

S104-9FW-C) are used, Figure 4.11 shows that the proposed model compares very 

well with the test results and is far superior to Lam and Teng’s (2009) model. 

 

4.4.2 Repeated Unloading/Reloading Curves 

 

Figure 4.12 shows comparisons between the experimental results and the 

predictions of the two models [i.e. the proposed model and Lam and Teng’s (2009) 

model] for repeated unloading/reloading cycles. In order to assess these 

unloading/reloading cycles clearly, each cycle is shown with the corresponding 

predicted cycle individually to avoid the over-crowding of curves at the same 

unloading strain. Only the 1st, 4th, 7th, and the last cycles are examined here. In 

Figure 4.12, the experimental plastic strains of envelope cycles ε,ଵ are used 

instead of Eq. 4.19, in order to eliminate the effect of inaccuracy in this equation. 

Again, the proposed model is shown to be superior to Lam and Teng’s (2009) 

model especially for specimens in the S84 and S104 series, suggesting that the 

proposed revisions for ω,௨  and ϕ,௨  can capture the effect of loading 

history.  
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As evident from the development process of the proposed model, the proposed 

model basically reduces to and provide very similar predictions as Lam and 

Teng’s (2009) model when the concrete strength is equal to 40 MPa and/or when 

the number of repeated cycles is smaller than 3. That is, the proposed model is as 

accurate as, if not more accurate than, Lam and Teng’s (2009) model for the 

results reported in Lam et al. (2006), where NSC cylinders confined with an FRP 

wrap (i.e. wet-layup FRP tube) were tested. 

 

4.5 CONCLUSIONS 

 

An improved cyclic stress-strain model for FRP-confined concrete has been 

presented in the chapter. The development of the proposed model has been based 

on a critical assessment of Lam and Teng’s (2009) model by making use of a large 

test database containing new test results on both concrete in filament-wound FRP 

tubes and concrete confined with an FRP wrap (i.e. wet-layup FRP tube), which 

were published after Lam and Teng (2009). The assessment revealed that: 

 

(1) The degree of non-linearity of unloading paths of FRP-confined HSC is 

different from that of FRP-confined NSC. Lam and Teng’s (2009) model 

cannot provide accurate predictions for the unloading paths of FRP-confined 

HSC. 

(2) The relationship between the plastic strain ε,ଵ and the envelope unloading 

strain ߝ௨,௩ does not seem to be significantly affected by the unconfined 

concrete strength. Lam and Teng’s (2009) equations, which take the 

unconfined concrete strength as a key parameter, fail to predict ε,ଵ closely 

for FRP-confined HSC. 

(3) Lam and Teng’s (2009) model is inaccurate in predicting the effect of 

repeated loading cycles (i.e. ω,௨ and ϕ,௨). 
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The proposed cyclic stress-strain model corrects the above deficiencies of Lam 

and Teng’s (2009) model, and can provide reasonably accurate predictions for 

both NSC and HSC confined with either an FRP wrap or an FRP filament-wound 

tube.  
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Table 4.1: Key information of cyclic compression tests in the database 
 

Specimen 

Concrete 

strength 

݂
ᇱ (MPa) 

Thickness 

of FRP 

 (mm) ݐ

Elastic modulus 

of FRP 

  (GPa)ܧ

FRP hoop 

rupture 

strain 

 ,௨ߝ

Ultimate 

axial 

strain 

 ௨ߝ

Confined 

concrete 

strength 

݂
ᇱ  (MPa) 

Rousakis (2001): 150mm in diameter; 300 mm in height; wet-layup FRP wraps 

20c1L1C 26.5 0.17 

CFRP: 377 GPa 

in hoop direction 

0.00639 0.0153 44.1 

20c1L2C 26.5 0.34 0.00569 0.0208 61.6 

20c1L3C 26.5 0.51 0.00435 0.0244 70.2 

40c1L2C 49.5 0.34 0.00540 0.0133 79.2 

40c1L3C 49.5 0.51 0.00615 0.0181 104.0 

60ac1L1C 65.5 0.17 0.00517 0.0068 79.2 

60ac1L2C 65.5 0.34 0.00513 0.0102 90.3 

60ac1L3C 65.5 0.51  0.00559 0.0153 117.2 

60ac1L5C 65.5 0.85  0.00526 0.0181 137.9 

80c1L1C 68.5 0.17  0.00663 0.0076 83.2 

80c1L2C 68.5 0.34  0.00598 0.0098 107.2 

80c1L3C 68.5 0.51  0.00391 0.0110 108.2 

100c1L1C 95.0 0.17  0.00333 0.0056 97.6 

100c1L2C 95.0 0.34  0.00154 0.0053 98.2 

100c1L3C 95.0 0.51  0.00443 0.0098 129.6 

Ilki and Kumbasar (2003): 150mm in diameter; 300 mm in height; wet-layup FRP wraps 

3-14-S 32.0 0.165 
CFRP: 230 GPa 

in hoop direction 

0.0079 0.0144 47.2 

3-15-S 32.0 0.495 0.0108 0.0392 91.0 

3-18-S 32.0 0.825 0.0100 0.0432 107.7 

Lam et al. (2006) : 152mm in diameter; 305 mm in height; wet-layup FRP wraps 

CI-SC1 41.1 0.165 
CFRP: 250 GPa 

in hoop direction 

0.0132 0.0134 60.2 

CI-SC2 41.1 0.165 0.0103 0.0117 56.8 

CI-RCa 41.1 0.165 0.0113 0.0120 56.5 

CII-SC1 38.9 0.33 
CFRP: 247 GPa 

in hoop direction 

0.0122 0.0244 81.5 

CII-SC2 38.9 0.33 0.0108 0.0189 78.2 

CII-RCa 38.9 0.33 0.0122 0.0234 85.6 
a  Specimens tested by Lam et al. (2006) which were subjected to 3 unloading/reloading 

cycles at each prescribed unloading displacement level; 
b  Specimens tested in Chapter 3 which were subjected to 9~12 unloading/reloading cycles at 

a prescribed unloading displacement level. 
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Table 4.1: Key information of cyclic compression tests in the database (continued) 
 

Specimen 

Concrete 

strength 

݂
ᇱ (MPa) 

Thickness 

of FRP 

 (mm) ݐ

Elastic modulus 

of FRP 

  (GPa)ܧ

FRP hoop 

rupture 

strain 

 ,௨ߝ

Ultimate 

axial 

strain 

 ௨ߝ

Confined 

concrete 

strength 

݂
ᇱ  (MPa) 

Ozbakkaloglu and Akin (2012): 152mm in diameter; 305 mm in height; wet-layup FRP wraps 

N-A-2L-C1 38.0 0.400 
AFRP: 120 GPa 

in hoop direction 

0.0150 0.0225 64.3 

N-A-2L-C2 39.0 0.400 0.0156 0.0225 64.3 

N-A-3L-C1 39.0 0.600 0.0176 0.0404 97.4 

N-A-3L-C2 39.0 0.600  0.0202 0.0443 104.5 

H-A-4L-C1 100.0 0.800  0.0124 0.0182 136.4 

H-A-4L-C2 102.0 0.800  0.0110 0.0163 125.4 

H-A-6L-C1 104.0 1.20  0.0116 0.0187 157.2 

H-A-6L-C2 106.0 1.20  0.0145 0.0213 170.9 

H-C-4L-C1 100.0 0.468 
CFRP: 240 GPa 

in hoop direction 

0.0069 0.0107 102.3 

H-C-4L-C2 100.0 0.468 0.0081 0.0106 96.0 

H-C-6L-C1 109.0 0.702 0.0064 0.0114 123.7 

H-C-6L-C2 105.0 0.702  0.0081 0.0116 129.9 

Wang et al. (2012): 204mm in diameter; 612 mm in height; wet-layup FRP wraps 

C2H0L1C 24.5 0.167 CFRP: 244 GPa 

in hoop direction 

0.0145 0.0194 42.3 

C2H0L2C 24.5 0.334 0.0136 0.0382 66.8 

New test results (Chapter 3): 200mm in diameter; 400 mm in height; filament-wound FRP tubes 

S54-2FW-C1 54.1 2.2 

GFRP: 45.9 GPa 

in hoop direction 

 

0.0108 0.0176 86.0 

S54-2FW-C2b 54.1 2.2 0.0111 0.0189 88.7 

S54-4FW-C1 54.1 4.7 0.0168 0.0442 161.7 

S54-4FW-C2 b 54.1 4.7 0.0169 0.0443 159.4 

S84-4FW-C b 84.6 4.7 0.0110 0.0239 152.3 

S84-9FW-C b 84.6 9.5 0.0105 0.0322 236.2 

S104-4FW-C1 84.6 4.7 0.0132 0.0258 179.6 

S104-4FW-C2 b 104.4 4.7 0.0109 0.0238 167.6 

S104-9FW-C b 104.4 9.5 0.0093 0.0261 236.4 
a  Specimens tested by Lam et al. (2006) which were subjected to 3 unloading/reloading 

cycles at each prescribed unloading displacement level; 
b  Specimens tested in Chapter 3 which were subjected to 9~12 unloading/reloading cycles at 

a prescribed unloading displacement level. 
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Table 4.2: Linear relationships between unloading strains and plastic strains 
 

Source of test data 

Unconfined concrete 

strength ݂ܿ
′  (MPa) 

ε1,݈ ൌ ݒ݊݁,݊ݑߝܽ  ܾ 

R2 
a b 

Rousakis (2001) 

26.5 0.744 -0.0006 0.987 

49.5 0.737 -0.0020 0.981 

65.5 0.601 -0.0015 0.981 

68.5 0.603 -0.0015 0.968 

95.0 0.467 -0.0013 0.999 

Ilki and Kumbasar (2003) 32.0 0.713 -0.0019 0.994 

Lam et al. (2006) 
38.9 0.714 -0.0016 0.998 

41.1 0.703 -0.0014 0.996 

Ozbakkaloglu and Akin 

(2012) 

38.0~39.0 0.736 -0.0016 0.999 

39.0 0.743 -0.0017 0.999 

100.0~102.0 0.805 -0.0021 0.996 

104.0~106.0 0.775 -0.0022 0.998 

100.0 0.760 -0.0020 0.995 

105.0~109.0 0.760 -0.0023 0.999 

Wang et al. (2012) 24.5 0.815 -0.002 0.999 

New test results  

(Chapter 3) 

54.1 0.665 -0.0030 0.993 

54.1 0.764 -0.0034 0.998 

84.6 0.708 -0.0027 0.989 

84.6 0.638 -0.0028 0.996 

104.4 0.695 -0.0031 0.997 

104.4 0.614 -0.0024 0.998 
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(a) Envelope cycle 

 

 

 
(b) Internal cycles 

 

Figure 4.1: Key parameters of cyclic stress-strain curves of FRP-confined 
concrete (after Lam and Teng 2009) 
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(a) Specimens of batch 1 

 

(b) Specimens of batch 2 

 

(c) Specimens of batch 3 

 
Figure 4.2: Envelope unloading curves  
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Figure 4.3: Slope of the unloading path at zero stress  
 

 

Figure 4.4: Relationships between plastic strains and envelope unloading strains 
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Figure 4.5: Effect of concrete strength on the plastic strain 

   

   (a) Eq. 4.18 [Lam and Teng’s (2009) 
equation for ε,ଵሿ 

(b) Eq. 4.19 

(Proposed equation for ε,ଵ) 
Figure 4.6: Performance of equations for the plastic strain of envelope cycles 

 
Figure 4.7: Performance of equations for the stress deterioration ratio of envelope 

cycles  
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Figure 4.8: Performance of equations for the strain recovery ratio of internal 

cycles 
 

 
Figure 4.9: Performance of equations for the stress deterioration ratio of internal 

cycles  
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(a) Specimens of batch 1 
 

(b) Specimens of batch 2 
 

(c) Specimens of batch 3 
 

Figure 4.10: Performance of the two stress-strain models for envelope 
unloading/reloading curves: predictions based on the predicted values of ε,ଵ 
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(a) Specimens of batch 1 
 

(b) Specimens of batch 2 
 

(c) Specimens of batch 3 
 

Figure 4.11: Performance of the two stress-strain models for envelope 
unloading/reloading curves: predictions based on experimental values of ε,ଵ 
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(a) Specimens of batch 1 
 

(b) Specimens of batch 2 
 

(c) Specimens of batch 3 
 

Figure 4.12: Performance of the two stress-strain models for repeated internal 
unloading/reloading curves: predictions based on the experimental values of ε,ଵ 
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CHAPTER 5 

 

BEHAVIOR OF HYBRID DSTCS UNDER 

MONOTONIC AXIAL COMPRESSION 

 

 

 

5.1 INTRODUCTION 

 

Since the invention of hybrid FRP-concrete-steel double-skin tubular columns 

(hybrid DSTCs) (Teng et al. 2004, 2007), a large number of experimental studies 

have been undertaken by the author’s research group. The axial compressive 

behavior of hybrid DSTCs has been studied step by step in recent years (Teng et 

al. 2007; Yu 2007; Wong et al. 2008; Zhang et al. 2011; Xie et al. 2011). Yu’s 

(2007) PhD thesis presented the first systematic study of hybrid DSTCs, in which 

18 small-scale hybrid DSTC specimens with a characteristic diameter (the outer 

diameter of the annular concrete section) of 152.5 mm and a height of 305 mm 

were tested under monotonic axial compression. These specimens had FRP tubes 

formed in the same way as FRP wraps used to strengthen concrete columns (i.e. 

wet-layup FRP tubes) and had concrete cylinder strengths ranging from 36.7 MPa 

~ 46.7 MPa. For the first time, Yu’s (2007) study explained the confinement 

mechanism and demonstrated the excellent ductility of hybrid DSTCs (Teng et al. 

2007; Yu 2007; Wong et al. 2008). Zhang et al. (2011) presented the first series of 

axial compression tests on hybrid DSTCs with high strength concrete (HSC), 

where six hybrid DSTCs were tested (characteristic diameter: 204 mm; height: 
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400 mm; concrete strength: 83.5 MPa; wet-layup FRP tubes). Zhang et al.’s (2011) 

test results indicated that hybrid DSTCs with HSC can still possess excellent 

ductility if the FRP tube has a sufficiently large hoop strain capacity. Xie et al. 

(2011) presented the first study on the axial compressive behavior of large-scale 

hybrid DSTCs, where three specimens were tested (characteristic diameter: 400 

mm; height: 800 mm; concrete strengths: 29.3 MPa~40.1 MPa; wet-layup FRP 

tubes). Xie et al.’s (2011) tests confirmed the excellent ductility of large-scale 

hybrid DSTCs.  

 

Hybrid DSTCs have also received extensive research attention from other 

researchers (e.g., Qian and Liu 2008; Ozbakkaloglu and Fanggi 2013a, 2013b; 

Fanggi And Ozbakkaloglu 2013). Qian and Liu (2008) presented results from 

axial compression tests of 10 hybrid DSTCs [characteristic diameter: 190 mm; 

height: 500 mm; concrete strengths: 23.7 MPa~32.5 MPa; filament-wound FRP 

tubes (with fibers at ±60 or ±80 degrees to the longitudinal axis)]. More recently, 

Ozbakkaloglu and his co-workers (Ozbakkaloglu and Fanggi 2013a, 2013b; 

Fanggi And Ozbakkaloglu 2013) reported three series of experimental studies on 

hybrid DSTCs (characteristic diameter: 150 mm; height: 300 mm; concrete 

strengths: 36.7 MPa ~113.8 MPa; prefabricated wet-layup FRP tubes) with the 

concrete strength as an important variable. These test results further confirmed the 

excellent ductility of hybrid DSTCs with HSC.  

 

Existing studies on the axial compressive behavior of hybrid DSTCs have 

generally been limited to small-scale specimens (i.e. with the diameter being 

smaller than 200 mm) and wet-layup FRP tubes, with only a few exceptions. In 

particular, there has been no experimental study on large-scale hybrid DSTCs with 

a filament-wound FRP tube and HSC. Since hybrid DSTCs are highly ductile and 

the absence of any steel bars in the column ensures good-quality casting of HSC, 
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hybrid DSTCs provide a promising opportunity for the use of HSC which is much 

more brittle than normal strength concrete (NSC). For new construction, 

filament-wound FRP tubes should be used as the stay-in-place form for concrete 

casting. This chapter presents an experimental study of hybrid DSTCs under 

monotonic axial compression, with a particular focus on three issues: (1) the use 

of HSC; (2) the use of filament-wound FRP tubes; and (3) the testing of 

large-scale specimens. The test results are also compared with an existing model, 

Yu et al.’s (2010) model, which was developed based on test results of small-scale 

hybrid DSTCs with NSC and a wet-layup FRP tube. 

 

5.2 EXPERIMENTAL PROGRAM 

 

5.2.1 Specimen Details 

 

A total of 12 hybrid DSTCs were prepared and tested as detailed in Table 5.1. 

These specimens were casted in 6 different batches respectively. Hybrid DSTCs 

of batches 1-3 were cast together with the three batches of CFFTs presented in 

Chapter 3 respectively. For all 12 hybrid DSTCs, corresponding hybrid DSTCs 

were also fabricated and tested under cyclic axial compression, the results of 

which are presented in Chapter 6. 

 

As shown in Table 5.1, the specimens of batches 1-3 had a characteristic diameter 

of 200 mm and a height of 400 mm, while specimens of batches 4-6 were 

large-scale specimens with a characteristic diameter of 300 mm and a height of 

600 mm. The void ratio ߮ refers to the ratio of the inner diameter ܦ௦ to the 

outer diameter ܦ of the annular concrete section. A realistically large void ratio 

for hybrid DSTCs is between 0.7 and 0.8 (GB 50608 2010), which saves around 

49%~64% of the concrete compared to solid concrete columns. The majority of 
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hybrid DSTCs in the present study was designed with a large void ratio (i.e. 0.73 

and 0.795), with only one exception (i.e. specimen D84-4FW-MB with a void 

ratio of 0.60) to investigate the effect of void ratio. Three types of steel tubes were 

used, which are referred to as type A, type B and type C steel tubes respectively 

for ease of discussion (Table 5.2). Filament-wound GFRP tubes with the fibers 

being at േ80 degrees to the longitudinal axis were adopted. 

 

The naming system for these hybrid DSTCs is similar to that for the CFFTs as 

presented in Chapter 3. Each specimen was given a name, which starts with the 

letter “D” to represent “hybrid DSTCs”, followed by a two- or three-digit number 

to represent the unconfined concrete strength, and then a number which defines 

the thickness (in mm) of the FRP tube, together with two letters “FW” indicating 

that the tube is made using the filament-winding process. This is then followed by 

a letter “M” to represent monotonic axial loading; the last number “1” or 2” in 

some of the specimens is to differentiate two nominally identical specimens. The 

information of the inner steel tube is not given in the specimen name for brevity, 

except for the specimen with a type B steel tube and thus a smaller void ratio (i.e. 

D84-4FW-MB), for which a letter “B” is added to the end of its name. 

 

5.2.2 Preparation of Specimens 

 

All steel tubes of the same type were first cut from the same long steel tube. 

Precise machining was carried out to make sure both ends of each steel tube were 

perpendicular to its longitudinal axis. All glass FRP (GFRP) tubes used were 

fabricated by the same manufacturer using the same raw material (i.e., fibers and 

resin) and the same machine. The FRP tubes were also cut and machined into the 

designed length. Both the outer FRP tube and the inner steel tube were fixed 

concentrically and perpendicularly to a bottom steel plate to form the mold 
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(Figure 5.1). Before casting the concrete, strain gauges were installed on the 

mid-height of the inner steel tube; the lead wires of strain gauges passed through 

predrilled holes near the top end of the FRP tube.  

 

Typical cross sections of hybrid DSTCs are shown in Figure 5.2. After curing of 

the concrete, both the upper and the lower ends of each specimen were 

strengthened with an additional 3-ply carbon FRP strip (25 mm in width for 

specimens of bathes 1-3, but 40 mm in width for specimens of batches 4-6) in 

order to avoid unexpected failure there. Both ends of the specimen were then 

capped with high strength gypsum to achieve flat and smooth end surfaces which 

were perpendicular to the specimen axis. 

 

5.2.3 Material Properties 

 

5.2.3.1 Concrete 

 

Self-compacting concrete was used for all the specimens to guarantee the quality 

of casting. The mix proportions used are summarized in Table 5.3. In batches 1, 4 

and 5, the concrete was prepared with ordinary Portland cement, fly ash, super 

plasticizer (S.P.), river sand, and granite aggregate with a maximum nominal size 

of 10 mm. In the other batches, silica fume was added to achieve the targeted high 

strengths. Three concrete control cylinders (152.5 mm x 305 mm) were prepared 

and tested for each batch of concrete to determine the concrete properties. The 

concrete properties were obtained during the testing period of the specimens 

following ASTM C39/C39M (2011). The average concrete elastic modulus ܧ, 

compressive strength ݂
ᇱ  and the corresponding strain ߝ obtained from these 

tests are given in Table 5.4. The stress-strain curves of all control cylinders are 

shown in Figure 5.3. 
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5.2.3.2 FRP Tubes 

 

For the FRP tubes with a diameter of 200 mm, three types of prefabricated 

filament-wound glass FRP (GFRP) tubes were used, which were the same as those 

used in the CFFTs presented in Chapter 3. These tubes were manufactured using 

the same batches of raw materials (i.e. fibers and resin), and were designed to 

have the same nominal volume ratio and the same angles of fibers, for the same 

mechanical properties. Based on the tensile split-disk tests following ASTM 

D2290-08 (2008), the average rupture strain and secant elastic modulus ܧ at 

failure in the hoop direction were 1.486% and 45.9 GPa, respectively (see Section 

3.2.3.2, Figures 3.3 and 3.4). Based on the compression tests following GB/T5350 

(2005), the average ultimate axial stress, axial strain and secant elastic modulus at 

failure were 95.1MPa, 0.95% and 10.0 GPa respectively (see Section 3.2.3.2, 

Figures 3.5 and 3.6). 

 

For the FRP tubes with a diameter of 300 mm, two types of prefabricated 

filament-wound GFRP tubes were used. The two types of FRP tubes differed only 

in the thickness: one had a thickness ݐ  of 6.0 mm and the other had a 

thickness ݐ of 10 mm. The volume ratio and the angles of the fibers in all 

these tubes were 0.559 and ±80 degrees to the longitudinal axis of the tube 

respectively. As a consequence, the two types of tubes were assumed to have the 

same mechanical properties, with only a small longitudinal stiffness. Tensile 

split-disk tests on 5 FRP rings from the 6.0 mm tube were conducted following 

ASTM D2290-08 (2008) (Figure 5.4). The 5 FRP rings all had a width of 35 mm. 

Six hoop strain gauges with a gauge length of 20 mm were installed, among 

which two were centered at the two gaps, whereas the centers of the other four 

gauges were located at 25 mm away from the gaps. The readings of the two strain 

gauges at the gaps were found to be lower due to the effect of bending there. All 
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the FRP rings failed in a brittle manner by the rupture of fibers at or near the disk 

gap. The experimental tensile stress-strain curves are shown in Figure 5.5, where 

the tensile stresses were obtained by dividing the applied tensile force by two 

times the cross-section area of the ring, while the tensile strains were averaged 

from the four hoop strain gauges away from the gap to eliminate any effects from 

local bending. Figure 5.5 shows that the FRP tube had a linear stress-strain 

relationship in the hoop direction. The average hoop rupture strain and secant 

elastic modulus at failure ܧ were 1.55% and 43.6 GPa, respectively. The 

compressive properties of the tubes in the longitudinal direction were assumed to 

be the same as the 200 mm tubes presented above. As the 300 mm tubes had 

fibers oriented in directions which were the same as those of the 200 mm tubes 

and were close to the hoop direction, their compressive stiffness and strength in 

the longitudinal direction were expected to be small and similar to those of the 

200 mm tubes. The above assumption is thus believed to have only minor effects 

on the analysis of test data presented in this chapter.  

 

5.2.3.3 Steel Tubes 

 

For each type of steel tubes, tensile tests on three steel coupons were conducted 

following BS 18 (1987). The average elastic modulus ܧ௦, the average yield stress 

௬݂ and the average ultimate stress ௨݂ obtained from these tests are summarized 

in Table 5.2. The tests showed that all the steel had a long yield plateau after the 

stress reached the proportional limit, which was then followed by a 

strain-hardening branch until failure.  

 

In addition, for each type of steel tubes, three hollow steel tubes were tested under 

monotonic axial compression (for two of the three tubes) or cyclic axial 

compression (for one of the three tubes). These hollow tubes had the same height 
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as those used in hybrid DSTCs (i.e. 400 mm for types A and B, 600 mm for type 

C). For each of these steel tubes, four bi-direction rosettes with a gauge length of 

10 mm were installed at the mid-height of the steel tube; four LVDTs were 

installed to measure the axial shortening. All these steel tubes showed large plastic 

deformation until local buckling occurred in the elephant’s foot mode as shown in 

Figure 5.6. The axial stress-axial strain curves of these specimens are shown in 

Figure 5.7, with the axial strain being calculated from the LVDTs. The slope of the 

unloading/reloading path of the cyclic stress-strain curve found from the cyclic 

axial compression test was almost the same as the elastic modulus of the steel (i.e. 

no stiffness degradation). 

 

5.2.4 Experimental Set-Up and Instrumentation 

 

As shown in Figure 5.8, for hybrid DSTCs in batches 1-3, four LVDTs 

(LVDT-400) were used to measure the total axial shortening of each specimen. 

For the outer GFRP tube, eight axial strain gauges, among which four had a gauge 

length of 20 mm (i.e. SG-20) while the other four had a gauge length of 100 mm 

(i.e. SG-100), were installed at the mid-height of the column. The use of two 

different gauge lengths was to clarify any possible effect of the gauge length on 

the axial strain measurements. Three groups of hoop strain gauges with a gauge 

length of 20 mm were installed at 3 different heights of the FRP tube respectively: 

mid-height; 100 mm lower than the mid-height; 100 mm higher than the 

mid-height. Each group included four hoop strain gauges evenly distributed over 

the circumference. In addition, 2 strain gauge rosettes with a gauge length of 10 

mm were attached at the mid-height of the inner steel tube.  

 

As shown in Figure 5.9, for specimens of batches 4-6, eight LVDTs were installed 

to measure the axial deformation of each specimen. Of the eight LVDTs, four (i.e. 
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LVDT-320) were used to measure the shortening of the 320 mm mid-height region, 

while the other four (i.e. LVDT-600) were used to measure the total shortening of 

the specimen. For the outer GFRP tube, eight axial strain gauges, which were the 

same as those for the specimens of batches 1-3, were installed at the mid-height of 

the column. Five groups of hoop strain gauges with a gauge length of 20 mm were 

installed at 5 different heights of the FRP tube respectively: mid-height; 80 mm 

lower than the mid-height; 80 mm higher than the mid-height; 160 mm lower than 

the mid-height; 160 mm higher than the mid-height. The group installed at the 

mid-height included eight hoop strain gauges, while the other groups each 

included four hoop strain gauges, which were all evenly distributed over the 

circumference. In addition, 2 strain gauge rosettes with a gauge length of 10 mm 

were attached on the mid-height of the inner steel tube.  

 

A large testing facility (maximum capacity: 10000 kN) was used to conduct the 

axial compression test with a displacement control rate of 0.24 mm/min (for 

specimens with a height of 400 mm) or 0.36 mm/min (for specimens with a height 

of 600 mm). The axial load was applied on both the FRP tube, the steel tube and 

the concrete simultaneously. All test data, including strains, loads, and 

displacements, were recorded simultaneously by a data logging system. 

 

5.3 TEST OBSERVATIONS 

 

5.3.1 General 

 

At the early stage of testing, no obvious phenomenon was observed on the FRP 

tubes; readings of both the vertical and the hoop strain gauges were quite uniform, 

indicating that the specimens were loaded concentrically. For the specimens with 

NSC (i.e. specimens D40-6FW-M, D54-2FW-M and D54-4FW-M), the axial load 
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increased continuously with the axial strain until the final rupture of FRP tube. 

For the other specimens where HSC was used, there was a load fluctuation or a 

sudden load drop at an axial strain of around 0.005, after which the strain gauge 

readings became quite scattered, especially for the specimens with a sudden load 

drop. The load fluctuation/sudden load drop was generally associated with a large 

noise, suggesting that severe damage might have occurred in the concrete infill. 

After the load fluctuation/sudden load drop, the axial load taken by these 

specimens increased again until the final rupture of FRP tube. 

 

As the loading process progressed, white patches along the fiber directions 

appeared on the outer surface of FRP tube, indicating local damage in the resin. 

These white patches were seen to develop continuously until the rupture of fibers 

which occurred nearby. Progressive snapping of fibers was noticed in the final 

stage of test, until the explosive rupture of FRP tube associated with a big noise.  

 

After the test, the GFRP tube, the concrete and the inner steel tube were carefully 

examined (see Figure 5.10); localization of damage was found for all the 

specimens. The damage of FRP tube was due to the combined action of axial 

compression and hoop tension caused by the dilation of concrete, and was 

distributed over the column height. The rupture of FRP occurred at places where 

concentrated damage occurred. As expected, the concrete layer also suffered 

severe crushing at the locations where FRP ruptured; severe inward 

deformation/buckling of the inner steel tube was also observed at the same 

locations. For some specimens, folding of the inner steel tube was noted (e.g., 

specimens D84-9FW-M, D104-4FW-M, and D104-9FW-M).  
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5.3.2 Axial Strains 

 

As mentioned earlier, both LVDTs and strain gauges were used to measure the 

axial deformation of the specimens during the test, which provided several ways 

to obtain the axial strain of the specimens: (1) the average strain over the whole 

height of the specimen (referred to as the nominal axial strain) which was based 

on readings from the four LVDTs covering the column height (i.e. LVDT-400 for 

specimens of batches 1-3; LVDT-600 for specimens of batches 4-6); (2) the 

average strain of the 100 mm mid-height region found from the corresponding 

strain gauge readings (referred to as the SG-100 axial strain); (3) the average 

strain of the 20 mm mid-height region found from the corresponding strain gauge 

readings (referred to as the SG-200 axial strain); (4) for specimens of batches 4-6, 

the average strain over the 320 mm mid-height region (referred to as the 

LVDT-320 axial strain). Most of the strain gauges functioned well during the test. 

When one or more strain gauges failed, the average strain was calculated by 

averaging readings from the surviving strain gauges of the same group.  

 

Comparisons between these axial strains are shown in Figure 5.11. For hybrid 

DSTCs of batches 1-3 (Figure 5.11a), the SG-100 axial strain agrees very well 

with the SG-20 axial strain when the axial strain is lower than 0.01, which 

indicates that the axial deformation of the mid-height region was quite uniform; 

when the axial strain exceeds 0.01, the SG-100 axial strain and the SG-20 axial 

strain show some degree of deviation from each other. The nominal axial strain 

shows close agreement with the SG-100 and the SG-20 axial strains until a 

threshold strain value of around 0.005, beyond which the nominal axial strain 

becomes significantly larger than the SG-100 and the SG-20 axial strains. For 

hybrid DSTCs of batches 4-6 (Figure 5.11b), the nominal axial strain is in close 

agreement with the LVDT-320, SG-100 and SG-20 axial strains until a threshold 
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strain value (around 0.005), beyond which the nominal axial strain becomes 

significantly larger than the SG-100 and the SG-20 strains except for specimen 

D40-6FW-M. For specimen D40-6FW-M, the difference between strain values 

obtained by different methods is much smaller than that for the other specimens.  

 

As the axial strain gauges were attached on the FRP, and significant slips may 

have existed between the FRP tube and the concrete especially after the 

development of significant localized deformation of concrete, the axial strain 

gauge readings cannot be assumed to closely reflect the strain state of the 

confined concrete. In the subsequent sections, the axial strain of the confined 

concrete is represented by the nominal axial strain, unless otherwise specified. It 

should be noted that the nominal axial strain represents the average deformation 

of the concrete over the column height, where the deformation near the ends may 

be different from that near the mid-height because of the lateral constraints from 

the two ends. The existence of such difference, as well as other possible 

deformation of the loading system, generally leads to slightly larger strains from 

the nominal axial strain, especially in the initial stage of loading. The effect of 

such differences, however, is believed to be minor, given the fact that the nominal 

axial strain agrees closely with the mid-height axial strain during the initial stage 

of loading.  

 

It should also be noted that some specimens experienced a load fluctuation/sudden 

load drop during the test. Such a load fluctuation/drop was generally associated 

with a sudden change in the readings of the LVDTs and strain gauges: on the side 

where local damage occurred the LVDT/strain gauge readings suddenly became 

larger while those on the opposite side became smaller. Such differences in the 

readings of LVDTs/strain gauges became increasingly larger afterwards, 

indicating that the deformation was no longer uniform in these specimens. This 
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phenomenon is further discussed in Section 5.4.1. 

 

5.3.3 Hoop Strains 

 

Making use of readings from the three (for batches 1-3) or five (for batches 4-6) 

groups of hoop strain gauges located at different heights of the FRP tube, the hoop 

strain distributions at the ultimate state of all the specimens are shown in Figure 

5.12. The maximum hoop strain and minimum hoop strain were generally found 

not at the mid-height of the specimens. Despite the larger scatter of these hoop 

strain readings, the average of all the hoop strain readings (ε,௨ଵ) is very close 

to the average of hoop strain readings at the mid-height section (ε,௨ଶ). It should 

also be noted that the hoop rupture strains (either ε,௨ଵ or ε,௨ଶ) of hybrid 

DSTCs are much lower than those of the corresponding CFFTs (see Chapter 3, 

Table 3.4), which was mainly due to the fact that the concrete in hybrid DSTCs 

had more non-uniform dilation and more pronounced damage concentration than 

concrete in the corresponding CFFT specimens. 

 

5.4 BEHAVIOR OF CONFINED CONCRETE 

 

5.4.1 Axial Load-Axial Strain Curves of Hybrid DSTCs 

 

The axial load-axial strain curves of all the specimens are shown in Figure 5.13. 

These specimens could be divided into three groups: (1) hybrid DSTCs with an 

approximately bilinear axial load-strain curve (i.e., specimens D54-2FW-M, 

D54-4FW-M and D40-6FW-M); (2) hybrid DSTCs with a load fluctuation in the 

axial load-strain curve (i.e., specimens D84-4FW-M1,2, D84-9FW-M. 

D104-9FW-M); (3) hybrid DSTCs with a sudden load drop in the axial load-strain 

curve (i.e., specimens D104-4FW-M, D66-6FW-M, D85-6FW-M and 
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D85-10FW-M). The axial load fluctuation/drop in the loading process was also 

reported by Ozbakkaloglu’s research group (Ozbakkaloglu and Fanggi 2013a, 

2013b; Fanggi and Ozbakkaloglu 2013) for their hybrid DSTC specimens with 

HSC. The peak axial loads ܨ of all the specimens are summarized in Table 5.5. 

 

Figures 5.14-5.16 further illustrate the development of axial and hoop strains 

during the tests of typical specimens. The hoop strain readings found from the 

mid-height section are shown in these figures. For specimens of the first group 

(e.g. specimens D54-4FW-M and D40-6FW-M, see Figure 5.14), the scatters of 

axial and hoop strains readings are quite small, indicating that the concrete dilated 

uniformly and the axial deformation was uniform over the cross-section during 

the loading process. For specimens D84-9FW-M and D104-9FW-M which had 

load fluctuations during the test (Figure 5.15), the readings of the four LVDTs 

agree with each other very well during the test (i.e., the top plate remained 

horizontal), but the hoop strains of the FRP tube deviate from each other, 

indicating non-uniform dilation in the circumferential direction. For specimens 

D66-6FW-M and D104-4FW-M which had a sudden load drop (Figure 5.16), it is 

clear that readings of the four LVDTs deviate from each other once the sudden 

load drop occurred, resulting in highly non-uniform axial deformation and 

dilation. 

 

The testing frame used in the present study consisted of a ball joint connected to a 

top plate and a fixed flat plate at the bottom, where the load was applied to the 

specimen through the movement of the top plate driven by an actuator via the ball 

joint (Figures 5.8 and 5.9). The load from the top is thus always a concentric axial 

load in the vertical direction without any bending moment. As a consequence, the 

distribution of stresses on a circular specimen is expected to be axisymmetric over 

the cross-section. When the stiffness of the specimen is uniform in the 
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circumferential direction, the top plate remains in the horizontal direction; when 

one part of the specimen becomes weaker, the top plate tilts towards that 

particular part (i.e. the same load acting on that part leads to larger deformation).  

 

For hybrid DSTCs with HSC (i.e. groups 2 and 3), local damage of concrete 

occurred after a certain axial strain. The local damage of concrete led to a load 

fluctuation/drop of the specimen despite that the displacement continued to 

increase. The resultant force of the whole section, however, still had to remain 

concentric to balance the applied load during this process, which means that: (1) 

the part of the cross-section, where severe local damage occurred, experienced 

larger deformation or possible compressive softening (i.e. stress reductions) 

because of a reduction in its stiffness; and (2) the other part of the cross-section, 

where no local damage occurred, was partially unloaded due to the tilting of the 

top plate (thus also stress reductions) although the displacement at the plate center 

continued to increase (e.g., specimen S104-4FW-M, Figure 5.17). However, as the 

load was still concentric, the distribution of axial stresses over the cross-section 

had to remain axisymmetric afterwards. Other consequences of this process are: (1) 

the part where local damage occurred expanded rapidly so that the FRP tube was 

rapidly strained locally, which consequently led to the recovery of stiffness of that 

part of concrete (see Figures 5.15 and 5.16); (2) the steel tube adjacent to the 

damaged concrete was more heavily loaded in order to maintain the balance of the 

system; the extent to which the steel tube could take up more stresses to 

compensate for the stiffness loss of the local concrete depends on the ܦ௦/ݐ௦ ratio 

of the steel tube (which determines the stability of the steel tube itself), the void 

ratio (which determines the ratio between the load taken by the concrete and that 

taken by the steel), and the strength of concrete (which determines how severe the 

local damage of concrete is); and (3) some dynamic effects occurred, and the 

extent depends on the strength of HSC. 
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With the above explanations, it is clear that: (1) the deformation of concrete might 

be highly non-uniform over the cross-section for specimens with a load 

drop/fluctuation; (2) the axial stress of concrete was also non-uniform; (3) 

depending on the ܦ௦/ݐ௦ ratio of the steel tube, the load taken by the steel tube 

might be below its yield load because of local buckling caused by excessive axial 

straining on part of the tube. All these issues mean that the accurate evaluation of 

the axial stress of concrete is a difficult, if not impossible, task. Therefore, in the 

subsequent subsections, certain assumptions are made in order to assess the 

behavior of the concrete section as a whole, based on the definition of average 

axial stresses. 

 

5.4.2 Average Axial Stress of Confined Concrete in Hybrid DSTCs 

 

The average axial stress of the concrete is defined to be the load carried by the 

concrete section divided by its cross-sectional area. The load carried by the 

concrete section is assumed to be equal to the load carried by the specimen 

subtracted by the load carried by the FRP tube and that carried by the inner steel 

tube at the same axial strain (see Figure 5.13). The load carried by the GFRP tube 

was found from the compression tests on hollow FRP tubes (see Figures 3.5 and 

3.6); when the axial strain of a specimen exceeds the ultimate strain of the 

corresponding hollow FRP tube tests, it is assumed that the load resisted by the 

FRP tube is equal to its ultimate load because of the support from the concrete 

(see Section 3.3.5). The load carried by the inner steel tube was found from the 

compression tests on hollow steel tubes (Figure 5.6). 

 

With these assumptions, the peak axial loads taken by the concrete ܨ	 and the 

peak axial stresses of the confined concrete ݂
ᇱ  are summarized in Table 5.5 for 
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all the specimens, while the axial stress-axial strain curves of hybrid DSTCs are 

shown in Figure 5.18. The ultimate axial strains ߝ௨ of the concrete at the rupture 

of FRP tube are also summarized in Table 5.5. The peak axial stress ݂
ᇱ  and the 

corresponding strain ߝ  of unconfined concrete were used to normalize the 

ultimate axial stress and the ultimate axial strain, respectively (see Table 5.5). 

 

5.4.3 Effect of Concrete Strength 

 

The effect of concrete strength is illustrated in Figure 5.19. The curves in each 

subfigure of Figure 5.19 are for a group of specimens with the same FRP tube and 

steel tube. It is evident that the specimens with a relatively low concrete strength 

had a smooth stress-strain curve which consists of two ascending branches, but a 

fluctuation/drop in the axial stress generally occurred for specimens with HSC. 

Such stress fluctuations/drops appear to be more severe for concrete with a higher 

strength. The same observation can also be made for the test results presented in 

Ozbakkaloglu and Fanggi (2013a, 2013b) and Fanggi and Ozbakkaloglu. (2013). 

Figure 5.19 also shows that while specimens with a higher unconfined concrete 

strength typically have a higher ultimate axial stress, the ultimate axial strain of 

the confined concrete generally decreases with the unconfined concrete strength.   

 

5.4.4 Effect of Thickness of FRP Tube 

 

The effect of the thickness of FRP tube is illustrated in Figure 5.20. It has been 

well established that the behavior of FRP-confined concrete columns depends on 

the amount of confining FRP. When all the other parameters are the same, a 

thicker FRP tube leads to greater strength and ductility. The thickness of the FRP 

tube also affects significantly the stress-strain curve of confined concrete, 

especially its second portion of the stress-strain curve: a thicker the FRP tube 
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yields a stiffer the response of the second branch (Lam and Teng 2003; Teng et al. 

2009). The thickness (stiffness) of FRP tube generally has similar effects on the 

confined concrete in hybrid DSTCs as is evident from Figure 5.20. Figure 5.20 

also shows that the degree of stress drop in some specimens may be reduced (e.g. 

by comparing specimens D85-6FW-M and D85-10FW-M) or even converted to 

small stress fluctuations (e.g. by comparing specimens D104-4FW-M and 

D104-9FW-M) by using a thicker FRP tube. This is also consistent with the test 

observation made by Fanggi and Ozbakkaloglu (2013a, 2013b). 

 

5.4.5 Effect of Void Ratio 

 

The effect of void ratio can be examined by comparing the stress-strain curves of 

the confined concrete in specimens D84-4FW-M1 ( φ ൌ 0.795 ) and 

D84-4FW-MB (φ ൌ 0.600) (Figure 5.21). Figure 5.21 shows that the void ratio 

does not have a significant effect on either the ultimate axial strain or the degree 

of stress drop. This is inconsistent with the test observation by Ozbakkaloglu and 

Fanggi (2013a) that the stress drop tends to be less severe for hybrid DSTCs with 

a smaller void ratio. 

 

The curve of specimen D84-4FW-MB appears to have a stiffer second branch than 

its counterpart with a larger void ratio (i.e. specimen D84-4FW-M1) (Figure 5.21). 

This observation is consistent with that made by Wong et al. (2008) for hybrid 

DSTCs with NSC, although the difference shown in Figure 5.21 might also be 

partially due to the use of a steel tube which had a slightly smaller ܦ௦/ݐ௦ ratio in 

specimen D84-4FW-MB. 
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5.4.6 Effect of Specimen Size 

 

The effect of specimen size can be examined by comparing the stress-strain 

curves of the confined concrete between specimen D84-4FW-M1 (characteristic 

diameter = 200 mm) and specimen D85-6FW-M (characteristic diameter = 

300mm), which had approximately the same confinement stiffness (ܧݐ/ܦ) 

and the same concrete strength. Figure 5.22 shows that the concrete in the larger 

specimen (i.e. specimen D85-6FW-M) experienced a larger sudden drop than its 

smaller counterpart (i.e. specimen D84-4FW-M1), although this difference might 

also have been partially due to the use of a steel tube with a larger ܦ௦/ݐ௦ ratio in 

specimen D85-6FW-M.  

 

5.4.7 Comparison between CFFTs and Hybrid DSTCs 

 

The behavior of confined concrete in hybrid DSTCs is compared with that in the 

corresponding CFFTs (presented in Chapter 3) in Figures 5.23, in terms of the 

axial stress-strain curves and axial strain-hoop strain curves respectively. Figure 

5.23a shows that when the unconfined concrete strength is relatively low (i.e. 54 

MPa), the axial stress-strain curves of the concrete in DSTCs agree well with 

those of the concrete in CFFTs, but the former generally end at a significantly 

lower ultimate axial strain because of the lower hoop rupture strain of FRP in 

these specimens (Figure 5.23a). The lower rupture strain of FRP is a consequence 

of the more non-uniform dilation of the concrete in hybrid DSTCs.  

 

For specimens with a higher concrete strength (i.e. 84 MPa and 104 MPa), a 

fluctuation/drop in the axial stress generally occurred for DSTC specimens. Such 

a stress fluctuation/drop, however, did not occur or was much less pronounced for 

the corresponding CFFT specimens, leading to a higher second branch of the 
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stress-strain curves of concrete in CFFTs (Figures 5.23b and 5.23c). The ultimate 

axial strain of these hybrid DSTCs is also significantly smaller than that of the 

corresponding CFFTs due to a lower hoop rupture strain of FRP (Figures 5.23b 

and 5.23c) as explained earlier.  

 

Initially, the axial strain-hoop strain curves of the concrete in DSTCs agree well 

with those of the concrete in CFFTs; once the axial strain exceeds around 0.005, 

the hoop strain of the concrete in DSTCs increased more slowly than that of 

concrete in CFFTs, indicating that the outward dilation of concrete in DSTCs is 

smaller. The curves of DSTCs, however, are generally much shorter than those of 

the corresponding CFFTs. This was caused mainly by the much more non-uniform 

hoop dilation of concrete in DSTCs, which led to a much smaller average hoop 

rupture strain of FRP tube.   

 

5.5 COMPARISON WITH EXISTING MODEL 

 

5.5.1 Yu et al.’s (2010) Model for Hybrid DSTCs 

 

A simple stress-strain model for confined concrete in hybrid DSTCs was proposed 

by Yu et al. (2010), which was based on a design-oriented model proposed by 

Teng et al. (2009) for concrete in FRP-confined circular solid columns. Teng et 

al.’s (2009) model is a refined version of a well-recognized model developed by 

the same research group (Lam and Teng 2003). Compared with Lam and Teng’s 

(2003) original model, Teng et al.’s (2009) model includes more accurate 

expressions for the ultimate axial strain and the compressive strength. Yu et al.’s 

(2010) model includes modifications to Teng et al.’s (2009) model to account for 

the effect of an inner void on the ultimate axial strain of concrete. Yu et al.’s (2010) 

model yields reasonably accurate but conservative predictions for hybrid DSTCs 
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with NSC (Yu 2007). 

 

Yu et al.’s (2010) model consists of a parabolic first portion plus a linear second 

portion with a smooth transition at ߝ௧, and is described as follows: 

ߪ ൌ ߝܧ	 െ
ሺܧ െ	ܧଶሻଶ

4 ݂
ଶ for 0ߝ  ߝ  ௧ (5.1)ߝ

 and 

ߪ ൌ 	 ݂ 	ܧଶߝ for ߝ௧  ߝ  ௨ (5.2)ߝ

where ߪ and ߝ are the axial stress and the axial strain of confined concrete 

respectively; ܧଶ is the slope of the linear second portion of the stress-strain 

curve; ݂ is the intercept of the stress axis by the linear second portion; ܧ and 

௨ߝ  are the initial elastic modulus and the ultimate axial strain of confined 

concrete, respectively. The axial strain at the smooth transition point ߝ௧ where the 

parabolic first portion meets the linear second portion is given by: 

௧ߝ ൌ 	
2 ݂

ܧ െ ଶܧ
 (5.3)

The slope of the linear second portion cE2  is given by: 

ଶܧ ൌ
݂
ᇱ െ ݂

௨ߝ
 (5.4)

where ݂
ᇱ  is the compressive strength of confined concrete. ݂ is taken to be the 

compressive strength of unconfined concrete ݂
ᇱ . The compressive strength ݂

ᇱ  

and the ultimate axial strain ߝ௨ of confined concrete in hybrid DSTCs are given 

by: 

݂
ᇱ

݂
ᇱ ൌ ቄ1  3.5ሺߩ െ 0.01ሻߩఌ

1
ߩ  0.01
ߩ ൏ 0.01 (5.5)



Chapter 5 

156 
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ߝ
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ఌߩ ൌ
,௨ߝ
ߝ

 (5.9)

where ߩ is the confinement stiffness ratio and ߩఌ is the strain ratio. ܧ is 

the elastic modulus of FRP in the hoop direction; ݐ is the thickness of the FRP 

tube; ߝ,௨ is the hoop strain of FRP at the rupture of the tube due to hoop 

tensile stresses; ܴ  is the outer radius of the annular concrete section (i.e. 

characteristic radius); ܧ௦ and  ߝ are the secant modulus and the axial strain 

at peak axial stress of unconfined concrete respectively, with ܧ௦ ൌ 	 ݂
ᇱ  ; φߝ/

is the void ratio which is the ratio between the inner diameter and the outer 

diameter of the annular concrete section. 

 

5.5.2 Comparison with Yu et al.’s (2010) Model 

 

The test results from the present study are compared with Yu et al.’s (2010) model 

in Figure 5.24. The hoop rupture strain ߝ,௨ଵ was used in all the predictions.  

 

Figure 5.24a shows a comparison for hybrid DSTCs whose concrete had an 

approximately bilinear axial stress-strain curve until failure (i.e., specimens 

D54-2FW-M, D54-4FW-M and D40-6FW-M). It is evident that Yu et al.’s (2010) 

model provides reasonably accurate, yet conservative predictions for these test 

results.  
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Figure 5.24b shows a comparison for hybrid DSTCs with slight fluctuations in the 

axial stress-strain curve of concrete (i.e., specimens D84-4FW-BM, 

D84-4FW-M1,2, D84-9FW-M and D104-9FW-M). Although Yu et al.’s (2010) 

model fails to predict the stress fluctuations, it does provide predictions which are 

reasonably close to the test results.  

 

Figure 5.24c shows a comparison for hybrid DSTCs with a sudden stress drop in 

the axial stress-strain curve of concrete (i.e., specimens D104-4FW-M, 

D66-6FW-M, D85-6FW-M and D85-10FW-M). For these specimens, Yu et al.’s 

(2010) model overestimates the test results after the occurrence of a sudden drop 

in the axial stress. As described above, the sudden stress drop was typically 

associated with the titling of the top loading plate of the testing machine, which 

led to quite non-uniform deformation in concrete over the cross-section. Yu et al.’s 

(2010) model, originally proposed to predict the average axial stress-axial strain 

curve of concrete in hybrid DSTCs, does not consider the complicated mechanism 

in such hybrid DSTCs. Further research is needed for the development of a 

stress-strain model for the concrete in such hybrid DSTCs when more test data is 

available. Such a stress-strain model should take due account of various factors, 

including the concrete strength, the void ratio, the ܦ௦/ݐ௦ ratio of the inner steel 

tube, and the circumferential thickness of FRP tube, as discussed above.  

 

5.6 CONCLUSIONS 

 

This chapter has presented an experimental study on hybrid DSTCs under 

monotonic axial compression with a particular focus on the effect of three 

important issues (i.e., the use of HSC; the use of filament-wound tubes; the use of 

large-scale specimens). The results and discussions presented in the chapter allow 

the following conclusions to be drawn:  
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(1) The experimental results demonstrated that hybrid DSTCs process excellent 

ductility even when high strength concrete is used; 

(2) The localization of damage (i.e. concrete crushing, steel buckling and/or FRP 

rupture), which occurred in all the specimens, appears to be more pronounced 

for specimens with a higher concrete strength and/or a thinner FRP tube; 

(3) Three types of axial stress-strain curves of concrete in hybrid DSTCs were 

found in the present study: (a) axial stress-strain curves with a bilinear 

ascending shape; (b) axial stress-strain curves with a stress fluctuation; (c) 

axial stress-strain curve with a sudden stress drop; 

(4) The sudden stress drop, appearing to be more significant for hybrid DSTCs 

with a higher concrete strength and/or a weaker FRP tube, was found to be 

initiated by the local damage of concrete, which led to highly non-uniform 

deformation over the cross-section of concrete;  

(5) Yu et al.’s (2010) model is capable of providing reasonably accurate 

predictions for specimens with a bilinear ascending stress-strain curve and 

specimens with slight fluctuations in the axial stress, but it overestimates the 

results of specimens with a sudden load drop.
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Table 5.1: Details of specimens 
 

Specimen 
Specimen dimensions Steel tube FRP tube 

Concrete batch D 
(mm) 

h 
(mm) 

φ Type Ds/ts Type 
tfrp 

(mm) 
D54-2FW-M 200 400 0.795 A 31.8 2FW 2.2 

1 (54.1MPa) 
D54-4FW-M 200 400 0.795 A 31.8 4FW 4.7 

D84-4FW-M1 200 400 0.795 A 31.8 4FW 4.7 

2 (84.6MPa) 
D84-4FW-M2 200 400 0.795 A 31.8 4FW 4.7 
D84-4FW-MB 200 400 0.600 B 26.7 4FW 4.7 
D84-9FW-M 200 400 0.795 A 31.8 9FW 9.5 

D104-4FW-M 200 400 0.795 A 31.8 4FW 4.7 
3 (104.6MPa) 

D104-9FW-M 200 400 0.795 A 31.8 9FW 9.5 
D40-6FW-M 300 600 0.730 C 36.5 6FW 6.0 4 (40.9MPa) 
D66-6FW-M 300 600 0.730 C 36.5 6FW 6.0 5 (66.1MPa) 
D85-6FW-M 300 600 0.730 C 36.5 6FW 6.0 

6 (85.8MPa) 
D85-10FW-M 300 600 0.730 C 36.5 10FW 10.0 

 
 
 

Table 5.2: Dimension and properties of steel tubes 
 

Type 
 ௦ܦ

 (mm) 
  ௦ݐ

(mm) 
 ௦ݐ/௦ܦ

Elastic modulus 
Eୱ (GPa) 

Yielding stress 
௬݂ (MPa) 

Ultimate strength 
௨݂ (MPa) 

A 159.0 5.0 31.8 205.8 320.4 512.3 
B 120.0 4.5 26.6 199.6 419.5 565.7 
C 219.0 6.0 36.5 198.7 319.4 441.5 

 
 
 

Table 5.3: Mix proportions of concrete 
 

Specimen 
batch 

Water 
cement 

ratio 

Water Cement 
Fly 
ash 

Silica 
fume 

Super 
plasticizer* 

Coarse 
aggregate 

Sand 

(kg/m3) 
1 0.35 175 300 200 --- 9 829 796 
2 0.29 174 377 203 29 11 793 762 
3 0.23 155 442 170 68 16 819 712 
4 0.42 186 239 203 --- 3 822 715 
5 0.35 175 300 200 --- 10 845 812 
6 0.30 174 377 203 29 11 793 762 

*The brand of the super plasticizer is "Grace HK", and the product model is "ADVA109". 
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Table 5.4: Properties of concrete 
 

Batch No. ݂ (MPa) ܧ (GPa) εco (%) 

1 54.1 27.8 0.26 
2 84.6 33.1 0.27 
3 104.4 36.4 0.31 
4 40.9 23.5 0.22 
5 66.1 30.0 0.25 
6 85.8 33.9 0.27 

 
 
 

Table 5.5: Key test results 
 

Specimen 
  ܨ
(kN) 

  ܨ
(kN) 

݂
ᇱ  

(MPa) 
 ௨ߝ
(%) 

݂
ᇱ

݂
ᇱ  

௨ߝ
ߝ

 ε,௨ଵ 
(%) 

ε,௨ଶ 
(%) 

D54-2FW-M 1965 1053 91.1 1.85 1.69 7.19 0.79 0.92 
D54-4FW-M 2530 1401 121.2 2.79 2.25 10.7 0.80 0.78 

D84-4FW-MB 4461 3410 169.7 2.47 2.01 8.98 0.94 0.91 
D84-4FW-M1 2650 1567 135.6 2.20 1.60 8.15 0.80 0.60 
D84-4FW-M2 2763 1683 145.7 2.30 1.72 8.52 0.73 0.79 
D84-9FW-M 3413 2005 173.5 2.86 2.05 10.6 0.78 0.55 

D104-4FW-M 2616 1550 134.2 1.95 1.29 6.26 0.53 0.64 
D104-9FW-M 3512 2082 180.2 3.17 1.73 10.2 0.74 0.69 
D40-6FW-M 6002  4079 123.6 3.74 3.02 16.9 1.23  1.20  
D66-6FW-M 5284  3299 100.0 2.14 1.51 8.50 0.93  0.95  
D85-6FW-M 5482  3771 114.3 1.79 1.33 6.68 0.83  0.91  

D85-10FW-M 7089  4610 139.7 3.33 1.62 12.4 0.85  0.80  
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(a) Mold for specimens 

with type A steel tube 

(b) Mold for specimens 

with type B steel tube 

(c) Mold for specimens 

with type C steel tube 

 
Figure 5.1: Molds of hybrid DSTCs 

  

(a) Typical specimen 

with type A steel tube 

(b) Typical specimen 

with type B steel tube 

(c) Typical specimen 

with type C steel tube 

 
Figure 5.2: Cross-sections of different specimens 

 
Figure 5.3: Axial stress-strain behavior of control cylinders  
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Figure 5.4: Tensile split-disk test of FRP tubes 

 

 
Figure 5.5: Tensile stress-strain curves of FRP tubes in the hoop direction 
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(a) Type A steel tube 

 

(b) Type B steel tube 

 
(c) Type C steel tube 

Figure 5.6: Steel tubes after axial compression 
 

(a) Type A steel tube (b) Type B steel tube 

 
(c) Type C steel tube 

Figure 5.7: Axial stress-axial strain curves of steel tubes  
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(a) Instrumentation 

 
 
 
 

 
(b) Experimental set-up 

 
Figure 5.8: Experimental set-up and instrumentation 

for hybrid DSTCs of batches 1-3 
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(a) Instrumentation 
 

 

(b) Experimental set-up 
 

Figure 5.9: Experimental set-up and instrumentation  
for hybrid DSTCs of batches 4-6  
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(a) Failed specimens of batch 1 
 

  

  

(b) Failed specimens of batch 2 
 

  

(c) Failed specimens of batch 3 
 

Figure 5.10: Specimens after test  
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(d) Failed specimens of batch 4 

(e) Failed specimens of batch 5 

(f) Failed specimens of batch 6 
 

Figure 5.10: Specimens after test (continued)  
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(a) Specimens of batches 1-3 

 

 
(b) Specimens of batches 4-6 

Figure 5.11: Comparison of axial strains obtained using different methods 
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(a) Hybrid DSTCs of batches 1-3 

 
(b) Hybrid DSTCs of batches 4-6 

 
 Figure 5.12: Hoop strain distributions  
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Figure 5.13: Axial load-axial strain curves of hybrid DSTCs  
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Figure 5.13: Axial load-axial strain curves of hybrid DSTCs (continued) 
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(a) Specimen D54-4FW-M 

 

(b) Specimen D40-6FW-M 

Figure 5.14: Development of strains during test: Specimens of Group 1 
 

 

(a) Specimen D84-9FW-M 

 

(a) Specimen D104-9FW-M 

Figure 5.15: Development of strains during test: Specimens of Group 2 
 

 

(a) Specimen D66-6FW-M 

 

(b) Specimen D104-4FW-M 

Figure 5.16: Development of strains during test: Specimens of Group 3 
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Figure 5.17: Damage localization over the cross section  

 

(a) Hybrid DSTCs of batches 1-3 

 

 (b) Hybrid DSTCs of batches 4-6 
Figure 5.18: Axial stress-strain curves of concrete   
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(a) 

 
(b) 

 
(c) 

Figure 5.19 Effect of concrete strength on axial stress-strain curves of concrete  
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(a) 

 
(b) 

 
(c) 

Figure 5.20: Effect of FRP tube thickness on axial stress- strain curves of concrete 
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Figure 5.21: Effect of void ratio on axial stress-strain curves of concrete 

 
 
 

 

 
Figure 5.22: Effect of specimen size on axial stress- strain curves of concrete 
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(a) Specimens in batch 1 
 

(b) Specimens in batch 2 
 

(c) Specimens in batch 3 
 

Figure 5.23: Comparison of concrete behavior between hybrid DSTCs and CFFTs

0 0.01 0.02 0.03 0.04 0.05
0

50

100

150

200

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 S54-2FW-M
 D54-2FW-M
 S54-4FW-M
 D54-4FW-M

0 0.01 0.02 0.03 0.04 0.05
-0.02

-0.015

-0.01

-0.005

0

  Nominal axial strain

  H
oo

p 
st

ra
in

 

 

 S54-2FW-M
 D54-2FW-M
 S54-4FW-M
 D54-4FW-M

0 0.01 0.02 0.03
0

50

100

150

200

250

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 S84-4FW-M
 D84-4FW-M1
 S84-9FW-M
 D84-9FW-M

0 0.01 0.02 0.03
-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

  Nominal axial strain

  H
oo

p 
st

ra
in

 

 

 S84-4FW-M
 D84-4FW-M1
 S84-9FW-M
 D84-9FW-M

0 0.01 0.02 0.03
0

50

100

150

200

250

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 S104-4FW-M
 D104-4FW-M
 S104-9FW-M
 D104-9FW-M

0 0.01 0.02 0.03
-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

  Nominal axial strain

  H
oo

p 
st

ra
in

 

 

 S104-4FW-M
 D104-4FW-M
 S104-9FW-M
 D104-9FW-M



Chapter 5 

180 
 

 
(a) Specimens with bi-linear ascending branch 

 
(b) Specimens with axial load fluctuation 

 
(c) Specimens with sudden load drop 

Figure 5.24: Comparison of axial stress-strain curves of concrete with Yu et al.’s 
(2010) model 
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CHAPTER 6 

 

BEHAVIOR OF HYBRID DSTCS UNDER 

CYCLIC AXIAL COMPRESSION 

 

 

 

6.1 INTRODUCTION 

 

The excellent ductility of hybrid FRP-concrete-steel double-skin tubular columns 

(hybrid DSTCs) means that they are particularly attractive for use in seismic 

regions. While a large amount of research has been conducted on the monotonic 

behavior of this novel form of columns (e.g. Teng et al. 2004; Teng et al. 2007; Yu 

2007; Wong et al. 2008; Qian and Liu 2008; Yu et al. 2010; Zhang et al. 2011; Xie 

et al. 2011; Ozbakkaloglu and Fanggi 2013a, 2013b; Fanggi And Ozbakkaloglu 

2013), only a limited amount of work has been conducted on the behavior of 

hybrid DSTCs under cyclic axial compression. The stress-strain behavior of the 

concrete in hybrid DSTCs subjected to cyclic axial compression is of particular 

importance in the modeling of their behavior under seismic loading.  

 

To the best of the author’s knowledge, only two studies have been conducted on 

hybrid DSTCs under cyclic axial compression (i.e. Yu et al. 2012; Ozbakkaloglu 

and Fanggi 2013b), and no cyclic stress-strain model has been developed for 

concrete in hybrid DSTCs. Yu et al. (2012) presented the first ever study into 

hybrid DSTCs subjected to cyclic axial compression, in which six specimens 
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(characteristic diameter: 205 mm; height: 400 mm; concrete strength: 43.9 MPa; 

wet-layup FRP tubes) were tested. The test results confirmed the ductile behavior 

of hybrid DSTCs under cyclic axial compression. Yu et al.’s (2010) monotonic 

stress-strain model was found to provide acceptable but conservative predictions 

of the experimental envelope curves of these hybrid DSTCs. Yu et al. (2012) also 

confirmed that Lam an Teng’s (2009) cyclic stress-strain model provides 

reasonably accurate predictions of the experimental unloading/reloading cycles. 

Ozbakkaloglu and Fanggi (2013b) reported cyclic compression tests on six 

small-scale hybrid DSTCs with the steel inner tube filled with concrete 

(characteristic diameter: 150 mm; height: 300 mm; concrete strengths: 42.5 MPa 

and 82.4 MPa; prefabricated wet-layup FRP tubes). As Ozbakkaloglu and 

Fanggi’s (2013b) study is only concerned with hybrid DSTCs with a 

concrete-filled inner void, it is not further discussed in this chapter. 

 

Yu et al.’s (2012) study has generally been limited to normal strength concrete, 

small-scale specimens and wet-layup FRP tubes. There has been no experimental 

study on large-scale hybrid DSTCs with a filament-wound FRP tube and high 

strength concrete (HSC). Against this background, this chapter presents an 

experimental study of hybrid DSTCs under cyclic axial compression, with a 

particular focus on: (1) the use of HSC; (2) the use of filament-wound tubes; and 

(3) the use of large-scale specimens.  

 

Chapter 4 has presented a unified cyclic stress-strain model for FRP-confined 

NSC/HSC which was developed on the basis of a critical assessment of Lam and 

Teng’s (2009) model using a new test database. In this chapter, the applicability of 

this unified cyclic stress-strain model to concrete in hybrid DSTCs is also 

examined. 
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6.2 EXPERIMENTAL PROGRAM 

 

6.2.1 Specimen Details 

 

A total of 14 hybrid DSTCs were designed and tested as detailed in Table 6.1. 

These specimens were cast using 6 different batches of concrete. Hybrid DSTCs 

of batches 1-3 were cast together with the three batches of CFFTs presented in 

Chapter 3, respectively. For all 14 hybrid DSTCs, corresponding hybrid DSTCs 

were also fabricated and tested under monotonic axial compression, the results of 

which have been presented in Chapter 5. 

 

As shown in Table 6.1, the specimens of batches 1-3 had a characteristic diameter 

of 200 mm and a height of 400 mm, while specimens of batches 4-6 were 

larger-scale specimens with a characteristic diameter of 300 mm and a height of 

600 mm. The majority of hybrid DSTCs in the present study were designed with a 

large void ratio (i.e. 0.73 and 0.795), with only one exception (i.e. specimen 

D84-4FW-CB with a void ratio of 0.60). Three types of steel tubes were used, 

which are referred to as type A, type B and type C steel tubes respectively for ease 

of discussion (see Table 5.2). Filament-wound GFRP tubes with the fibers being at 

േ80 degrees to the longitudinal axis were used. 

 

The naming system for these specimens is similar to CFFTs in Chapter 3 and 

hybrid DSTCs in Chapter 5. Each specimen was given a name, which starts with 

the letter “D” to represent “hybrid DSTCs”, followed by a two- or three-digit 

number to represent the unconfined concrete strength, and then a number which 

defines the thickness (in mm) of the FRP tube, together with two letters “FW” 

indicating that the FRP tube is made through a filament-winding process. This is 

then followed by a letter “C” to represent cyclic axial loading; the last number “1” 
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or 2” in some of the specimens is to differentiate two nominally identical 

specimens. The information of the inner steel tube is again not given in the 

specimen name for brevity, except for the specimen with a type B steel tube and 

thus a smaller void ratio (i.e. D84-4FW-CB), for which a letter “B” is added to the 

end of its name. 

 

6.2.2 Preparation of Specimens 

 

The preparation of specimens was the same as that presented in Chapter 5, and is 

not repeated here. Each batch of specimens, including CFFTs (see Chapter 3), 

monotonically loaded DSTCs (see Chapter 5), and cyclically loaded DSTCs, were 

cast together (see Tables 3.1, 5.1 and 6.1). The batch numbers are consistent 

throughout this thesis. The mold used for casting concrete, the cross-sections of 

specimens, and the mix proportions of concrete used in the cyclic compression 

tests were all the same as those presented in Chapter 5 (see Figures 5.1 and 5.2 

and Table 5.3 respectively). 

 

6.2.3 Material Properties 

 

6.2.3.1 Concrete 

 

Three concrete control cylinders (152.5 mm x 305 mm) were prepared and tested 

for each batch of concrete to determine the concrete properties following ASTM 

C39/C39M (2011) (see Section 5.2.3.1). The average elastic modulus ܧ , 

compressive strength ݂
ᇱ  and the corresponding strain ߝ obtained from these 

tests are given in Table 5.4. The stress-strain curves of all control cylinders are 

shown in Figure 5.3. 
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6.2.3.2 FRP Tubes 

 

The FRP tubes used in the cyclic compression tests were exactly the same as those 

used in the monotonic compression tests presented in Chapter 5. Tensile split-disk 

tests on FRP rings were conducted following ASTM D2290-08 (2008), and 

compression tests on FRP rings were conducted following GB/T5350-2005 (2005). 

The results can be found in Section 3.2.3.2 and Section 5.2.3.2 respectively.  

 

6.2.3.3 Steel Tubes 

 

The steel tubes used in the cyclic compression tests were again exactly the same 

as those used in the monotonic compression tests presented in Chapter 5. Tensile 

coupon tests were conducted following BS 18 (1987), as well as compression tests 

on steel tubes. The results are available in Section 5.2.3.3.  

 

6.2.4 Experimental Set-Up and Instrumentation 

 

Readers may refer to Section 5.2.4 for the detailed information of experimental 

set-up and instrumentation. The information is available in Figures 5.8 and 5.9 for 

the specimens of batches 1-3 and those of batches 4-6, respectively. 

 

6.2.5 Loading Schemes 

 

A large testing facility with a maximum axial compression capacity of 10000 KN, 

was used to conduct axial compression tests with displacement control rates of 

0.24 mm/min and 0.36 mm/min for the specimens of batches 1-3 and those of 

batches 4-6, respectively. 
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Two cyclic loading schemes were adopted for these hybrid DSTCs: (1) type C1: a 

single unloading/reloading cycle was applied at prescribed unloading 

displacement values; (2) type C2: several repeated unloading/reloading cycles 

were applied at prescribed unloading displacement values. Both the type C1 and 

type C2 loading schemes were designed for full unloading/reloading cycles where 

the unloading of each cycle was terminated at a zero load and the reloading of 

each cycle was terminated at the unloading displacement of the same cycle (i.e. 

where the unloading starts) or after reaching the envelope curve (Lam and Teng 

2009).  

 

For the specimens of batches 1-3, as there was only one cyclically loaded 

specimen for each sectional configuration, the specimen was subjected to a 

combination of type C1 and C2 loading: a single unloading/reloading cycle was 

applied at each of the first several prescribed unloading displacement values while 

10 repeated cycles were applied at the last prescribed unloading displacement 

value. For specimen D84-4FW-CB, only 3 of the 10 intended repeated cycles 

were finished at the last prescribed unloading displacement value before the 

failure of the specimen. For the groups in batches 4-6 (i.e. D40-6FW, D66-6FW, 

D85-6FW) with two cyclically loaded specimens for each sectional configuration, 

one was subjected to type C1 loading while the other was subjected to type C2 

loading. For specimen D85-10FW-C, type C1 loading was adopted. Details of the 

loading schemes are summarized in Table 6.2. 

 

The loading schemes were executed manually with the use of the displacement 

readings averaged from 4 LVDTs (i.e. LVDT-400 for specimens of batches 1-3; 

LVDT-600 for specimens of batches 4-6) and the load readings from the column 

testing facility as the controlling parameters. All test data, including strains, loads, 

and displacements, were recorded simultaneously by a data logging system.  
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6.3 TEST OBSERVATIONS 

 

6.3.1 General 

 

As discussed in Section 5.3.1, the failure of filament-wound GFRP tubes was a 

progressive process. The failure processes of cyclically loaded hybrid DSTCs 

were similar to those of the corresponding monotonically loaded hybrid DSTCs, 

indicating that different loading schemes had little effect on this process. 

Progressive snapping of fibers was noticed in the final stage of test, until the 

explosive rupture of FRP tube associated with a big noise. Axial load 

fluctuations/a sudden load drop were also observed for cyclically loaded hybrid 

DSTCs with HSC. The mechanism for the axial load fluctuation/sudden load drop 

was discussed in Section 5.4.1. 

 

After the test, the GFRP tube, the concrete and the inner steel tube were carefully 

examined (Figure 6.1). As expected, damage localization was found for all 

specimens. The rupture of FRP tube occurred at places where concentrated 

damage of the concrete infill occurred. Inward deformation/buckling of the inner 

steel tube was also observed at the same locations. The failure mode of cyclically 

loaded hybrid DSTCs (Figure 6.1) was similar to that of monotonically loaded 

hybrid DSTCs (see Figure 5.10), indicating that different loading schemes had 

little effect on the failure mode. 

 

6.3.2 Axial Strains 

 

As discussed in Section 5.3.2, both LVDTs and strain gauges were used to 

measure the axial deformation of the specimen during the test, which provided 

several ways to obtain the axial strain of the specimen. The average strain over the 
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whole height of the specimen, which was based on readings from four LVDTs (i.e. 

LVDT-400 for specimens of batches 1-3; LVDT-600 for specimens of batches 4-6), 

is referred as the nominal axial strain. Based on the discussions presented in 

Chapter 5, the nominal axial strain is used to represent the axial strain of the 

confined concrete, unless otherwise specified.  

 

6.3.3 Hoop Strains 

 

Making use of readings from the three (for batches 1-3) or five (for batches 4-6) 

groups of hoop strain gauges located at different heights of the FRP tube, the hoop 

strain distributions at the ultimate state of all the specimens are shown in Figure 

6.2. The results from the tests of CFFTs (see Chapter 3) and monotonically loaded 

hybrid DSTCs (see Chapter 5) are also shown in Figure 6.2 for comparison.  

 

The following observations can be made from Figure 6.2: (1) the maximum hoop 

strain and minimum hoop strain were generally found not at the mid-height of the 

specimens; (2) despite the larger scatter of these hoop strain readings, the average 

of all the hoop strain readings (ε,௨ଵ) is very close to the average of hoop strain 

readings at the mid-height section (ε,௨ଶ); (3) the hoop rupture strain (either 

ε,௨ଵ  or ε,௨ଶ ) of hybrid DSTCs is much smaller than that of the 

corresponding CFFTs; (4) the hoop rupture strain (either ε,௨ଵ or ε,௨ଶ) of 

monotonically loaded specimens is generally larger than the corresponding 

cyclically loaded specimens, which is believed to be due to the damage 

accumulation in the FRP tube caused by cyclic straining; (5) the average hoop 

rupture strain appears to be smaller for specimens with a higher concrete strength 

and/or a weaker tube.  
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6.4 BEHAVIOR OF CONFINED CONCRETE 

 

6.4.1 Axial Load-Axial Strain Curves of Hybrid DSTCs 

 

The axial load-axial strain curves of all hybrid DSTCs are shown in Figure 6.3, 

where those of cyclically loaded hybrid DSTCs are compared with the curves of 

the corresponding specimens under monotonic compression. It is evident from 

Figure 6.3 that the envelope curves of all the specimens subjected to cyclic axial 

compression are almost the same as the corresponding monotonic axial load-strain 

curves. This observation is similar to that presented in Chapter 3 for CFFTs as 

well as those reported by other researchers for concrete confined by an FRP wrap 

(e.g. Lam et al. 2006; Ozbakkaloglu and Akin 2012). This is also consistent with 

the observation for hybrid DSTCs with NSC (Yu et al. 2012). 

 

6.4.2 Axial Stress-Axial Strain Behavior of Concrete 

 

In hybrid DSTCs, the axial load is taken by the confined concrete, the inner steel 

tube as well as the FRP tube. In the present study, the average axial stress of the 

concrete is defined to be the load carried by the concrete section divided by its 

cross-sectional area. The load carried by the concrete section is assumed to be 

equal to the load carried by the specimen subtracted by the load resisted by the 

FRP tube and that by the inner steel tube at the same axial strain.  

 

The load carried by the FRP tube under monotonic loading is found from 

compression tests on hollow FRP tubes (see Figures 3.5 and 3.6); when the axial 

strain of a specimen exceeds the ultimate strain of the corresponding hollow FRP 

tube, it is assumed that the load resisted by the FRP tube is equal to its ultimate 

load because of the support from the concrete (see section 3.3.5). For the load 
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taken by the FRP tube under the unloading/reloading cycles, the same assumption 

was adopted as that presented in Chapter 3 for CFFTs: in the unloading process, 

the load taken by the FRP tube reduces proportionally to the total axial load taken 

by the specimen, and reaches zero at the same time as the total load becomes zero; 

in the reloading process, the load taken by the FRP tube increases proportionally 

to the total axial load taken by the specimen, and reaches the previous load taken 

by the FRP tube again when the envelope curve is reached. As explained in 

Chapter 3, this assumption leads only to minor errors considering the small axial 

stiffness and small cross-sectional area of the FRP tube. 

 

To find the load taken by the inner steel tube during cyclic loading is more 

involved. Yu et al. (2012) found that the axial strain at which the load carried by a 

hybrid DSTC is zero is generally larger than the plastic strain of the concrete, and 

smaller than the plastic strain of the steel tube. This means that tensile stresses 

may be developed in the steel tube during the unloading process of hybrid DSTCs, 

with equilibrating compressive stresses in the concrete. The bond/friction between 

the steel tube and the concrete ensures force equilibrium to be reached. In the 

present study, both monotonic and cyclic axial compression tests on hollow steel 

tubes were conducted (see Section 5.2.3.3 and Figures 5.6 & 5.7), but the 

behavior of steel tubes under reversed cyclic axial loading was not tested due to 

the limitation of testing facilities. When the unloading branch starts from a point 

beyond the initial compressive yield point, the unloading stress-strain curve of 

steel exhibits the Bauschinger effect in the tensile region, and vice versa. Many 

models have been developed for the reversed cyclic stress-strain relationship of 

steel, including mainly two types: (a) Ramberg-Osgood type model (Ramberg and 

Osgood 1943); (b) Guiffre-Menegotto-Pinto type model (Menegotto and Pinto 

1973). In the present study, the Ramberg-Osgood type model proposed by Yokoo 

and Nakamura (1977), which was found to be quite accurate and yet simple 
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(Mansour et al. 2001), was adopted to find the load taken by the inner steel tube 

from the expeirmantal axial strain readings. Yokoo and Nakamura’s (1977) model 

can be expressed by the following equation: 

௦ߝ െ ߝ ൌ
௦݂ െ ݂

௦ܧ
ሾ1  ோିܣ ቤ ௦݂

െ ݂

௬݂
ቤ
ோିଵ

ሿ (6.1)

where ௦݂ and ߝ௦ are the stress and strain of cycliically loaded steel, respectively; 

݂ and ߝ are the stress and strain of cyclically loaded steel at the load reversal 

point, respectively; ܧ௦ is the Young’s modulus of steel; ௬݂ is the yield stress of 

steel; ܣ ൌ 1.9݇ି.ଶ and ܴ ൌ 10݇ି.ଶ; ݇ is the plastic strain ratio, which is 

defined as ߝ/ߝ 	ൌ ሺߝ െ   is the plastic strain, andߝ ,. In this expressionߝ/ሻߝ

  is the initial yield strain. Readers may refer to Yokoo and Nakamura (1977)ߝ

and Mansour et al. (2001) for more detailed information of this model.  

 

Figure 6.4 shows the cyclic stress-strain curves of confined concrete in two of the 

tested hybrid DSTCs (i.e. specimens D40-6FW-C2 and D85-10FW-C) by 

considering the Bauschinger effect using Eq. 6.1. The average axial strains 

obtained from the two axial strain gauges on the inner steel tube were used. Figure 

6.4 shows that for the first two prescribed unloading strains which were smaller 

than 0.005, the concrete stress reached zero when the specimens were unloaded to 

zero load. However, for the larger unloading strains, compressive stresses in the 

concrete, and thus tensile stresses in the steel existed when the overall load taken 

by the specimens became zero. It is also interesting to note that the concrete 

stresses at the zero overall load points were almost identical for different 

unloading strains (all being larger than 0.005), which is probably partially due to 

the limit of bond strength between the steel tube and the concrete.   

 

As explained above, readings from the axial strain gauges on the steel tube need 
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to be used to derive the axial stress-strain curves of concrete. However, in all the 

specimens except specimens D40-6FW-C2 and D85-10FW-C, the strain gauges 

stopped functioning before the end of the tests due to localized damage of 

concrete and steel; typically these strain readings were only available for the first 

4-6 prescribed unloading/reloading cycles. For these specimens, the following 

methodology was adopted to obtain the load taken by the steel tube: (1) for 

unloading/reloading cycles where axial strain readings of the steel tube were 

available, Eq. 6.1 was used together with these strain readings; (2) for other cycles, 

based on the observation from Figure 6.4, it was assumed that the tensile stresses 

of steel at the zero overall load points were all equal to a constant value; this 

constant value was found following (1) using the averaging strain of steel at zero 

overall load from the few cycles at unloading strains larger than 0.005 of the same 

specimen; (3) it was further assumed that the load taken by the steel tube changed 

proportionally to the overall axial load taken by the specimen, with the steel 

reaching a tensile load corresponding to the tensile stress found from (2) when the 

overall load became zero.  

 

Figure 6.4 shows a comparison between the stress-strain curves of concrete 

obtained using assumptions (2) and (3) listed above and those found using Eq. 6.1 

for two hybrid DSTC specimens. A very good agreement is seen for both 

specimens in Figure 6.4, which demonstrates the validity of the proposed 

assumptions. 

 

The axial stress-strain curves of the confined concrete in hybrid DSTCs obtained 

with the above assumptions are shown in Figure 6.5 for all the specimens, where 

those of cyclically loaded specimens are compared with the curves of the 

corresponding specimens under monotonic compression. 
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6.4.3 Key Results 

 

The key test results of all hybrid DSTCs are summarized in Table 6.3. In this table, 

  is the peak axial loadܨ ; is the peak axial load of the specimen from the testܨ

taken by the concrete; ݂
ᇱ  is the peak axial stress of the confined concrete; ߝ௨ 

is the ultimate axial strain of the concrete at the rupture of the FRP tube. The peak 

stress ݂
ᇱ  and the strain ߝ at peak stress of unconfined concrete are used to 

normalize the ultimate axial stress and the ultimate axial strain, respectively. 

 

6.5 CYCLIC AXIAL STRESS-STRAIN MODEL 

 

6.5.1 General 

 

As discussed in Chapter 4, the key characteristics of FRP-confined concrete 

include: (1) the envelope curve is basically the same as the monotonic stress-strain 

curve; (2) the loading history has a cumulative effect on both the plastic strain and 

stress deterioration; (3) the unloading path is generally nonlinear with a 

continuously decreasing slope while the reloading path is approximately linear. 

Figure 6.5 shows that the confined concrete in hybrid DSTCs also has these key 

characteristics.  

 

In Chapter 5, the stress-strain curves of the concrete in monotonically loaded 

hybrid DSTCs were compared with Yu et al.’s (2010) model. Because of the first 

characteristic above, the performance of Yu et al.’s (2010) model in predicting the 

envelope stress-strain curves of the concrete in cyclically loaded hybrid DSTCs 

can be expected to be similar to that revealed in Chapter 5. In this chapter, the 

present test results are compared with the predictions from the cyclic stress-strain 

model developed in Chapter 4 in terms of the envelope unloading/reloading 
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behavior. In making the predictions, the experimental envelope curves were used 

together with the model presented in Chapter 4, to eliminate any errors that may 

arise from the predicted envelope curve. Readers may refer to Chapter 4 for the 

cyclic stress-strain model and the terminology used in the model (see Section 

4.3.3 and Figure 4.1).  

 

6.5.2 Unloading Path 

 

Lam and Teng (2009) developed Eqs. 4.11~4.16 for predicting the unloading path 

of FRP-confined concrete. In Chapter 4, the equation for a key parameter ߟ (i.e. 

Eq. 4.15) has been revised to include the unconfined concrete strength ݂
ᇱ  as a 

parameter (see Section 4.3.5) so that these equations also work for HSC. The 

modified equations for the unloading path of FRP-confined concrete (i.e. Eqs. 

4.11~4.14, 4.16~4.17) were used here. The predictions are compared with the 

experimental results in Figure 6.6. In making the predictions, the experimental	ߝ௨, 

σ௨  and ߝ were used, so that the comparison in Figure 6.6 reflects only the 

performance of the equations for unloading path. As the concrete stresses at the 

termination points of unloading curves were not zero as shown in Figure 6.5, the 

plastic strain values ߝ  were estimated from the experimental stress-strain 

curves by extending the unloading stress-strain curve smoothly to the zero stress 

point, as suggested by Lam et al. (2006). Figure 6.6 shows that the equations 

proposed in Chapter 4 provide accurate predictions for the confined concrete in 

hybrid DSTCs, regardless of the unconfined strength of the concrete. 

 

6.5.3 Plastic Strain of Envelope Cycles 

 

Lam and Teng (2009) adopted Eqs. 4.18 for predicting the plastic strain of 

envelope unloading curves ε,ଵ of FRP-confined concrete, where the unconfined 
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concrete strength ݂
ᇱ  and the envelope unloading strain ߝ௨,௩  are the 

controlling parameters. Based on the test database assembled by the author, a new 

equation (i.e. Eq. 4.19) was proposed in Chapter 4 (see Section 4.3.6), where the 

unconfined concrete strength ݂
ᇱ  was excluded as a parameter.    

 

For the hybrid DSTCs tested under cyclic compression, the plastic strains ε,ଵ 

are shown against the corresponding envelope unloading strains ߝ௨,௩ in Figure 

6.7, where the trend lines for ߝ௨,௩  0.0035  are also shown. Table 6.4 

summarizes the statistical characteristics of the trend lines for specimens in the 

present study. Figure 6.7 confirms the linear relationship between the plastic strain 

ε,ଵ and the envelope unloading strain ߝ௨,௩. Similar to FRP-confined concrete 

(see Chapter 4), this linear relationship is seen to be not significantly affected by 

the unconfined concrete strength ݂
ᇱ . The coefficient a (i.e. the slope of the trend 

line) is further shown against the unconfined concrete strength in Figure 6.8, 

which clearly indicates that this coefficient is similar for most specimens covering 

a range of unconfined concrete strengths from 40.1 MPa to 104.4 MPa.  

 

Based on the experimental results summarized in Table 6.4, the following 

equations are proposed for the plastic strain of envelope unloading curves, where 

the unconfined strength is not used as a parameter: 

 

ε,ଵ ൌ 	ቐ
0

௨,௩ߝ0.292 െ 0.0003
௨,௩ߝ0.781 െ 0.003

 

0 ൏ ௨,௩ߝ  0.001
0.001 ൏ ௨,௩ߝ  0.0035
0.0035 ൏ ௨,௩ߝ  ௨ߝ

 (6.2)

 

In the development of Eq. 6.2, the two coefficients a and b were obtained by 

averaging the a and b values listed in Table 6.4 for all the specimens. Figure 6.9 

shows that Eq. 6.2 can provide reasonably accurate predictions for the test results.   
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For comparison, the predictions from Eq. 4.19, which were developed based on a 

large test database of FRP-confined concrete, are shown against the results of 

hybrid DSTCs in Figure 6.9. It is interesting to note that Eq. 4.19 also provides 

reasonably accurate predictions for hybrid DSTCs, although its performance is 

slightly worse than Eq. 6.2. Considering the scatter of test results and the possible 

errors that may be caused by the methodology to obtain the experimental 

stress-strain curves of the concrete in hybrid DSTCs, it may be reasonable to 

suggest that Eq. 4.19 is also applicable to the concrete in hybrid DSTCs. 

 

6.5.4 Stress Deterioration of Envelope Cycles 

 

Lam and Teng (2009) adopted Eqs. 4.20~4.21 for predicting the new stress 

 on the first reloading path at the envelope unloading strain, where the stress	௪,ଵߪ

deterioration ratio ߶ଵ of envelope cycles is an important parameter. In Chapter 4, 

a new equation (i.e. Eq. 4.22) was developed for predicting the stress deterioration 

ratio ߶ଵ of envelope cycles. A comparison shown in Figure 6.10 suggests that Eq. 

4.22 can also yield accurate predictions for the confined concrete in hybrid 

DSTCs, so Eqs. 4.20~4.22 can be directly adopted for hybrid DSTCs. 

 

6.5.5 Effect of Loading History 

 

It is evident that the loading history has a cumulative effect on both the plastic 

strain and the stress deterioration of concrete in hybrid DSTCs (Figure 6.5). The 

cumulative effect of loading history is considered in Lam and Teng’s (2009) 

model and modified in Chapter 4 using a larger test database.  
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6.5.5.1 Plastic Strain of Internal Cycles 

 

For plastic strains of internal cycles, Lam and Teng (2009) proposed Eqs. 

4.28~4.30, among which modifications were proposed to Eq. 4.30 in Chapter 4 

based on a larger test database, leading to Eq. 4.31 (See Section 4.3.8.2). A 

comparison shown in Figure 6.11 suggests that Eq. 4.31 can also yield very 

accurate predictions for the plastic strains of internal cycles for the concrete in 

hybrid DSTCs. Therefore, Eqs. 4.28~4.29 and 3.31 can be adopted directly for 

hybrid DSTCs. 

 

6.5.5.2 Stress Deterioration of Internal Cycles 

 

Lam and Teng (2009) proposed Eqs. 4.32~4.34 for stress deterioration ratios of 

internal cycles. In Chapter 4, modifications were made to Eq. 4.34 based on a 

larger test database, leading to a new equation (i.e. Eq. 4.35, see Section 4.3.8.3).  

A comparison shown in Figure 6.12 suggests that Eq. 4.35 can also yield very 

accurate predictions for the plastic strains of internal cycles for the concrete in 

hybrid DSTCs. Therefore, Eqs. 4.32~4.33 and 4.35 can also adopted directly for 

hybrid DSTCs. 

 

6.5.6 Overall Performance 

 

The overall performance of the cyclic stress-strain model proposed in Chapter 4 is 

evaluated in Figures 6.13 and 6.14 in terms of the envelope unloading/reloading 

curves and the repeated unloading/reloading curves respectively.  

 

In making the predictions in Figure 6.13, the experimental strain ߝ௨,௩ and 

stress ߪ௨,௩  on the envelope curve were used as the starting point of the 
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prediction. It is evident from Figure 6.13 that the proposed model in Chapter 4 can 

provide reasonably accurate predictions for the envelope unloading/reloading 

curves of the confined concrete in hybrid DSTCs. 

 

In making the predictions in Figure 6.14, the experimental strain ߝ௨,௩ and 

stress ߪ௨,௩ on the envelope curve as well as the experimental plastic strain of 

envelope curve ε,ଵ were used. For specimens of batches 1-3, each experimental 

cycle is shown against the prediction individually. Only comparisons for the 1st, 

4th, 7th and 10th are shown in Figure 6.14a, as comparisons for other cycles are 

similar. For specimens of batches 4-6, there were only three repeated 

unloading/reloading cycles, so experimental curves are compared directly with 

predicted unloading/reloading curves in Figure 6.14b. Again, the model proposed 

in Chapter 4 is seen to provide reasonably accurate predictions for repeated 

unloading/reloading curves of the confined concrete in hybrid DSTCs. 

 

6.7 CONCLUSIONS  

 

This chapter has presented an experimental study on hybrid DSTCs under cyclic 

axial compression with a particular focus on the effect of three important issues 

(i.e. the use of HSC; the use of filament-wound tubes; the use of large-scale 

specimens). The experimental results and discussions allow the following 

conclusions to be drawn: 

 

(1) The envelope stress-strain curves of the concrete in cyclically loaded hybrid 

DSTCs is almost the same as the stress-strain curve of the concrete in the 

corresponding monotonically loaded specimen; 

(2) The hoop rupture strain (either ε,௨ଵ or ε,௨ଶ) of monotonically loaded 

specimens is generally larger than that of the corresponding cyclically loaded 
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specimens; 

(3) The unloading/reloading behavior of concrete in cyclically loaded hybrid 

DSTCs is generally similar to that of the concrete in FRP-confined solid 

columns. 

 

This chapter has also presented a comparison of the unloading/reloading paths 

between the test results and the predictions of the cyclic stress-strain model 

proposed in Chapter 4 for FRP-confined concrete. The comparison showed that 

the model proposed in Chapter 4 can also provide reasonably accurate predictions 

for the unloading/reloading paths of the concrete in hybrid DSTCs, provided that 

the envelope stress-strain curve is accurately defined. 

 

The accurate prediction of the envelope stress-strain curve of the concrete in 

hybrid DSTCs requires an accurate monotonic stress-strain model for the concrete. 

The discussions in Chapter 5 revealed that Yu et al.’s (2010) monotonic 

stress-strain model is capable of providing reasonably accurate predictions for 

specimens with a bilinear ascending stress-strain curve and specimens with slight 

fluctuations in the axial stress, but overestimates the results of specimens with a 

sudden load drop. Further research is needed to correct the deficiency of Yu et 

al.’s (2010) model before it can be used in conjunction the equations for the 

unloading/reloading paths given in Chapter 4 to achieve accurate predictions of 

cyclic stress-strain curves for the concrete in hybrid DSTCs.  
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Table 6.1: Details of specimens 
 

Specimen 

Specimen dimensions Steel tube FRP tube 
Concrete 

batch 
D 

(mm) 

h 

(mm) 
∅ Type ܦ௦

௦ൗݐ  Type 
 ݐ

(mm) 

D54-2FW-C 200 400 0.795 A 31.8 2FW 2.2 
1 (54.1MPa) 

D54-4FW-C 200 400 0.795 A 31.8 4FW 4.7 

D84-4FW-C 200 400 0.795 A 31.8 4FW 4.7 

2 (84.6MPa) D84-4FW-CB 200 400 0.600 B 26.7 4FW 4.7 

D84-9FW-C 200 400 0.795 A 31.8 9FW 9.5 

D104-4FW-C 200 400 0.795 A 31.8 4FW 4.7 
3 (104.6MPa) 

D104-9FW-C 200 400 0.795 A 31.8 9FW 9.5 

D40-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 
4 (40.9MPa) 

D40-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D66-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 
5 (66.1MPa) 

D66-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D85-6FW-C1 300 600 0.730 C 36.5 6FW 6.0 

6 (85.8MPa) D85-6FW-C2 300 600 0.730 C 36.5 6FW 6.0 

D85-10FW-C 300 600 0.730 C 36.5 10FW 10.0 

 

 
Table 6.2: Cyclic loading schemes 

 

Specimen 

Unloading displacement (mm) found from the total axial shortening 

Step 

1 

Step 

2 

Step 

3 

Step 

4 

Step 

5 

Step 

6 

Step 

7 

Step 

8 

Step 

9 

Step 

10 

D54-2FW-C 0.92 1.90 2.90 3.93 4.94 5.94/10* --- --- --- --- 

D54-4FW-C 0.91 1.89 3.87 5.90 7.90/10 --- --- --- --- --- 

D84-4FW-CB 1.00 2.04 4.13 6.15 8.13/3* --- --- --- --- --- 

D84-4FW-C 0.89 1.92 2.91 3.98 5.00 6.03/10* --- --- --- --- 

D84-9FW-C 0.94 1.92 3.91 5.92 7.96 9.86/10* --- --- --- --- 

D104-4FW-C 0.95 1.94 2.85 3.90 4.92 5.91/10* --- --- --- --- 

D104-9FW-C 0.92 1.91 3.90 5.94 8.01 10.0/10* --- --- --- --- 

D40-6FW-C1 1.34/3* 2.36/3* 5.07/3* 10.1/3* 15.3/3* --- --- --- --- --- 

D40-6FW-C2 1.26 2.56 5.03 6.71 8.48 10.14 11.7 13.5 15.2 16.9 

D66-6FW-C1 1.08/3* 2.05/3* 3.34/3* 6.10/3* 9.13/3* --- --- --- --- --- 

D66-6FW-C2 1.06 2.07 2.87 5.12 6.12 7.12 8.12 9.13  --- 

D85-6FW-C1 1.04/3* 2.05/3* 3.91/3* 6.23/3* 9.29/3* --- --- --- --- --- 

D85-6FW-C2 1.05 2.05 3.05 4.10 5.14 6.20 7.14 8.20 9.07 10.1 

D85-10FW-C 1.05 2.04 4.41 6.23 8.20 10.0 12.0 14.2 16.1 18.2 

* The number after the back slash is the number of repeated cycles at that prescribed 
unloading displacement.  
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Table 6.3: Key test results 
 

Specimen 
  ܨ

(kN) 

  ܨ

(kN) 
݂
ᇱ  

(MPa) 

 ௨ߝ

(%) 
݂
ᇱ

݂
ᇱ  

௨ߝ
ߝ

 
ε,௨ଵ 

(%) 

ε,௨ଶ 

(%) 

D54-2FW-C 1885 982 85.0 1.73 1.57 6.73 0.68 0.69 

D54-4FW-C 2509 1381 119.5 3.07 2.21 11.9 0.83 0.83 

D84-4FW-CB 4106 3077 153.1 2.25 1.81 8.17 0.77 0.91 

D84-4FW-C 2597 1533 132.7 2.08 1.57 7.58 0.62 0.62 

D84-9FW-C 3260 1853 160.4 2.86 1.90 10.6 0.61 0.66 

D104-4FW-C 2682 1605 138.9 2.15 1.33 6.90 0.57 0.59 

D104-9FW-C 3400 1982 171.5 3.17 1.64 10.2 0.59 0.54 

D40-6FW-C1 5059 2998 90.8 2.94 2.22 13.3 0.92 0.88 

D40-6FW-C2 5290 3213 97.4 2.93 2.38 13.2 0.93 0.85 

D66-6FW-C1 5304 3326 100.8 1.90 1.52 7.56 0.69 0.65 

D66-6FW-C2 5045 3131 94.9 1.75 1.44 6.94 0.70 0.72 

D85-6FW-C1 5846 4154 125.9 1.91 1.47 7.13 0.77 0.73 

D85-6FW-C2 5651 3637 110.2 2.13 1.28 7.94 0.83 0.78 

D85-10FW-C 6695 4360 132.1 3.71 1.53 13.8 0.85 0.80 

 

 

 

Table 6.4: Linear relationships between unloading strains and plastic strains 
 

Specimen 
Unconfined concrete 

strength ݂
ᇱ  (MPa) 

ε,ଵ ൌ ௨,௩ߝܽ  ܾ 
Rଶ 

ܽ ܾ 

D54-2FW-C 54.1 0.766 -0.0032 0.970 

D54-4FW-C 54.1 0.742 -0.0034 0.972 

D84-4FW-CB 84.6 0.831 -0.0032 0.997 

D84-4FW-C 84.6 0.762 -0.0034 0.997 

D84-9FW-C 84.6 0.750 -0.0032 0.975 

D104-4FW-C 104.4 0.763 -0.0032 0.993 

D104-9FW-C 104.4 0.797 -0.0034 0.985 

D40-6FW-C2 40.1 0.802 -0.0027 0.991 

D66-6FW-C2 66.1 0.846 -0.0032 0.985 

D85-6FW-C2 85.8 0.752 -0.0020 0.993 

D85-10FW-C 85.8 0.782 -0.0025 0.995 
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(a) Failed specimens of batch 1 
 

   

 

(b) Failed specimens of batch 2 
 

   

(c) Failed specimens of batch 3 
Figure 6.1: Specimens after test 
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(d) Failed specimens of batch 4 
 

(e) Failed specimens of batch 5 
 

Figure 6.1: Specimens after test (continued)  
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(f) Failed specimens of batch 6 
 

Figure 6.1: Specimens after test (continued) 
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(a) Specimens of batches 1-3 

 
(b) Specimens of batches 4-6 

 
Figure 6.2: Hoop strain distributions  
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(a) Specimens of batches 1-3 

Figure 6.3: Axial load-axial strain curves of hybrid DSTCs  
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(a) Specimens of batches 4-6 

Figure 6.3: Axial load-axial strain curves of hybrid DSTCs (continued) 
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(a) Specimen D40-6FW-C2 

 
 

 
(d) Specimen D85-10FW-C 

 
Figure 6.4: Cyclic axial stress-strain curves of concrete  

obtained using different methods  
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(a) Specimens of batches 1-3 

Figure 6.5: Cyclic axial stress-strain curves of concrete   
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(a) Specimens of batches 4-6 

Figure 6.5: Cyclic axial stress-strain curves of concrete (continued) 

0 0.01 0.02 0.03 0.04
0

20

40

60

80

100

120

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 40D-6FW-M
 40D-6FW-C1

0 0.01 0.02 0.03 0.04
0

20

40

60

80

100

120

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 40D-6FW-M
 40D-6FW-C2

0 0.005 0.01 0.015 0.02
0

20

40

60

80

100

120

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 66D-6FW-M
 66D-6FW-C1

0 0.005 0.01 0.015 0.02
0

20

40

60

80

100

120

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 66D-6FW-M
 66D-6FW-C2

0 0.005 0.01 0.015 0.02
0

20

40

60

80

100

120

140

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 85D-6FW-M
 85D-6FW-C1

0 0.005 0.01 0.015 0.02
0

20

40

60

80

100

120

140

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 85D-6FW-M
 85D-6FW-C2

0 0.01 0.02 0.03 0.04
0

50

100

150

  Nominal axial strain

  A
xi

al
 s

tr
es

s 
(M

P
a)

 

 

 85D-10FW-M
 85D-10FW-C



Chapter 6 

214 
 

 

  

 

 

 
(a) Specimens of batches 1-3 

Figure 6.6: Prediction of unloading curves   
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(a) Specimens of batches 4-6 

Figure 6.6: Prediction of unloading curves (continued) 

Figure 6.7: Relationship between plastic strains and envelope unloading strains 
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Figure 6.8: Effect of concrete strength on the plastic strain 

 
Figure 6.9: Performance of equations for the plastic strain of envelope cycles 

 

Figure 6.10: Performance of equations for the stress deterioration ratio of 
envelope cycles  
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Figure 6.11: Performance of equations for the strain recovery ratio of internal 
cycles 

 
 

 
Figure 6.12: Performance of equations for the stress deterioration ratio of internal 

cycles  
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Figure 6.13: Performance of equations for envelope unloading/reloading curves 
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Figure 6.13: Performance of equations for envelope unloading/reloading curves 

(continued) 
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(a) Specimens of batches 1-3 

 
Figure 6.14: Performance of equations for repeated unloading/reloading curves 
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(b) Specimens of batches 4-6 

 
Figure 6.14: Performance of equations for repeated unloading/reloading curves 

(continued) 
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CHAPTER 7 

 

BEHAVIOR OF HYBRID DSTCS UBDER COMBINED 

AXIAL COMPRESSION AND CYCLIC LATERAL 

LOADING 

 

 

 

7.1 INTRODUCTION 

 

Hybrid FRP-concrete-steel double-skin tubular columns (hybrid DSTCs) has been 

studied by the author’s group for almost a decade (e.g. Teng et al. 2007; Yu et al. 

2006; Yu 2007; Wong et al. 2008; Yu et al. 2010a, 2010b, 2010c, 2010d; Teng et 

al. 2010; Yu and Teng 2013). These studies showed that the concrete in the new 

column is effectively confined by the two tubes and the local buckling of the inner 

steel tube is either delayed or suppressed by the surrounding concrete, leading to a 

very ductile response. The excellent ductility of hybrid DSTCs means that they 

are particularly attractive for use in seismic regions. Therefore, their behavior 

under cyclic lateral loading is of significant interest. Existing work on the seismic 

behavior of hybrid DSTCs has been rather limited. To the best of the authors’ 

knowledge, only Qian and Liu (2008) and Han et al. (2010) conducted cyclic 

lateral loading tests on small-scale hybrid DSTCs (i.e. with the outer diameter of 

the columns being smaller than 200 mm) constructed with normal strength 

concrete (NSC). The limitations of the studies conducted by Qian and Liu (2008) 

and Han et al. (2010) have been presented in Chapter 2 in detail. Since hybrid 
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DSTCs are highly ductile, and the absence of any steel bars ensures good-quality 

casting of high strength concrete (HSC), they offer a promising opportunity for 

the use of HSC which is more brittle than NSC. HSC also facilitates the use of a 

large void ratio for the column without compromising the contribution of concrete 

to its load-carrying capacity. 

 

Against this background, this chapter presents the first experimental study on 

hybrid DSTCs with high strength concrete (HSC) subjected to axial compression 

in combination with cyclic lateral loading. A reasonably large section size (the 

outer diameter of annular concrete section is 300 mm) and a realistically large 

void ratio (i.e. 0.73) are chosen for these columns. The major parameters are 

concrete strength, axial load ratio and thickness of FRP tube.  

 

7.2 EXPERIMENTAL PROGRAM 

 

7.2.1 Specimen Details 

 

The experimental program consisted of 8 large-scale hybrid DSTCs. All these 

specimens had a circular section with a characteristic diameter D (the outer 

diameter of the annular concrete section) of 300 mm and a void ratio of 0.73. The 

height was 1350 mm (4.5 times of the column diameter) from the point of lateral 

loading (referred to as “column head”) to the top of the stiff RC column footing 

(referred to as “column end”). The inner steel tube had a thickness ݐ௦ of 6 mm 

and an outer diameter ܦ௦ of 219 mm, leading to a ܦ௦/ݐ௦ ratio of 36.5. The outer 

FRP tube had an inner diameter of 300 mm (Figure 7.1). Other details of the 

specimens are summarized in Table 7.1. 

 

While a separate batch of concrete had to be mixed to cast each specimen 
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(excluding the footing which was casted with commercial concrete), the 8 DSTC 

specimens can be classified into four groups according to the target concrete 

strengths. The achieved concrete strengths of the four groups were around 37 MPa, 

56 MPa, 80 MPa and 116 MPa respectively, with minor differences between 

individual specimens (see Table 7.1). Besides the concrete strength, the other test 

variables examined include the thickness of the FRP tube (6 mm or 10 mm), and 

the axial load ratio (0.2 or 0.4). The axial load ratio is defined by Eq. 7.1 and is 

further explained later. In addition, the inner steel tube of one of the specimens 

was partially filled with concrete near the column end to investigate that effect. 

Each specimen is given a name, which starts with a letter “D” to represent 

“DSTC”, followed by a two- or three-digit number to represent the concrete 

strength, and then a one- or two-digit number to represent the thickness of FRP 

tube together with a number “0.2” or “0.4” which defines the axial load ratio. The 

last letter “S” in one of the specimens indicates that it is the specimen with 

concrete filling of the lower part of the steel tube. 

 

7.2.2 Preparation of Specimens 

 

Each specimen consisted of a hybrid DSTC whose bottom portion was embedded 

in a stiff reinforced concrete (RC) footing. In the preparation process, the inner 

steel tube of the column was connected to the steel reinforcement embedded in the 

RC footing in the following way: (1) the steel tube was first welded to a square 

steel plate at the bottom of the concrete footing; (2) an annular steel plate was 

then welded to the steel tube to support the outer FRP tube; (3) six vertical 

stiffeners were then inserted between the square plate and the annular steel plate 

and welded to the two plates and the steel tube; (4) the steel reinforcement of the 

footing was then welded to these plates/stiffeners to form a rigid steel cage 

(Figure 7.2). Strain gauges were installed on the steel tube before the FRP outer 
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tube was placed directly on a pre-machined circular groove (5mm in depth) on the 

annular steel plate without additional connections (Figure 7.2). This means that 

tensile forces could not be transferred between the FRP tube and the footing. This 

design avoided excessive early tensile damage of the FRP tube in the longitudinal 

direction without significantly compromising the lateral loading capacity of the 

column because of the small axial stiffness of the FRP tube whose the fibers were 

oriented at േ80 degrees to the longitudinal axis. Once the steel tube and the FRP 

tube were in place, the assembly was enclosed in a steel formwork for the casting 

of concrete to form the footing (Figure 7.2). After the curing of concrete in the 

footing, self-compacting concrete was cast into the annular space between the two 

tubes to form a hybrid DSTC. It should be noted that since part of the steel tube 

was embedded in the footing, the space inside the embedded part of the steel tube 

was also filled with concrete. For specimen D80-6-0.4-S, additional concrete was 

cast into the steel tube to fill the lower 320 mm of the column above the footing. 

 

7.2.3 Material Properties 

 

7.2.3.1 Concrete 

 

Self-compacting concrete (SCC) was adopted to ensure the quality of concrete 

casting. The mix properties of SCC are shown in Table 7.2. Each column was cast 

with a separate batch of concrete, and for each batch of concrete, 3 plain concrete 

cylinders (152.5 mm in diameter and 305 mm in height) were prepared and tested 

following ASTM C39/C39M (2011). The test results are summarized in Table 7.1, 

where ݂
ᇱ  is the peak axial stress (i.e. the cylinder compressive strength); ܧ is 

the elastic modulus of concrete; ߝ is the axial strain at peak axial stress. The 

axial stress-strain curves of these concrete cylinders are shown in Figure 7.3. 
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7.2.3.2 FRP Tubes 

 

Two types of prefabricated filament-wound glass FRP (GFRP) tubes were used in 

the present study. The two types of FRP tubes differed only in the thickness: one 

type had a thickness of 6.0 mm and another type had a thickness of 10 mm. The 

volume ratio and the angles of the fibers in all these tubes were 0.559 and ±80 

degrees to the longitudinal axis of the tube respectively. As a consequence, the 

two types of tubes are assumed to have the same mechanical properties, with only 

a small longitudinal stiffness. These FRP tubes were also used in these large-scale 

hybrid DSTCs presented in Chapter 5 and Chapter 6. Tensile split-disk tests on 

FRP rings were conducted following ASTM D2290-08 (2008), and compression 

tests on FRP rings were conducted following GB/T5350-2005 (2005). The 

Young’s modulus and the average rupture strain in the hoop direction are 43.6 

GPa, 1.554%, respectively (Figure 5.4 and 5.5); the average ultimate axial stress, 

axial strain and secant elastic modulus at failure in compression were 95.1MPa, 

0.95% and 10.0 GPa, respectively (Figure 3.5 and 3.6).  

 

7.2.3.3 Steel Tubes 

 

For the inner steel tubes which were cut from the same batch of two long steel 

tubes, tensile tests on three steel coupons were conducted following BS 18-1987 

(1987) for each long tube. The elastic modulus, yield stress and tensile strength 

averaged from the six coupons are 200.0 GPa, 360.3 MPa and 490.6 MPa, 

respectively. The stress-strain curves of the steel coupons all showed a long yield 

plateau. 
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7.2.4 Testing Frame 

 

All the tests were conducted using a large testing frame (Figures 7.4 and 7.5). The 

testing frame included a vertical actuator with a capacity of 10,000 kN connected 

to the upper loading plate (i.e. top plate) and a hinge joint connected to the lower 

loading plate (i.e. bottom plate); rollers were provided between the top plate and 

the bottom plate so that during the test the horizontal locations of the vertical 

actuator and the hinge could be aligned. In addition, a horizontal actuator with a 

capacity of 1,000 kN in tension and 1,500 kN in compression was provided to 

apply horizontal loading through a hinge joint. The column head was connected to 

the two hinges via a column head fixture particularly designed for such column 

tests. The two hinges were well lubricated before the test to minimize the 

frictional force between the top plate and the bottom plate. The column footing 

was fixed to a strong floor using high strength steel bolts (Figure 7.4). 

 

During the test, significant frictional forces were induced between the top and the 

bottom plates because of the large axial load applied to the column and the 

relative movement between the two plates when the column was horizontally 

pulled or pushed. These forces need to be deducted from the load applied by the 

horizontal actuator to obtain the horizontal load actually resisted by the column. 

In the present study, a frictional coefficient of 0.527% was used which was 

obtained by Hu (2011) in his experimental study using the same testing frame.  

 

7.2.5 Experimental Set-Up and Instrumentation 

 

In order to monitor the behavior of the column, extensive strain gauging and many 

linear variable displacement transducers (LVDTs) were employed during the test 

as summarized below (Figure 7.5). 
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A number of strain gauges were used to measure the axial and the hoop strains of 

the column at each of six different column heights, namely, the circumferences at 

30 mm (section 1), 150 mm (section 2), 300 mm (section 3), 450 mm (section 4), 

600 mm (section 5) and 750 mm (section 6) from the column end, respectively. 

The gauge length of the strain gauges attached to the steel tubes was 10 mm while 

that of the strain gauges attached to the FRP tubes was 20 mm. The layout of 

strain gauges on each selected section is shown in Figure 7.6. The strain gauges 

are named as follows: the name starts with a letter (from A-H) to represent its 

circumferential location, followed by a number (from 1-6) to define its 

longitudinal location (i.e. sections 1 to 6), and then a letter “V” or “H” to indicate 

whether this is an vertical (axial) strain gauge or a hoop strain gauge. Upper-case 

letters are used in the names for strain gauges on the FRP tube, while lower-case 

letters are used for those on the steel tube. The layout of strain gauges is the same 

for all the specimens except for specimen D80-6-0.4-S where more strain gauges 

were installed at sections 4 to 6 to capture the more distributed damage of this 

specimen as a result of the partial filling of the steel tube. An underline is used in 

the names of these additional strain gauges for specimen D80-6-0.4-S. 

 

Three pairs of LVDTs (i.e. LVDTs 1 to 6) were installed on the two sides of the 

loading plane (i.e. side A and side E, see Figure 7.5) of the column at intervals of 

200 mm starting from the column end. These LVDTs were installed on the column 

surface through pre-fixed nuts (Figure 7.5). Two LVDTs (LVDTs 7 and 8) were 

installed at the column head (the point where the lateral load acts) to measure the 

lateral displacement. The rotation of the column head and the shortening of the 

column were also measured using LVDTs (i.e. LVDTs 9 to 12). LVDTs 13 and 14 

were used to obtain the relative lateral movement of the top plate and the bottom 

plate for calculation of the frictional force in between (Figures 7.4 and 7.5). In 

addition, LVDTs 15 and 16 were installed on the footing to monitor the movement 
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it could experience during the test. 

 

In addition, for ease of observation, a white grid was plotted on the surface of the 

FRP tube (Figure 7.4). Initially, a 20 mm x 20 mm white grid was drawn on 

specimen D56-6-0.2, which was found to be too small for effective photographing. 

A 40 mm x 40 mm grid was adopted for all the rest specimens. 

 

7.2.6 Loading Schemes 

 

A constant axial load ܰ was first applied to each column with a loading rate of 

50 kN/min. The axial load was applied on the FRP tube, the steel tube and the 

concrete simultaneously. The magnitude of ܰ was calculated from the following 

equation using a pre-defined axial load ratio ݊ (Table 7.1) and the nominal 

squash load ௦ܰ of the column: 

 

  ܰ ൌ ݊ ௦ܰ ൌ ݊ሺ ௬݂ܣ௦  ݂ܣሻ (7.1)

 

where ௬݂ and ܣ௦ are the yield stress and the cross-section area of the inner steel 

tube respectively; ݂ and ܣ are the cylinder compressive strength and the area 

of the concrete annular section respectively.   

 

Following the practice of many existing studies (e.g. Priestly and Park 1987; Hsu 

and Chang 2001; Bae and Bayrak 2008; Hu 2011), the lateral loading was applied 

step by step based on the yield displacement of the column. The yield 

displacement of the column was defined in accordance with the following 

procedure as recommended by Priestly and Park (1987): (1) the column is loaded 

to a level which is 0.75 times the maximum lateral load ܪ; ܪ was 

estimated in the present study ith the effect of confinement for the concrete  
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ignored and with the P- effect considered (Chen and Atsuta 1976); (2) the yield 

displacement 
 
 ௬ is defined as the elastic limit of an equivalent elastic-perfectlyߜ

plastic curve with a reduced stiffness being equal to the secant stiffness at 75% of 

the peak lateral load (i.e. 0.75ܪ; see Figure 7.7); and this secant stiffness is 

averaged from the two test values found for the pull direction and the push 

direction respectively. The yield displacements obtained following this procedure 

for the present test columns are summarized in Table 7.3. The cyclic loading 

scheme for each column was then based on the yield displacement determined 

in-situ and consisted of two cycles at displacement levels of േߜ௬, േ2ߜ௬, േ3ߜ௬, 

േ5ߜ௬ , 	േ7ߜ௬  respectively, and one cycle at displacement levels of േ9ߜ௬ , 

േ11ߜ௬and േ13ߜ௬ respectively (Figure 7.8). For all the columns, the loading rate 

was initially 5.0 kN/min until the lateral load reached 75% of the estimated value 

of ܪ; afterwards, loading continued with displacement control at a gradually 

increasing rate until it reached a maximum value of 9 mm/min. Different column 

specimens failed at different displacement levels, so for most columns, not all the 

intended loading cycles were completed. The testing procedure was stopped when 

the lateral load resistance dropped substantially from the peak value. It should be 

noted that in the above description, the term “displacement” or “lateral 

displacement” refers to the lateral displacement at the column head. This 

simplification in terminology is also used elsewhere in this chapter unless 

otherwise specified. 

 

After the completion of lateral loading cycles, specimens D56-6-0.2, D116-6-0.2 

and D80-6-0.4 were further tested under monotonic axial compression to examine 

the residual axial load capacities of these columns. 
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7.3 EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

7.3.1 General 

 

The experimental observations and results are presented and discussed in this 

section. For clarity of presentation, the push direction is defined to be the positive 

direction while the pull direction the negative direction (Figure 7.5); compressive 

stresses/strains are defined to be positive while tensile strains/stresses are defined 

to be negative. These definitions are adopted throughout this chapter unless 

otherwise specified. Therefore, for example, side “A” of the column is in 

compression and side “E” is in tension when a column is loaded in the push 

(positive) direction (see Figure 7.5). 

 

7.3.2 Test Observations 

 

Upon the imposition of the constant axial load, none of the column specimens 

showed any sign of distress. The axial strain gauge readings showed that the 

vertical alignment of the column was generally very good. The hoop strain gauge 

readings indicated that at sections 2 and 3, the steel tube experienced a larger 

dilation than the FRP tube, due to the larger Poisson’s ratio of steel. As a result, 

radial interfacial compressive stresses developed between the steel tube and the 

concrete, leading to some confinement of the concrete by the steel tube. However, 

at section 1, the hoop strains of the steel tube were generally very small because 

of the constraint from the concrete footing. 

 

The process of damage was generally similar for all the column specimens except 

specimen D80-6-0.4-S. At the first two lateral displacement levels (േ0.75ߜ௬,േߜ௬), 

no obvious damage was observed on the FRP tube, and the strain gauge readings 
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confirmed that plane sections remained plane at all the monitored sections (see 

Figure 7.9 which shows typical distributions of longitudinal strains over sections; 

in Figure 7.9, the strain readings at the x-coordinates of 156 and -156 were from 

strain gauges on the FRP tube while the other strain readings were from strain 

gauges on the steel tube). The first sign of damage was indicated by resin cracking 

along one of the fiber directions on the tension side of the FRP tube (Figure 7.10a). 

Resin cracking of the FRP tube was limited mainly to the lowest 240 mm of the 

column height due to the high moments there. As the lateral displacement level 

increased (േ5ߜ௬,േ7ߜ௬, േ9ߜ௬), severe damage was developed in the lowest 120 

mm region of the FRP tube due to alternating tensile and compressive straining 

(Figures 7.10b and 7.10c). The axial shortening of the column then increased 

rapidly due to the severe damage at the bottom of the column, which caused a 

sudden increase in the hoop strain readings on the FRP tube. After that, the axial 

strain readings indicated that the plane section assumption was no longer correct 

for sections within the bottom 300 mm region, but was still valid for higher 

sections (i.e. above 300 mm) (Figure 7.9). Rupture of the FRP tube, which was 

due to concrete dilation combined with tension-compression cycling, finally 

occurred within the lowest 80 mm from the footing on the compression side of the 

column (Figure 7.10d). These eight specimens after test are shown in Figure 7.11. 

Damage to the concrete was concentrated within the bottom 100 mm region due 

to cyclic loading (Figure 7.12). Severe local buckling deformations were found on 

the inner steel tube in the bottom region (Figure 7.12).  Local fracture of the steel 

tube was also found in some of the specimens (i.e. specimens D37-6-0.2, 

D80-10-0.4, D116-10-0.4). 

 

The steel tube of specimen D80-6-0.4-S was partially filled with concrete in the 

bottom portion, which led to significant differences in its experimental behavior. A 

direct comparison between specimens D80-6-0.4-S and D80-6-0.4 after testing 
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(Figure 7.12d) suggests that the deformation of the former was much more 

distributed. Further examination showed that noticeable damage of the FRP tube 

and the inner concrete occurred at three different heights of specimen D80-6-0.4-S, 

namely, around 120 mm, 240 mm and 300 mm from the column end respectively; 

the locations of final rupture of the FRP tube, being at the latter two places, are 

considerably higher than those of the other seven specimens (Figure 7.12). No 

apparent buckling deformation was found in the steel tube of this specimen 

because of the additional support from the concrete inside (Figure 7.12d). 

 

7.3.3 Lateral Load-Lateral Displacement Curves 

 

The lateral load-lateral displacement curves of all the specimens are presented in 

Figure 7.13, where envelope curves are shown together with the cyclic curves. 

The lateral displacement was averaged from the readings of the two LVDTs 

installed at the column head (i.e. LVDTs 7 and 8). All the sub-figures in Figure 

7.13 are plotted to the same scale for ease of comparison. The point corresponding 

to the rupture of FRP tube is also marked on each curve. The rounded hysteresis 

loops shown in Figure 7.13 clearly demonstrate the excellent ductility and seismic 

resistance of hybrid DSTCs, even when concrete with a very high strength was 

used. The envelope curve of each specimen includes an ascending branch until the 

peak lateral load, a short horizontal portion over which the lateral load fluctuates 

within a small range, and a long descending branch in which the lateral load 

decreases as the lateral displacement increases. The descending branch is affected 

significantly by the P-∆ effect. The lateral deformation capacity of the column is 

seen to decrease as the concrete strength and the axial load ratio increase, but 

increase as the thickness of the FRP tube increases.  
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7.3.4 Envelope Moment-Curvature Curves 

 

The effects of concrete strength, thickness of the FRP tube and axial load ratio are 

further examined in Figures 7.14-7.17 which shows the envelope 

moment-curvature curves. In Figures 7.14-7.17, the moment is that of the section 

at 100 mm from the column end with the P-∆ effect taken into account; the 

curvature is the average value over the lowest 200 mm of the column calculated 

from the readings of LVDTs (i.e. LVDTs 1 and 2) using the following equation: 

 

߮∆ ൌ ሺ∆ଵ െ ∆ଶሻ/ܦᇱ݈௦ (7.2) 

where ߮∆  is the average curvature of the chosen segment based on LVDT 

readings; ݈௦ is the length of the segment; ∆ଵ and ∆ଶ are the LVDT readings 

on side A and side E of the segment respectively; and ܦᇱ is the horizontal 

distance between the tips of the two LVDTs, which is slightly larger than the 

diameter of the column.  

 

In Figures 7.14-7.17, the positive direction refers to the positive lateral load 

direction, and the envelope curves for the two directions are in close agreement. 

These envelope curves generally consist of three portions: (1) an initial steep 

ascending branch; (2) a second gradual ascending branch (for specimen 

D80-6-0.4-S) or a long plateau (for the other 7 specimens); and (3) a short steep 

descending branch. The long second portion means that the moment at the chosen 

column section changes little over a wide range of curvature values, which 

indicates that hybrid DSTCs exhibit very ductile sectional behavior under 

combined axial compression and cyclic bending. 

 

The effect of concrete strength can be examined using Figure 7.14, where the 

curves are grouped in three subfigures. It is evident that the specimen with a 
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higher concrete strength has a higher moment capacity and is likely to have a 

smaller deformation capacity. The comparisons shown in Figure 7.15 indicate that 

a thicker FRP tube leads to a slightly larger moment capacity and better ductility 

for the column. Figure 7.16 shows that the specimen with a higher axial load ratio 

(݊=0.4) fails at a much smaller curvature than its counterpart with a lower axial 

load ratio (݊=0.2), illustrating the important influence of axial load ratio. The 

curve of specimen D80-6-0.4-S whose inner steel tube was partially filled with 

concrete is compared with that of its counterpart (i.e. D80-6-0.4) in Figure 7.17. It 

is evident that the additional concrete infill increased the slope of the second 

portion of the curve substantially, leading to a considerably larger moment 

capacity as well as much better ductility.  

 

The points corresponding to the rupture of FRP tube are also marked on the 

curves shown in Figures 7.14-7.17. These points are generally at or very close to 

the end of the second portion of the curve, suggesting that the moment capacity of 

the column decreased rapidly only after the rupture of FRP tube. Considering that 

the lateral load already decreased significantly when the rupture of FRP tube 

occurred (Figure 7.13), it is clear that the member behavior of the column was 

significantly affected by the P-∆ effect of the large axial load. 

 

7.3.5 Curvature Distributions over the Column Height 

 

With the 6 LVDTs installed near the column end (i.e. LVDTs 1-6), the average 

curvatures of the three monitored segments, covering the regions of 0-200 mm 

(segment 1), 200-400 mm (segment 2) and 400-600 mm (segment 3) from the 

column end respectively, can be calculated using Eq. 7.2. Figure 7.18 shows the 

curvature distributions over the column height for specimens D80-6-0.4 and 

D80-6-0.4-S. The curvature distributions for the other 6 specimens are similar to 
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those for specimen D80-6-0.4, and are not discussed here. It is evident from Figure 

7.18 that for specimens with a uniform hollow section, the deformation was 

localized in segment 1, but for specimen D80-6-0.4-S with an additional concrete 

infill, the deformation was much more distributed, with the curvature of segment 2 

becoming even larger than that of segment 1 during the final stage of loading. This 

is consistent with the experimental observation described above.  

 

7.3.6 Axial Displacement 

 

Figure 7.19 shows the development of axial displacement with the loading process 

for typical specimens. The axial displacement was obtained by averaging the 

readings from LVDTs 11 and 12, so it represents the vertical movement of the 

lower loading plate (see Figure 7.5), which included the axial shortening of the 

column, the axial displacement due to the tilting of the column as well as other 

possible deformation of the loading system (e.g. the hinge). The initial leap in the 

axial displacement was mainly caused by the imposition of the constant axial load 

at the beginning of the test. As expected, the axial displacement increased with the 

lateral displacement because of the tilting of the column. By examining the values 

of axial displacement when the lateral displacement is zero, it is seen that the axial 

displacement increases cumulatively with the cyclic loading process, as a result of 

the cumulative damage and/or plastic deformation of the constituent materials (i.e. 

concrete, steel and FRP). Such increases of axial displacement are seen to be 

relatively small for the first few cycles, become more significant afterwards, and 

increase much more rapidly during the last one or two cycles before failure. By 

comparing Figure 7.19a with Figure 7.19b, it is evident that the cumulative axial 

shortening of the column was significantly reduced by the additional concrete 

infill. The axial load ratio is also seen to have a significant effect on the 

cumulative axial shortening (Figures 7.19c and 7.19d). 
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7.3.7 Hoop Strain Distributions 

 

Hoop strain gauges were installed on the FRP tube (see Figures 7.5 and 7.6) to 

measure the hoop strains of the FRP tube as a result of the lateral expansion (or 

dilation) of concrete. It is easy to understand that the expansion of concrete is 

generally non-uniform in such columns because of the moment gradient over the 

height and the strain gradient over the cross-section.   

 

Figure 7.20a shows the development of hoop strains with the lateral displacement 

for section 1 of a typical specimen. When the lateral displacement was positive, 

side A of the column was under compression while side E was under tension; it is 

thus not surprising to find that the hoop strain gauge located at side A recorded the 

highest tensile strain. On the contrary, on the left side of the figure (i.e. where the 

lateral displacement is negative), the hoop strain corresponding to side E reached 

the highest absolute value. Despite the highly non-uniform hoop strain 

distribution, it is interesting to note that all the hoop strains are negative (i.e. 

tensile), suggesting that the concrete was significantly confined in both the 

compression and the tension zones of the column section.  

 

Figure 7.20b shows the development of hoop strains at different sections over the 

column for side A of specimen D56-6-0.2, which is typical of the specimens 

without a concrete infill in the steel tube. It is not surprising to see that the hoop 

strains are generally larger at a lower section as the moment increases towards the 

column end.  

 

The hoop strain results of specimen D80-6-0.4-S are shown in Figure 7.20c. When 

the lateral displacement is relatively small (i.e. smaller than 50 mm), the 

variations of hoop strains with the lateral displacement are similar to those of the 
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other 7 specimens, with the maximum hoop strain being at the lowest section. 

However, when the lateral displacement is larger than 50 mm, the hoop strain at 

section 3 (i.e. A3H) becomes even larger than those at sections 1 and 2. Indeed, 

the rupture of FRP occurred near section 3 in this specimen (Figure 7.12d). This is 

believed to be due to the fact that the lower 320 mm of the inner steel tube of this 

specimen was filled with concrete, which shifted the location of FRP tube rupture 

to the weaker part above the concrete infill in the steel tube. 

 

Table 7.4 summarizes the maximum readings of the hoop strain gauges installed at 

different heights of the FRP tube. The maximum hoop strain reading recorded on 

each specimen is highlighted in this table. It is clear that the maximum hoop strain 

occurred at the lowest section (i.e. section 1), except for specimen D80-6-0.4-S 

where the maximum hoop strain occurred at section 3. The average maximum 

hoop strain of all the specimens is 1.35%, which is only slightly lower than the 

value (i.e. 1.55%) found from split disk tests, suggesting that the effect of axial 

stress of the FRP tube on its ultimate hoop strain is limited.  

 

7.3.8 Ductility of Hybrid DSTCs 

 

The ductility of a structural member is generally defined as its ability to sustain 

inelastic deformations prior to collapse, without a substantial loss of strength. The 

ductility of a column is generally evaluated as its deformation capacity or energy 

dissipation capacity (Priestley and Park 1987; Park 1989; Usami and Ge 1994; 

Williams and Sexsmith 1995; Mirmiran et al. 1999; Wu et al. 2006; Hu 2011). 

The most commonly used parameter appears to be the ductility index ߤఋ defined 

by the following equation (Priestley and Park 1987; Usami and Ge 1994; Williams 

and Sexsmith 1995; Mirmiran et al. 1999; Wu at al. 2006): 
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ఋߤ ൌ ௬ (7.3)ߜ/௨ߜ	

 

where ߜ௬  and ߜ௨ are the yield displacement and the ultimate displacement 

respectively. Various definitions of yield and ultimate displacements have been 

used by previous researchers. In the present study, the yield displacement is 

defined as the displacement corresponding to the elastic limit of an equivalent 

elastic-perfectly plastic lateral load-displacement curve with a reduced stiffness 

being equal to the secant stiffness at 75% of the peak load (Figure 7.21), 

following Park (1989), Boyd et al. (1995), Elremaily and Azizinamini (2002) and 

Hu (2011). The ultimate displacement is defined as the displacement when the 

load carried by the column has undergone a 20% reduction, following Priestley 

and Park (1987), Iacobucci et al. (2003) and Hu (2011). The values of the ductility 

index based on the above definitions are summarized in Table 7.5. It may also be 

noted that the value of the ductility index for the same column depends 

significantly on whether it is calculated based on the envelope load-displacement 

curve in the positive or the negative direction due to the asymmetric nature of 

lateral load-displacement curves (Figure 7.13). 

 

Table 7.5 demonstrates again the excellent ductility of hybrid DSTCs. As expected, 

the ductility index decreases as the concrete strength or the axial load ratio 

increases. However, the thickness of FRP tube and the additional concrete infill in 

the steel tube do not seem to have a significant effect on the ductility index. The 

ductility index of specimen D80-6-0.4-S is only slightly larger than that of 

specimen D80-6-0.4. The two specimens with a 10 mm FRP tube even have 

slightly lower values for the ductility index than their respective counterparts with 

a 6 mm FRP tube. A further examination of the test data revealed that this is due 

to the higher peak load and the larger yield displacement of the specimens with a 

thicker FRP tube or with an addition concrete infill.  
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It is also worth noting that the conditions of different columns can be quite 

different when the load carried by the column reduces by 20% from its peak value 

(e.g. the 6 mm FRP tube in some specimens was close to final failure while the 

two specimens D80-10-0.4 and D116-10-0.4 with a 10 mm FRP tube was still in a 

good state). The present tests indicated that the structural integrity of hybrid 

DSTCs is generally very good until the hoop rupture of the FRP tube. Therefore, it 

may be more reasonable to take the rupture of the FRP tube as the ultimate state of 

hybrid DSTCs. If this new definition is adopted, the values of the ductility index 

as summarized in Table 7.5 indicate that specimens with a thicker FRP tube or 

additional concrete infill in the steel tube have better ductility (Table 7.5). 

 

7.3.9 Length of Equivalent Plastic Hinge 

 

Priestly and Park. (1987) proposed that the lateral displacement at the ultimate 

condition u can be calculated using the following equation:  

 

∆௨ൌ ∆௬  ܮሺߠ െ ሻܮ0.5

ߠ ൌ ௨ߠ െ ௬ߠ
(7.4)

 

where ∆௬ is the yield displacement; ߠ is the rotation of the plastic hinge after 

the column yields; ܮ is the column length; ܮ is the length of the equivalent 

plastic hinge region; ߠ௬ and ߠ௨ are the rotations of the plastic hinge at the yield 

displacement and the ultimate displacement respectively. Eq. 7.4 is based on the 

assumption that post-yielding lateral displacement of the column head is due 

purely to the rotations of the column as a rigid body at the center of the equivalent 

plastic hinge region. The length of the equivalent plastic hinge can be calculated 

using Eq. 7.4 once the rotations at the column end at the yield and the ultimate 
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displacements are known. In the present study, the rotation at the column end can 

be calculated from the readings of LVDTs 9 and 10 (Figure 7.5) using the 

following equation: 

 

ߠ ൌ ଵሺሺ∆்ିଽି݊ܽݐ െ ∆்ିଵሻ/ܮሻ (7.5)

 

where ∆்ିଽ and ∆்ିଵ are the readings of LVDTs 9 and 10 respectively; 

and ܮ is the horizontal distance between LVDTs 9 and 10, which is 350 mm. 

The lengths of equivalent plastic hinge so obtained are listed in Table 7.5. It is 

interesting to note that the values are very similar for all the specimens, and are 

very close to the effective height of the cross-section for pure bending (i.e. the 

diameter of the column minus the thickness of the annular concrete section, which 

is 260 mm).   

 

It should also be noted that while Eq. 7.4 and the above assumptions reflect 

closely the real situation of the other 7 specimens, they may not be applicable to 

specimen D80-6-0.4-S in which the deformation was distributed over a larger 

length of the column. The concept of equivalent plastic hinge region needs to be 

re-examined for such columns with a variable cross-section. 

 

7.3.10 Residual Strength of Hybrid DSTCs 

 

Specimens D56-6-0.2, D116-6-0.2 and D80-6-0.4 were tested under axial 

compression following the cyclic lateral loading test. Figure 7.22 shows the axial 

load-axial shortening curves of these three specimens. Specimen D56-6-0.2 is 

seen to have a much higher residual axial load capacity than the other two 

specimens, due to the less severe damage to the FRP tube and the concrete by 

cyclic lateral loading.  At the peak residual strength of specimen D56-6-0.2, a 
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large noise was heard because of the explosive rupture of the remaining part of the 

FRP tube, which led to a sudden drop in the axial load. By contrast, specimens 

D116-6-0.2 and D80-6-0.4 had an approximately elastic-plastic curve, with the 

residual axial load capacity being around 2000 kN, which came mainly from the 

steel inner tube.  

 

7.4. CONCLUSIONS 

 

This chapter has presented the first experimental study on hybrid DSTCs filled 

with HSC subjected to axial compression in combination with cyclic lateral 

loading. A relatively large column section was employed to allow reliable 

experimental modeling of real columns. The test results provide valuable data 

needed for the formulation and verification of a theoretical model for the hysteric 

behavior of hybrid DSTCs, particularly when they are filled with HSC. The test 

results and discussions presented also allow the following conclusions to be 

drawn: 

 

(1) Hybrid DSTCs possess excellent ductility and seismic resistance even when 

high strength concrete with a cylinder compressive strength of around 120 

MPa is used; 

(2) Hybrid DSTCs with a higher concrete strength generally have a higher 

moment capacity but a smaller deformation capacity; 

(3) A thicker FRP tube leads to a slightly larger moment capacity and better 

ductility for hybrid DSTCs; 

(4) The axial load ratio has a significant effect on both the lateral load capacity 

and the ductility of hybrid DSTCs; 

(5) Column damage is concentrated in a small plastic hinge region near the 

column end, and the height of this region is similar to the column diameter; 
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(6) The performance of hybrid DSTCs can be enhanced by partially filling the 

inner steel tube with concrete near the column end. 
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Table 7.1: Specimen details 

 

Specimen 
Concrete properties FRP tube Axial load ratio 

݂
ᇱ  (MPa) ܧ  (GPa) ߝ ݐ  (%)   (mm) ݊ 

D37-6-0.2 37.4 28.9 0.26 6.0 0.2 

D56-6-0.2 56.0 35.4 0.30 6.0 0.2 

D80-6-0.4 80.0 42.3 0.30 6.0 0.4 

D80-6-0.4-S 80.0 42.3 0.32 6.0 0.4 

D80-10-0.4 82.7 43.0 0.28 10.0 0.4 

D116-6-0.2 116.4 51.0 0.36 6.0 0.2 

D116-6-0.4 117.3 51.2 0.31 6.0 0.4 

D116-10-0.4 114.8 50.7 0.31 10.0 0.4 

 

 

Table 7.2: Mix properties of concrete 
 

Specimen 
Water 

cement 
ratio 

Water Cement 
Fly 
ash 

Silica 
fume 

Super 
plasticizer 

Coarse 
aggregate 

Sand 

(kg/m3) 

D37-6-0.2 0.42 186 239 203 --- 3 863 829 

D56-6-0.2 0.35 175 300 200 --- 10 845 812 

D80-6-0.4 0.33 175 300 230 --- 10 828 795 

D80-6-0.4-S 0.33 175 300 230 --- 10 828 795 

D80-10-0.4 0.33 175 300 230 --- 10 828 795 

D116-6-0.2 0.25 165 429 165 66 17 837 685 

D116-6-0.4 0.23 155 442 170 68 14 822 715 

D116-10-0.4 0.23 155 442 170 68 14 822 715 

*The brand of the super plasticizer is "Grace HK", the product model is "ADVA109". 
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Table 7.3: Details of loading schemes 

 

Specimen 

name 

Axial 

load 

ratio 

Applied 

axial load 

Estimated 

yield 

moment 

Estimated 

maximum lateral 

load 

Estimated 

yield 

displacement 

݊ ܰ (kN) (kN.m) (kN) (mm) 

D37-6-0.2 0.2 530.8 140.0 103.7 10.2 

D56-6-0.2 0.2 668.3 164.3 121.7 12.0 

D80-6-0.4 0.4 1546.2 171.8 127.3 7.20 

D80-6-0.4-S 0.4 1623.9 178.4 132.1 7.50 

D80-10-0.4 0.4 1478.7 167.5 124.1 8.50 

D116-6-0.2 0.2 1060.4 233.6 173.0 16.4 

D116-6-0.4 0.4 2115.9 235.1 174.1 8.10 

D116-10-0.4 0.4 2103.1 233.7 173.1 10.0 

 
Table 7.4: Maximum readings of hoop strain gauges on FRP tubes 

 

Specimen 
Loading 

direction 

ε,௫   

(%)  

at  

Section-1 

ε,௫   

(%)  

at  

Section-2 

ε,௫   

(%)  

at  

Section-3 

ε,௫   

(%)  

at  

Section-4 

ε,௫   

(%)  

at  

Section-5 

ε,௫ 
 (%)  

at  

Section-6 

D37-6-0.2 
Positive 0.98 (A1H) 0.86 (A2H) 0.34 (A3H) 0.12 (A4H) --- --- 

Negative 1.25(E1H) 0.42 (G2H) 0.32 (F3H) 0.12 (E4H) --- --- 

D56-6-0.2 
Positive 1.46 (A1H) 0.33 (B2H) 0.14 (A3H) 0.11 (A4H) --- --- 

Negative 1.44 (E1H) 0.41 (D2H) 0.11 (E3H) 0.10 (E4H) --- --- 

D80-6-0.4 
Positive 1.24 (B1H) 0.55 (H2H) 0.28 (B3H) 0.07 (A4H) --- --- 

Negative 1.43 (E1H) 0.69 (D2H) 0.21 (D3H) 0.09 (E4H) --- --- 

D80-6-0.4-S 
Positive 1.08 (A1H) 0.85 (H2H) 1.32 (B3H) 0.47 (H4H) 0.19 (A5H) 0.06 (A6H) 

Negative 1.06 (F1H) 0.97 (F2H) 0.73 (E3H) 1.03 (F4H) 0.38 (E5H) 0.10 (E6H) 

D80-10-0.4 
Positive 0.95 (A1H) 0.47 (B2H) 0.18 (A3H) 0.14 (A4H) --- --- 

Negative 1.39 (E1H) 0.59 (F2H) 0.16 (F3H) 0.12 (E4H) --- --- 

D116-6-0.2 
Positive 0.95 (B1H) 0.46 (H2H) 0.14 (H3H) 0.11 (A4H) --- --- 

Negative 1.37 (E1H) 0.26 (F2H) 0.13 (E3H) 0.10 (E4H) --- --- 

D116-6-0.4 
Positive 1.03 (H1H) 0.80 (H2H) 0.26 (H3H) 0.11 (A4H) --- --- 

Negative 1.16 (F1H) 1.00 (E2H) 0.24 (F3H) 0.08 (E4H) --- --- 

D116-10-0.4 
Positive 1.42 (H1H) 0.70 (A2H) 0.14 (B3H) 0.06 (A4H) --- --- 

Negative 0.86 (E1H) 0.73 (D2H) 0.18 (D3H) 0.06 (E4H) --- --- 

The underlined numbers are the maximum readings of hoop strain gauges installed on the 

FRP tube for each specimen.  

The name of the corresponding strain gauge is provided in the bracket.    
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Table 7.5: Ductility indices of hybrid DSTCs 

 

Specimen 
y  

(mm)
u

a
  

(mm) 
 a 

Lp
a

(mm)
u

b 

(mm) 
 b 

Lp
 b

(mm) 

D37-6-0.2 

Positive direction 12.7 101.9 8.0 248  134.1  10.6  241  

Negative direction 13.8 111.5 8.1 248  124.6  9.0  245  

Average 13.2 106.7 8.1 248  129.4  9.8  243  

D56-6-0.2 

Positive direction 14.0 92.5 6.6 255  117.7  8.4  247  

Negative direction 14.4 126.8 8.8 245  144.5  10.0  242  

Average 14.2 109.6 7.7 250  131.1  9.2  244  

D80-6-0.4 

Positive direction 10.2 55.6 5.4 264  62.3  6.1  259  

Negative direction 8.6 64.1 7.5 251  64.5  7.5  250  

Average 9.4 59.8 6.5 258  63.4  6.8  254  

D80-6-0.4-S 

Positive direction 9.2 70.7 7.7 250  111.4  12.1  238  

Negative direction 12.3 69.0 5.6 263  112.0  9.1  244  

Average 10.8 69.8 6.6 256  111.7  10.6  241  

D80-10-0.4 

Positive direction 10.4 67.1 6.4 256  95.2  9.1  244  

Negative direction 11.8 69.0 5.8 261  93.3  7.9  249  

Average 11.1 68.0 6.1 258  94.3  8.5  246  

D116-6-0.2 

Positive direction 14.9 67.9 4.6 275  111.1  7.5  250  

Negative direction 12.1 81.4 6.7 254  110.8  9.1  244  

Average 13.5 74.7 5.6 265  111.0  8.3  247  

D116-6-0.4 

Positive direction 9.2 45.5 4.9 270  42.0  4.5  275  

Negative direction 9.3 37.2 4.0 285  43.1  4.6  274  

Average 9.3 41.4 4.5 278  42.5  4.6  275  

D116-10-0.4 

Positive direction 10.8 46.6 4.3 279  70.4  6.5  256  

Negative direction 12.8 48.9 3.8 289  69.2  5.4  265  

Average 11.8 47.7 4.1 284  69.8  6.0  260  
a  the values when the ultimate displacement was defined to be the displacement 

corresponding to 20% reduction of the peak lateral load; 
b  the values when the ultimate displacement was defined to be the displacement 

corresponding to the FRP tube rupture. 
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Figure 7.1: Cross-section of hybrid DSTCs 

 

 

 

Figure 7.2: Preparation of hybrid DSTCs before concrete casting 



Chapter 7 

252 
 

 

 

Figure 7.3: Axial stress-strain behavior of control cylinders 
 

 

Figure 7.4: Experimental set-up  
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Figure 7.5: Layout of LVDTs and strain gauges 

 

(a) Section-1 (b) Section-2 (c) Section-3 

(d) Section-4 (e) Section-5 (f) Section-6 

Figure 7.6: Planar layout of strain gauges on cross-section 
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Figure 7.7: Experimental definition of yield displacement 
 
 
 

 
 

Figure 7.8: Cyclic loading schemes 
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(a) Section-2  (b) Section-3 

(c) Section-4  (d) Section-5 

Figure 7.9: Distributions of axial strains on cross-section in specimen D37-6-0.2 
 

(a) Side A, at y  (b) Side A, at y 

(c) Side A, at y  (d) Side E, at y 
Figure 7.10: Progress of damage in specimen D37-6-0.2  
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(a) Specimen D37-6-0.2 (b) Specimen D56-6-0.2 
  

(c) Specimen D80-6-0.4 (d) Specimen D80-6-0.4-S 
 

Figure 7.11: Specimens after test  
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(e) Specimen D80-10-0.4 (f) Specimen D116-6-0.2 
  

(g) Specimen D116-6-0.4 (h) Specimen D116-10-0.4 

 

Figure 7.11: Specimens after test (continued)  
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(a) Specimen D37-6-0.2 

 

 

(b) Specimen D56-6-0.2 
 

 
(c) Specimen D80-6-0.4 

 

 
(d) Specimen D80-6-0.4-S 

 
Figure 7.12: Damage to FRP tube, concrete and steel tube  
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(e) Specimen D80-10-0.4 

 

 
(f) Specimen D116-6-0.2 

 

 
(g) Specimen D116-6-0.4 

 

 
(h) Specimen D116-10-0.4 

 
Figure 7.12: Damage to FRP tube, concrete and steel tube (continued) 
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(a) Specimen D37-6-0.2 

 

 

(b) Specimen D56-6-0.2 

 

Figure 7.13: Hysteresis curves under cyclic lateral loading  
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(c) Specimen D80-6-0.4 

 

 

(d) Specimen D80-6-0.4-S 

 

Figure 7.13: Hysteresis curves under cyclic lateral loading (continued) 
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(e) Specimen D80-10-0.4 

 

 

(f) Specimen D116-6-0.2 

 

Figure 7.13: Hysteresis curves under cyclic lateral loading (continued) 
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(g) Specimen D116-6-0.4 

 

 

(h) Specimen D116-10-0.4 

 

Figure 7.13: Hysteresis curves under cyclic lateral loading (continued) 
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Figure 7.14: Effect of concrete strength on envelope moment-curvature curves 
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Figure 7.15: Effect of FRP tube thickness on envelope moment-curvature curves 
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Figure 7.16: Effect of axial load ratio on envelope moment-curvature curves 

 
 
 
 

 

 
Figure 7.17: Effect of additional concrete infill in the steel tube on envelope 

moment-curvature curves 
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(a) Specimen D80-6-0.4 
 

 
(b) Specimen D80-6-0.4-S  

 
Figure 7.18: Distributions of curvature over the column height 

-0.0004 -0.0002 0 0.0002 0.0004
0

100

200

300

400

500

600

  Curvature (1/mm)

  D
is

ta
nc

e 
fr

om
 c

ol
um

n 
en

d 
(m

m
)

10 20 30 40 50 60102030405060 70 807080

Pull Push

-0.0004 -0.0002 0 0.0002 0.0004
0

100

200

300

400

500

600

  Curvature (1/mm)

  D
is

ta
nc

e 
fr

om
 c

ol
um

n 
en

d 
(m

m
)

10 20 30 40 50 60 70 80 90 100 11010203040507080 6090100110120
130
140

Pull Push



Chapter 7 

268 
 

 
 
 
 

 

 
(a) Specimen D80-6-0.4 

 
(b) Specimen D80-6-0.4-S 

  

 

 
(c) Specimen D116-6-0.2 

 
(d) Specimen D116-6-0.4 

  
Figure 7.19: Axial shortening versus lateral displacement during the loading 

process  
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(a) Hoop strains at different circumferential positions in specimen D56-6-0.2 

 

(b) Hoop strains at different heights in specimen D56-6-0.2 

 
(c) Hoop strains at different heights in specimen D80-6-0.4-S 

Figure 7.20: Variations of hoop strain with lateral displacement  
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Figure 7.21: Definition of the yield displacement 

 

 
Figure 7.22: Residual axial strength after cyclic lateral loading 
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CHAPTER 8 

 

NUMERICAL SIMULATION OF HYSTERETIC 

BEHAVIOR OF HYBRID DSTCS 

 

 

 

8.1 INTRODUCTION 

 

For the seismic assessment or retrofit design of existing structures, the 

performance-based seismic design approach has been widely accepted in 

structural engineering practice, in which the performance of a structure or a 

structural member is estimated through the performance point (ATC-40 1996) or 

the target displacement (FEMA-356 2000). Within this context, the open-source 

program “Open System for Earthquake Engineering Simulation” (OpenSees 2009), 

developed at the University of California, Berkeley, has drawn extensive attention 

as it offers a good programming platform for the numerical simulation of 

structures under seismic loading. As an open-source program, OpenSees allows 

researchers to introduce new materials, new elements and new material 

constitutive models based on the latest research results.  

 

In order to investigate the seismic performance of hybrid DSTCs, an experimental 

study of hybrid DSTCs under combined axial compression and cyclic lateral 

loading was undertaken in Chapter 7. All the test specimens had a circular section 

with a characteristic diameter (the outer diameter of the concrete core) of 300 mm 
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and a height of 1350 mm. The effects of concrete strength, axial load ratio as well 

as FRP tube thickness were examined. The hybrid DSTC column specimens were 

found to process excellent seismic resistance even when high strength concrete 

with a cylinder compressive strength of around 120 MPa was used. For the 

performance-based seismic design approach to be used in practice, a numerical 

column model for hybrid DSTCs under such cyclic/seismic loading is needed. 

 

A numerical model for the seismic behavior of hybrid DSTCs is presented in this 

chapter. In this model, the cyclic stress-strain model for confined concrete in 

hybrid DSTCs (see Chapters 4 and 6) was first extended to include the tensile 

behavior of confined concrete. This constitutive model was then implemented into 

OpenSees for use in moment-curvature analysis, pushover analysis as well as 

hysteretic response analysis of hybrid DSTCs. 

 

8.2 STRESS-STRAIN MODELS 

 

8.2.1 Confined Concrete in Hybrid DSTCs 

 

8.2.1.1 Concrete under Cyclic Compression 

 

Yu et al. (2010) proposed a monotonic stress-strain model for confined concrete in 

hybrid DSTCs based on both experiment and finite-element results, with the 

important parameters (i.e. the confinement stiffness and the strain capacity of the 

FRP tube as well as the void ratio) duly accounted for. Readers are referred to 

Section 5.5 of Chapter 5 for more details of Yu et al.’s (2010) model. As shown in 

Chapters 5 and 6, the envelope curve of confined concrete in hybrid DSTCs under 

cyclic compression can be represented using Yu et al.’s (2010) stress-strain model. 
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Lam and Teng (2009) developed a complete set of formulas to describe the 

stress-strain hysteresis of FRP-confined concrete within the compressive 

stress-strain domain (i.e., ߝ 	 0 and ߪ 	 0). An improved cyclic stress-strain 

model for FRP-confined concrete, modified from Lam and Teng’s (2009) model, 

was presented in Chapter 4. The development of this improved model was based 

on a critical assessment of Lam and Teng’s (2009) model by making use of a large 

test database containing new test results on both concrete in filament-wound FRP 

tubes and concrete confined with an FRP wrap that have been published after Lam 

and Teng’s (2009) study. The improved cyclic stress-strain model corrects the 

deficiencies of Lam and Teng’s (2009) model, and can provide reasonably 

accurate predictions for both NSC and HSC confined with either an FRP wrap or 

an FRP filament-wound tube. The applicability of the cyclic stress-strain model to 

concrete in hybrid DSTCs was also examined in Chapter 6. The comparisons there 

showed that the model proposed in Chapter 4 can also provide reasonably 

predictions of the unloading/reloading paths of concrete in hybrid DSTCs, and 

was used there to predict the behavior of confined concrete in hybrid DSTCs 

under cyclic axial compression. 

 

The unloading path of a cyclic axial stress-strain curve is the stress-strain path 

traced by the concrete as its strain reduces (Figure 8.1a). In Lam and Teng’s (2009) 

model, this path is represented by a polynomial given by Eqs. 4.11-4.16. In these 

equations, two parameters are used to control the shape of the unloading path: (1) 

parameter ߟ which controls the rate of change in the degree of non-linearity (or 

the curvature) of an unloading path with the unloading strain; (2) parameter ܧ௨, 

which controls the slope of the unloading path at zero stress. The reloading path, 

which is the stress-strain path traced by the concrete as its strain increases from a 

starting point on an unloading path (Figure 8.1a), is represented, in typical cases, 

by a linear portion from the onset of reloading to a reference strain point, and a 
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parabolic portion from the reference strain point to the envelope returning point 

where the reloading path meets the envelope curve. The linear portion is described 

by Eqs. 4.36 and 4.37, and the parabolic portion is given by Eqs. 4.38-4.42. For 

more details of the unloading and reloading paths, readers are referred to Chapter 

4 as well as Lam and Teng (2009).  

 

It is important to note that the plastic strain ߝ  and the degree of stress 

deterioration after unloading/reloading cycles, which is characterised by the new 

stress at the reference strain point ߪ௪ in Lam and Teng’s (2009) model, are the 

two key parameters controlling the hysteretic response of confined concrete under 

cyclic compression. A set of equations for predicting the plastic strain and stress 

deterioration ratio (ratio between the new stress and the reference stress) is given 

in Lam and Teng (2009). These equations have been modified in Chapter 4 for 

applicability to both FRP-confined NSC and HSC, and have then been used in 

Chapter 6 for confined NSC and HSC in hybrid DSTCs. The revised equations for 

the plastic strain and the stress deterioration ratio (i.e., Eqs. 4.19 and 4.22 for the 

plastic strain and the stress deterioration ratio of envelope cycles, respectively; 

Eqs. 4.28 and 4.29 for the plastic strain of internal cycles, with Eq. 4.31 proposed 

in the present study for ω,௨; Eqs. 4.32 and 4.33 for the stress deterioration 

ratios of internal cycles, with Eq. 4.35 proposed in the present study for ϕ,௨) 

accurately predict the complete cyclic stress-strain history of confined concrete in 

hybrid DSTCs under axial compression. In particular, the revised set of equations 

allows the prediction of local unloading/reloading cycles at low amplitudes in a 

random event at an arbitrary point within the compressive stress-strain domain 

covered by the envelope curve (i.e., Eqs. 4.23-4.27 for partial unloading/reloading 

conditions). 
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8.2.1.2 Concrete under Cyclic Tension 

 

The material model Concrete02 in OpenSees, which was proposed by Yassin 

(1994) for unconfined concrete, was adopted to describe the tensile behavior of 

confined concrete by Teng et al. (2010). In Yassin’s (1994) model, the monotonic 

tensile stress-strain curve of concrete consists of a linear ascending part with the 

slope being equal to the modulus of elasticity of concrete in compression ܧ and 

a linear descending part from the tensile strength point to the ultimate tensile 

strain point at zero stress (Figure 8.1b). The tensile strength of concrete is taken as 

୲݂ ൌ 0.632ඥ ୡ݂୭
ᇱ  (MPa) and the ultimate tensile strain is given by ߝ୲୳ ൌ

୲݂ሺ1/ܧ୲ୱ   .(ୡܧtaken as 0.05) ୲ୱ is the stiffness of tensile softeningܧ ୡሻ, whereܧ/1

In Yassin’s (1994) model, unloading from any point of the monotonic tensile 

stress-strain curve follows a linear path toward the starting point of the tensile 

loading, and reloading from any point of an unloading path follows the same path 

back to the monotonic tensile stress-strain curve. 

 

As pointed out by Teng et al. (2010), the effect of compressive deterioration on 

the tensile modulus of concrete was neglected in Yassin’s (1994) model. As a 

result, the initial modulus of concrete under tension is the same as the initial 

compressive elastic modulus ܧୡ (Figure 8.1b), in which the effect of compressive 

deterioration caused by prior loading history is not accounted for. Yassin’s (1994) 

model was thus modified by Teng et al. (2010) to overcome this deficiency; the 

modified version has the following features: (1) the tensile modulus of concrete is 

assumed to be equal to ܧୡ only when it is loaded from the origin; (2) the tensile 

modulus of concrete is taken to be the compressive modulus of concrete at zero 

stress ܧ୳୬, as defined by Eq. 4.16 when entering the tension zone along an 

unloading path at a point with ߪ ൌ 0 and ߝ  0. This modification ensures the 

continuity of the stress-strain response across the dividing line between 
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compression and tension for FRP-confined concrete. 

 

As explained in Chapter 5, the confined concrete in hybrid DSTCs has similar 

cyclic stress-strain behavior to that of FRP-confined concrete in solid circular 

sections. The equation for defining ܧ୳୬, for FRP-confined concrete (Eq. 4.16) 

was also found to be accurate for confined concrete in hybrid DSTCs. Therefore, 

Yassin’s (1994) model with the modifications introduced by Teng et al. (2010) is 

employed to describe the tensile behavior of confined concrete in the present 

study. 

 

8.2.1.3 Cyclic Stress-Strain Model for Concrete 

 

The cyclic stress-strain model for confined concrete in hybrid DSTCs, covering 

uniaxial cyclic behavior in both compression and tension as described above, was 

implemented using the “Microsoft Visual Studio” platform to produce a 

dynamic-link library (DLL) file. This DLL file was then implemented into 

OpenSees (Version 2.2.0) as a new material model named “DSTCconcrete”, 

which can be invoked in numerical simulations. 

 

8.2.2 Stress-Strain Model for Steel 

 

8.2.2.1 Strain Penetration 

 

For a concrete column, strain penetration of longitudinal steel bars is a 

phenomenon associated with the gradual transfer of longitudinal bar forces to the 

surrounding concrete in the footing. The loaded end of an anchored bar exhibit 

slips at the connection interface, which is caused by the accumulative strain 

difference between the reinforcing bar and the concrete in the footing. It has been 
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well established that strain penetration occurs in the longitudinal bars of 

reinforced concrete columns under flexural loading (e.g. Sritharan et al. 2000; 

Zhao and Sritharan 2007). The slips of longitudinal bars caused by strain 

penetration lead to significant rotations at the fixed-ends of a column. Ignoring the 

effect of strain penetration in linear and nonlinear analyses of concrete structures 

leads to underestimations of deflections and member elongations, and 

overestimations of the stiffness, hysteretic energy dissipation capacity, strains as 

well as section curvature. OpenSees includes a strain penetration model named 

“Bond_SP01” which was originally developed by Zhao and Sritharan (2007) for 

the simulation of fixed-end rotation of conventional RC columns and 

beam-column joints. In Zhao and Sritharan’s (2007) approach, the fixed-end 

rotation of a column or a beam-column joint is computed from the responses of 

zero-length bond-slip elements added to individual longitudinal steel bars at each 

fixed end. 

 

As presented in Chapter 7, the inner steel tube of the hybrid DSTC specimens was 

fully anchored into the column footing. The detailing of the connection was as 

follows (Figure 8.2): (1) the steel tube was first welded to a square steel plate 

(600mm long, 400mm wide and 25mm thick) at the bottom of the concrete 

footing; (2) an annular steel plate (with an outer diameter of 400mm, an inner 

diameter of 219 mm and a thickness of 25 mm) was then welded to the steel tube 

to support the outer FRP tube; (3) six vertical stiffeners (450mm in height, 120mm 

in width and 20mm in thickness) were then inserted between the square plate and 

the annular steel plate and welded to the two plates and the steel tube; (4) the steel 

reinforcement of the footing was then welded to these plates/stiffeners to form a 

rigid steel cage. With such a strong anchorage arrangement, it is believed that the 

longitudinal forces of longitudinal steel tube were transferred to the surrounding 

concrete in the column footing not only by the inner steel tube but also through 
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the six vertical stiffeners and the bottom steel plate. Due to the existence of the 

bottom plate and the six vertical stiffeners, the interfacial slips between the steel 

tube and the surrounding concrete in the footing were prohibited. It is thus 

believed that strain penetration was prevented in these column tests, and thus 

needs not be considered in numerical simulations. 

 

8.2.2.2 Steel under Cyclic Tension and Compression 

 

The model “ReinforcingSteel”, which is available in OpenSees, is based on the 

model of Chang and Mander (1994) and includes a strain hardening branch in the 

monotonic stress-strain curve (the backbone curve) (Figure 8.3). Heo and Kunnath 

(2009) suggested that the “ReinforcingSteel” model is more suitable for use in the 

nonlinear analysis of RC members using a fiber-based cross-section discretization. 

The backbone curve of the “ReinforcingSteel” model consists of a linear initial 

branch, a yield plateau, and a strain hardening branch. In the “ReinforcingSteel” 

model, modifications have been made to the original Chang and Mander (1994) 

model, such as the conversion from the engineering coordinate system to the 

natural coordinate system to allow the use of a single backbone curve for both the 

tensile and the compressive stress-strain responses.  

 

The “ReinforcingSteel” model was used in the present study to simulate the inner 

steel tube in hybrid DSTCs. As presented in Chapter 7, the elastic modulus, yield 

stress and tensile strength of the inner steel tube are 200.0 GPa, 360.3 MPa and 

490.6 MPa, respectively. 
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8.2.3 Stress-Strain Model for FRP 

 

8.2.3.1 Properties of FRP Tubes 

 

As mentioned in Chapter 7, the GFRP tubes were manufactured using the 

filament-winding process. The volume ratio and the angles of the fibers in all 

these tubes were 0.559 and േ80 degrees to the longitudinal axis of the tube, 

respectively. Tensile split-disk tests on FRP rings were conducted following 

ASTM D2290-08 (2008), and compression tests on FRP rings were conducted 

following GB/T5350-2005 (2005). The Young’s modulus and the average rupture 

strain in the hoop direction are 43.6 GPa, 1.55%, respectively (Figures 5.4 and 

5.5); the average ultimate axial stress, axial strain and secant elastic modulus at 

failure in compression are 95.1MPa, 0.95% and 10.0 GPa, respectively (Figures 

3.5 and 3.6). 

 

8.2.3.2 FRP Tubes under Cyclic Tension and Compression 

 

When the outer GFRP tube is under axial compression, the axial load carried by 

the outer FRP tube should not be neglected. The axial load contributed by the FRP 

tube may be found from the compression tests on hollow FRP tubes as mentioned 

above. When the axial compressive strain of an FRP tube exceeds the ultimate 

axial strain from the corresponding hollow FRP tube tests, it is assumed that the 

load resisted by the FRP tube is equal to its ultimate load due to the support from 

the concrete core. As the FRP tube of the hybrid DSTC specimens was placed 

directly on the annular steel plate (Chapter 7) and had fibers only oriented േ80 

degrees to the longitudinal axis of the tube, the GFRP tube is not expected to 

transfer tensile forces to the column footing. As a result, the longitudinal tensile 

resistance of the GFRP tube can be ignored in numerical simulations.  
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Based on the above considerations, the “Elastic-Perfectly Plastic Material” option 

as provided in OpenSees was used to represent the outer GFRP tube. The relevant 

material parameters are as follows: (1) the elastic modulus for the elastic–

perfectly plastic material was taken to be the secant modulus for the material at 

peak stress obtained from axial compression tests on hollow GFRP tubes, and the 

value is 10.0 GPa (Figure 3.6); (2) the strain at which the material reaches the 

plastic state in compression is 0.95% based on axial compression tests on hollow 

GFRP tubes; (3) the strain at which the material reaches the plastic state in tension 

is 0.0 as the GFRP tube is assumed to resist no longitudinal tension. 

 

8.3 NUMERICAL SIMULATIONS 

 

8.3.1 Remarks on the Experimental Study 

 

As presented in Chapter 7, a systematic experimental study on hybrid DSTCs 

subjected to cyclic lateral loading in combination with a constant axial 

compressive force was undertaken as part of the present PhD research program. 

Details the column specimens can be found in Tables 7.1 and 7.3. All these 

columns were tested in single-curvature bending (Figure 7.6). 

 

A large loading frame (i.e. the Computer-Electro-Hydraulic Servo-Controlled 

Multi-Purpose Testing System) was used to test all the column specimens. It 

should be noted that the vertical actuator could move synchronously with the 

column head during the lateral cyclic loading, which ensured that the axial load 

was always applied vertically to the column head. In some other similar 

experimental studies (e.g. Haroun et al. 2003; Saadatmanesh et al. 1996), the axial 

compression load was applied by pre-tensioned steel bars, in which case the axial 
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compression load would be at an angle of inclination from the vertical direction 

due to the lateral displacement of the column head. This inclination leads to a 

horizontal component of the axial load in the opposite direction of the lateral load. 

The present test framework is more advantageous than these other systems, and 

makes subsequent numerical simulations simpler. 

 

In the numerical simulations, the columns were subjected to lateral displacements 

under a constant axial compression load which was always in the vertical 

direction. The horizontal friction force of the testing system was excluded from 

the lateral load as explained in Chapter 7. 

 

8.3.2 Moment-Curvature Analysis 

 

Moment-curvature analysis was first conducted for all hybrid DSTCs tested under 

cyclic lateral loading using a “ZeroLength” element available in OpenSees with 

the fiber discretization of cross section. The “ZeroLength” element is defined by 

two nodes at the same location. These two nodes are connected by uniaxial 

materials (i.e., concrete, steel and FRP in the present study) to represent the 

force-deformation relationship for the element. The way of discretization of the 

column section is shown in Figure 8.4. For all column specimens except 

D80-6-0.4-S, eight radial and eighteen tangential divisions were employed for the 

annular concrete section; two radial and eighteen tangential divisions were 

employed for the GFRP tube and the inner steel tube (Figure 8.4a). For specimen 

D80-6-0.4-S, as the inner steel tube was filled with concrete for the lower 320 mm 

of the column height, the concrete in the steel tube was discretized into eight 

radial and eighteen tangential divisions (Figure 8.4b). This level of discretization 

was found to lead to sufficiently accurate results based on a convergence study. 

The “DSTCconcrete” model for the confined concrete in hybrid DSTCs, the 
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“Reinforcing Steel” model for the inner steel tube and the “Elastic-Perfectly 

Plastic Material” model for the FRP tube were used to predict the moment 

curvature relationship of these hybrid DSTCs.  

 

The experimental moment-curvature curves are presented in Chapter 7. The 

moment is that of the section at 100 mm from the column end with the P-∆ effect 

taken into account; the curvature is the average value over the lowest 200 mm of 

the column calculated from the readings of LVDTs (see section 7.3.4). The 

positive direction refers to the positive lateral load direction as defined in Chapter 

7. The moment-curvature envelope curves for both directions are shown in Figure 

8.5. Only the data points corresponding to the envelope curves are shown in the 

figure. 

 

The predicted moment-curvature curves are compared with corresponding 

experimental moment-curvature curves in Figure 8.5. The numerical model can 

generally capture the shape of the experimental moment-curvature curves, 

providing reasonably accurate but somewhat conservative predictions. The 

conservativeness of the numerical model is inherently due to Yu et al.’s (2010) 

monotonic stress-strain model for hybrid DSTCs (see Chapter 6), which was 

employed to predict the envelope curve of confined concrete in hybrid DSTCs 

under cyclic axial compression. Nevertheless, the numerical model can capture 

the moment-curvature relationship of hybrid DSTCs with reasonable accuracy, 

indicating that the material model “DSTCconcrete” is sufficiently accurate and 

safe for practical purposes. 

 

8.3.3 Pushover Analysis 

 

The “NonlinearBeamColumn” element available in OpenSees, which is a 



Numerical Simulation of Hysteretic Behavior of Hybrid DSTCs 

283 
 

force-based nonlinear beam-column element and considers both geometrical 

nonlinearity and the spread of plasticity, was used in the present numerical 

simulations. All the test columns were modelled longitudinally with four elements 

as shown in Figure 8.6. Five Gauss-Lobatto integration points are defined along 

each element. For all specimens except for D80-6-0.4-S, the fiber discretization of 

cross section is the same for all elements as shown in Figure 8.6a: eight radial and 

eighteen tangential divisions were employed for the annular concrete section; two 

radial and eighteen tangential divisions were employed for both the GFRP tube 

and the inner steel tube. For specimens D80-6-0.4-S, the inner steel tube was 

filled with concrete for the lower 320 mm of the column height; so for the first 

beam-column element (i.e. near the footing), the concrete in the steel tube was 

also discretized into eight radial and eighteen tangential divisions (Figure 8.6b). 

The number of elements, the number of integration points and the level of 

discretization were found to lead to sufficiently accurate results based on a 

convergence study. Similar to the moment-curvature as discussed above, the 

“DSTCconcrete” material for concrete, the “Reinforcing Steel” material for steel 

and the “Elastic-Perfectly Plastic Material” for FRP tube were used in the 

numerical simulations.  

 

Monotonic pushover analysis was conducted in a displacement control mode. As 

presented in Chapter 7, the tests of the hybrid DSTC specimens were stopped 

when the lateral load resistance dropped substantially (i.e., the lateral load 

capacity of the last loading cycle was substantially smaller than the previous 

loading cycle). As observed in the tests, for the final stage of cyclic loading, both 

the GFRP tube and the concrete suffered severe damage that was concentrated 

near the column end; severe buckling of the inner steel tube was also observed 

after the removal of the FRP tube and the concrete; the plain section assumption is 

believed to be no longer valid in the severely damaged zone. Given this 
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consideration, the monotonic pushover analysis was terminated at the 

displacement of the penultimate loading cycle for each column. 

 

The lateral load-lateral displacement envelope curves from tests are shown in 

Figure 8.7 together with the curves from numerical simulation. It is clear that the 

proposed numerical model can yield reasonably accurate results for all hybrid 

DSTCs, regardless of the type of concrete used (i.e. NSC or HSC). 

 

8.3.4 Hysteretic Behavior Analysis 

 

This numerical model was also used to simulate the hysteretic behavior of the 

hybrid DSTC specimens. The numerical simulation of a given column was 

terminated at the same lateral displacement as the monotonic pushover analysis 

(i.e., terminated at the penultimate cyclic loading cycle for each column). In 

Figure 8.8, the lateral load-lateral displacement cures of all specimens are shown 

together with the curves from numerical simulation. Again, it is clear that the 

proposed numerical model can yield reasonably accurate results for all hybrid 

DSTCs regardless of the type of concrete used (i.e. NSC or HSC). 

 

8.4 CONCLUSIONS 

 

A numerical column model was developed for simulating the seismic behavior of 

hybrid DSTCs. This numerical model was implemented into OpenSees using its 

force-based “NonLinearBeamColumn” element that considers both geometric 

nonlinearity and material nonlinearity. The key to this numerical column model is 

an accurate stress-strain model for the confined concrete in hybrid DSTCs 

subjected to cyclic axial compression. For this purpose, the cyclic stress-strain 

model for confined concrete in compression in hybrid DSTCs developed in the 



Numerical Simulation of Hysteretic Behavior of Hybrid DSTCs 

285 
 

earlier parts of the present PhD research program was extended to include cyclic 

tensile behavior. The resulting stress-strain model was implemented into 

OpenSees as the “DSTCconcrete” material model. Comparisons between test 

results and predictions of the proposed numerical model showed that the 

numerical model can generally yield reasonably accurate but conservative 

predictions. The numerical column model is thus sufficiently accurate for use in 

the seismic performance prediction of hybrid DSTCs. 
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(a) Stress-strain model for confined concrete in hybrid DSTCs 

 

 

(b) Stress-strain model for FRP-confined concrete in tension  

(from Teng et al. 2010) 

 

Figure 8.1: Stress-strain model for confined concrete in hybrid DSTCs 
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Figure 8.2: The connection detailing of the inner steel tube 

 

 

Figure 8.3: Stress-strain model for reinforcing steel  

(from Teng et al. 2010) 
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(a) All specimens except of specimen D80-6-0.4-S 

 

 

 

(b) Specimen D80-6-0.4-S 

 

Figure 8.4: The discretization of the column section  
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Figure 8.5: Moment-curvature analysis   
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(a) Specimens except of specimen D80-6-0.4-S 

 
(b) Specimen D80-6-0.4-S 

Figure 8.6: Numerical models for hybrid DSTCs  



Numerical Simulation of Hysteretic Behavior of Hybrid DSTCs 

293 
 

 

Figure 8.5: Pushover analysis   
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(a) D37-6-0.2 

 

(b) D56-6-0.2 

 

Figure 8.8: Hysteretic behavior analysis 
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(c) D80-6-0.4 

 

(d) D80-6-0.4-S 

 

Figure 8.8: Hysteretic behavior analysis (continued) 
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(e) D80-10-0.4 

 

(f) D116-6-0.2 

 

Figure 8.8: Hysteretic behavior analysis (continued) 
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(g) D116-6-0.4 

 

(h) D116-10-0.4 

 

Figure 8.8: Hysteretic behavior analysis (continued) 
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CHAPTER 9 

 

CONCLUSIONS 

 

 

 

9.1  INTRODUCTION 

 

Hybrid FRP-concrete-steel double-skin tubular columns (hybrid DSTCs) are a 

new form of hybrid columns proposed by Prof. J.G. Teng of The Hong Kong 

Polytechnic University. This new form of hybrid columns consists of a layer of 

concrete sandwiched between an outer tube made of FRP (fiber-reinforced 

polymer) and an inner tube made of steel. In a hybrid DSTC, the FRP tube, 

containing fibers oriented close to the hoop direction, offers mechanical resistance 

primarily in the hoop direction to confine the concrete and to enhance the shear 

resistance of the column; the steel tube acts as the main longitudinal 

reinforcement and prevents the concrete from inward spalling. Hybrid DSTCs 

may be constructed in-situ or precast, with the two tubes serving as the 

stay-in-place form. The three constituent materials are combined in an optimal 

manner to achieve excellent ductility and hence seismic behavior, excellent 

durability, ease for construction as well as reduced self-weight. 

 

This thesis has presented the results of a systematic research program on the 

behavior of hybrid DSTCs under static and cyclic loading, and represents a major 

step forward by extending the existing research on several fronts, including: (1) 

the use of high strength concrete (HSC) in hybrid DSTCs; (2) the use of 
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filament-wound FRP tubes as the confining material; (3) the effect of column size; 

(4) the behavior of hybrid DSTCs under cyclic axial compression; as well as (5) 

the behavior of hybrid DSTCs under combined axial compression and cyclic 

lateral loading.  

 

9.2 CONCRETE-FILLED FRP TUBES UNDER CYCLIC AXIAL 

COMPRESSION 

 

Following the introductory and the literature chapters of the thesis, Chapters 3 and 

4 presented the first part of the research program which was concerned with the 

experimental behavior and theoretical modeling of concrete filled FRP tubes 

(CFFTs) under cyclic axial compression. This part of the study was motivated by 

the need to understand the cyclic stress-strain behavior of confined normal 

strength concrete (NSC) and HSC in hybrid DSTCs. 

 

Chapter 3 presented an experimental study on the cyclic axial behavior of CFFTs 

with a filament-wound FRP tube, where the strength of concrete (i.e. 54.1 MPa ~ 

104.4 MPa) was a key variable. All specimens had a characteristic diameter of 

200 mm (outer diameter of the concrete core) and a height of 400 mm. The test 

results were compared with Teng et al.’s (2009) monotonic stress-strain model 

and Lam and Teng’s (2009) cyclic stress-strain model. The experimental results 

and discussions allowed the following conclusions to be drawn: 

 

(1) The rupture of fibers in a filament-wound FRP tube, starting from the 

outermost ply, is a progressive process which is different from the failure of 

concrete confined with an FRP wrap; 

(2) The cyclic axial stress-strain behavior of concrete in CFFTs is generally 

similar to that of concrete confined with an FRP wrap; 
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(3) Teng et al.’s (2009) monotonic stress-strain model is capable of providing 

accurate predictions for HSC in CFFTs, given that the FRP tube has a 

sufficient circumferential stiffness to ensure a monotonically ascending axial 

stress-strain curve; and 

(4) Lam and Teng’s (2009) cyclic stress-strain model is applicable to NSC in 

CFFTs, but is not sufficiently accurate for HSC in CFFTs. 

 

Although Lam and Teng’s (2009) cyclic stress-strain model was developed on the 

basis of a relatively large database, several issues could not be readily resolved 

using the test database available to them at that time. Chapter 4 thus presented a 

critical assessment of Lam and Teng’s (2009) model against the new test results of 

cyclically loaded CFFTs presented in Chapter 3 as well as those from studies on 

FRP-confined concrete with an FRP wrap published after Lam and Teng’s (2009) 

study. The assessment revealed that:  

 

(1) The degree of non-linearity of unloading paths of FRP-confined HSC is 

different from that of FRP-confined NSC. Lam and Teng’s (2009) model 

cannot provide accurate predictions for the unloading paths of FRP-confined 

HSC; 

(2) The relationship between the plastic strain ߝ,ଵ and the envelope unloading 

strain ߝ௨,௩ does not seem to be significantly affected by the unconfined 

concrete strength. Lam and Teng’s (2009) equations, which take the 

unconfined concrete strength as a key parameter, fail to predict ߝ,ଵ closely 

for FRP-confined HSC; 

(3) Lam and Teng’s (2009) model is inaccurate in predicting the effect of 

repeated loading cycles (i.e. ߱,௨ and ߶,௨); and 

(4) The proposed cyclic stress-strain model corrects the above deficiencies of 

Lam and Teng’s (2009) model, and can provide reasonably accurate 
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predictions for both NSC and HSC confined with either an FRP wrap or an 

FRP filament-wound tube. 

 

9.3 HYBRID DSTCS UNDER MONOTONIC OR CYCLIC AXIAL 

COMPRESSION 

 

Chapters 5 and 6 presented the second part of the research program which was 

concerned with the behavior of hybrid DSTCs filled with NSC/HSC subjected to 

monotonic/cyclic axial compression. Previous studies on the axial compressive 

behavior of hybrid DSTCs were generally limited to small-scale specimens (i.e. 

with a diameter < 200 mm) filled with NSC and confined with a wet lay-up FRP 

tube. The present experimental investigation was thus focused on three issues: (1) 

the effect of using HSC; (2) the effect of using a filament-wound FRP tube; and (3) 

the effect of specimen size. The concrete strength used in these hybrid DSTCs 

were 40.9 MPa ~ 104.6 MPa. Large-scale specimens (with a characteristic 

diameter of 300 mm and a height of 600 mm) were included in the experimental 

study. The majority of the hybrid DSTC specimens were designed with a 

realistically large void ratio (i.e. 0.73 or 0.795). 

 

Chapter 5 presented the results from an experimental study on hybrid DSTCs 

under monotonic axial compression, which allowed the following conclusions to 

be drawn:  

 

(1) Hybrid DSTCs process excellent ductility even when high strength concrete is 

used; 

(2) The localization of damage (i.e. concrete crushing, steel buckling and/or FRP 

rupture), which occurred in all the specimens, appeared to be more 

pronounced for specimens with a higher concrete strength and/or a thinner 
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FRP tube; 

(3) Three types of axial stress-strain curves of concrete in hybrid DSTCs were 

found in the present study: (a) axial stress-strain curves with a bilinear 

ascending shape; (b) axial stress-strain curves with a stress fluctuation; (c) 

axial stress-strain curve with a sudden stress drop; 

(4) The sudden stress drop, more pronounced in hybrid DSTCs with a higher 

concrete strength and/or a weaker FRP tube, was found to be initiated by the 

local damage of concrete, which led to highly non-uniform deformation 

over the cross-section of concrete; 

(5) Yu et al.’s (2010) model is capable of providing reasonably accurate 

predictions for specimens with a bilinear ascending stress-strain curve and 

specimens with slight fluctuations in the axial stress, but it overestimates the 

results of specimens with a sudden load drop. 

 

Chapter 6 first presented the results from an experimental study on hybrid DSTCs 

under cyclic axial compression. The experimental results and discussions in 

Chapter 6 allow the following conclusions to be drawn: 

 

(1) The envelope curve of the concrete in a cyclically loaded hybrid DSTC is 

almost the same as the stress-strain curve of the concrete in the corresponding 

monotonically loaded specimen; 

(2) The hoop rupture strain (either ߝ,௨ଵ or ߝ,௨ଶ) of a monotonically loaded 

specimen is generally larger than that of the corresponding cyclically loaded 

specimen; and 

(3) The unloading/reloading behavior of concrete in cyclically loaded hybrid 

DSTCs is generally similar to that of the concrete in FRP-confined solid 

columns. 
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Chapter 6 also presented a comparison of the unloading/reloading paths between 

the test results and the predictions of the cyclic stress-strain model proposed in 

Chapter 4 for FRP-confined concrete. The comparison showed that the model 

proposed in Chapter 4 can also provide reasonably accurate predictions for the 

unloading/reloading paths of the concrete in hybrid DSTCs, provided that the 

envelope stress-strain curve is accurately defined. 

 

9.4 HYBRID DSTCS UNDER COMBINED AXIAL COMPRESSION AND 

CYCLIC LATERAL LOADING 

 

Chapters 7 and 8 presented the last part of the research program which was 

focused on the seismic behavior of hybrid DSTCs filled with NSC/HSC.  

 

In the experimental study presented in Chapter 7, eight hybrid DSTCs were tested 

under combined axial compression and cyclic lateral loading. The test columns 

had a relatively large column section (i.e. with a section diameter of 300 mm) and 

a realistically large void ratio (i.e. 0.73) to achieve close representation of real 

column behavior. All these specimens had a circular section with a characteristic 

diameter of 300 mm and a void ratio of 0.73. The height was 1350 mm from the 

point of lateral loading to the top of the stiff RC column footing, leading to a shear 

span ratio of 4.5. The test results provide valuable data needed for the verification 

of theoretical models for the seismic behavior of hybrid DSTCs, particularly when 

they are filled with HSC. The test results and discussions presented in this chapter 

also allow the following conclusions to be drawn: 

 

(1) Hybrid DSTCs possess excellent ductility and seismic resistance even when 

high strength concrete with a cylinder compressive strength of around 120 

MPa is used; 
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(2) Hybrid DSTCs with a higher concrete strength generally have a higher 

moment capacity but a smaller deformation capacity; 

(3) A thicker FRP tube leads to a slightly larger moment capacity and better 

ductility for hybrid DSTCs; 

(4) The axial load ratio has a significant effect on both the lateral load capacity 

and the ductility of hybrid DSTCs; 

(5) Column damage is concentrated in a small plastic hinge region near the 

column end, and the height of this region is similar to the column diameter;  

(6) The performance of hybrid DSTCs can be enhanced by partially filling the 

inner steel tube with concrete near the column end. 

 

In Chapter 8, a numerical model employing Yu et al.’s (2010) stress-strain model 

in conjunction with equations of unloading/reloading paths proposed in Chapter 4 

is presented for simulating the behavior of hybrid DSTCs under combined axial 

compression and cyclic lateral loading. This numerical model was implemented 

into “Open System for Earthquake Engineering Simulation” (OpenSees 2009) 

using its force-based “NonLinearBeamColumn” element considering both 

geometric nonlinearity and material nonlinearity. The following conclusions were 

reached based on the results of numerical simulations: 

 

(1) The “DSTCconcrete” material, which was developed based on the current 

understanding of concrete in hybrid DSTCs subjected to monotonic/cyclic 

axial compression, is capable of predicting the cyclic lateral/seismic behavior 

of hybrid DSTCs, demonstrating the success of the approach; 

(2) The comparisons between the present numerical simulation results and the 

test results presented in Chapter 8 showed that this numerical column model, 

which can generally yield reasonably accurate but conservative results for 

moment-curvature, monotonic pushover and hysteretic responses, is 
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sufficiently accurate for predicting the seismic behavior of hybrid DSTCs. 

 

9.5  FUTURE RESEARCH 

 

While the research presented in this this thesis has greatly advanced our 

understanding of the cyclic/seismic behavior of hybrid DSTCs and our ability to 

model this behavior, much further research is still needed on these columns before 

complete confidence is gained in the practical implementation of these columns. 

Some of the issues that need further research are detailed below: 

 

(1) Further research is needed to clarify the mechanism behind the sudden axial 

load drop observed in some of the column specimens tested under axial 

compression. A theoretical model for these columns that can account for this 

phenomenon should also be developed; 

(2) Hybrid DSTCs of other section forms (i.e. with non-circular sections for either 

the outer FRP tube or the inner steel tube) should be studied for reasons of 

aesthetics or mechanical resistance; 

(3) Buckling of the inner steel tube in hybrid DSTCs needs to be well understood 

so that a limit on the steel tube diameter-to-thickness ratio can be established 

to avoid significant local buckling deformations that may degrade column 

performance; 

(4) The durability of hybrid DSTCs (i.e. the durability of the outer FRP tube and 

the column as a whole) in severe environments should be studied to 

demonstrate/confirm the excellent long-term performance of hybrid DSTCs; 

and 

(5) Reliable construction details (e.g., connections between hybrid DSTCs and 

beams, and connections between hybrid DSTCs and footings) should devised 

and studied for practical implementation. 
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