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ABSTRACT 

 

The recycling of construction and demolished concrete waste has attracted 

wide attention due to its great significance in sustainable development. A novel 

method of recycling waste concrete is to reuse large pieces of coarsely crushed 

demolition concrete (referred to as recycled concrete lumps or RCLs) for direct 

mixing with fresh concrete in new construction, leading to what is referred to 

as “compound concrete”. This method avoids the complexity of recycling 

concrete as aggregate and enables a higher recycling ratio and a lower 

recycling cost. However, such compound concrete is much more 

heterogeneous than conventional concrete, and the weak interfaces between 

RCLs and fresh concrete may compromise performance. A new technique was 

proposed by Prof J.G. Teng to improve the properties of compound concrete 

through the provision of substantial confinement with an external fiber-

reinforced polymer (FRP) tube. The resulting columns are referred to as 

compound concrete-filled FRP tubular (CCFFT) columns. 

 

Preliminary test results have shown that due to the confinement from the FRP 

tube, the axial stress-axial strain behavior of compound concrete in a CCFFT 

column is similar to that of the fresh concrete used in making the compound 

concrete even when the RCLs have a much lower compressive strength than 

the fresh concrete, indicating that the weaknesses of compound concrete can 

be largely eliminated through FRP confinement. However, this conclusion has 

been drawn from the limited results of only one series of tests on CCFFT 

columns under axial compression. Further research is needed to clarify the 
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behavior of CCFFT columns under various loading conditions before this 

recycling technique can be effectively used in practice. Against this 

background, this thesis presents a systemic study on the stress-strain behavior 

of FRP-confined compound concrete in CCFFT columns under monotonic and 

cyclic axial compression, and the structural behavior of steel bar-reinforced 

CCFFT columns under eccentric loading. 

 

Following an introductory chapter and a literature review, Chapters 3 and 4 

present the first part of the PhD research project, which is concerned with the 

behavior of FRP-confined compound concrete in CCFFT columns under 

monotonic axial compression. A total of 22 short CCFFT columns were tested 

to investigate the effects of FRP tube thickness, RCL mix ratio and strength 

difference between the fresh and the old concretes. The applicability of an 

existing stress-strain model previously developed for FRP-confined normal 

concrete in predicting the behavior of the test columns was examined. A three-

dimensional (3D) finite element (FE) modelling approach was then developed, 

and its effectiveness and accuracy were demonstrated through comparisons 

with test results. 

 

The second part of the PhD research project was focused on the behavior of 

FRP-confined compound concrete under cyclic axial compression (Chapter 5). 

A total of 9 CCFFT columns were tested, and the effects of FRP tube thickness, 

RCL mix ratio, and loading scheme were investigated. The applicability of two 

existing cyclic stress-strain models previously developed for FRP-confined 

normal concrete was then examined. 
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In the final part of this PhD research project, the behavior of steel reinforced 

CCFFT columns under eccentric loading was studied (Chapters 6 and 7). An 

experimental program involving 11 CCFFT columns subjected to eccentric 

loading was carried out. The effects of FRP tube thickness, RCL mix ratio, load 

eccentricity, and slenderness ratio were examined. The test results showed that 

the inclusion of RCLs had little effect on the response of eccentrically-loaded 

CCFFT columns. A theoretical column model incorporating existing stress-

strain models for FRP-confined normal concrete was then employed to predict 

the test results. The applicability of design equations in the Chinese Technical 

Code for Infrastructure Application of FRP Composites was finally examined. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

1.1.1 Waste Concrete 

 

The development of the construction industry as an important component of 

the national economy has been very rapid in recent years. More than 300 

million tons of raw materials have been used to produce construction materials 

for buildings and infrastructure every year which account for 40%-50% of the 

global economy (Sagoe-Crentsil et al. 2001). A large amount of building waste 

has been produced in the demolition of old buildings. Nearly 136 and 180 

million tons of building waste is produced in the USA and Europe, respectively 

(Saghafi and Teshnizi 2011). In China, the amount of building waste is 

increasing every year and reached 1590 million tons in 2016 (Figure1.1), of 

which 500 million tons is waste concrete (Xiao 2018). In addition, the 

proportion of building waste to total waste of cities in Germany, Australia, 

Japan, Spain, and China is about 78%, 44%, 36%, 70%, and 40%, respectively 

(Rao et al. 2007; Saghafi and Teshnizi 2011; Hadjieva-Zaharieva et al. 2003). 

This number in Hong Kong is around 38%. Waste concrete produced in the 

demolition of concrete buildings, dams, bridges, and other concrete 

infrastructure accounts for nearly 40% of the total amount of construction 

waste. In addition, most waste concrete is transported to a landfilling without 



2 

processing except for a small amount used in road foundations. The cost of 

handling concrete waste including garbage fees and land requisition fees has a 

financial severity. Thus, the building waste presents not only huge financial 

costs but also environmental problems. On the other hand, it is estimated that 

the exploitation amount of limestone, sand and clay soil in China is about 5000 

million tons in producing cement and concrete every year (Xiao 2018). The 

over-exploiting of stone and sand has led to serious environmental problems, 

such as soil erosion and water pollution. Therefore, concrete as the most widely 

used construction material consumes a lot of natural resources and leads to 

serious environmental problems. The re-use of waste concrete is demanded 

urgently, therefore, to at least reduce the assault on the environment and save 

on natural resources. 

 

1.1.2 Recycled Concrete Aggregates 

 

A typical method of reusing concrete waste is to break it into recycled concrete 

aggregates (RCAs) which are used in mixing new concrete to form the so-

called recycled aggregate concrete (RAC) (Gluzhge 1946). In RAC, the natural 

aggregates are replaced by RCAs to a certain permitted ratio. The size of RCAs 

is generally less than 40 mm. RCAs with a size between 4.75 mm and 40 mm 

belong to recycled coarse aggregates, and those with a size of 0.5-4.75mm 

belong to recycled fine aggregates. The use of RAC is an efficient way of 

utilizing concrete waste to form new concrete structures and help to protect the 

environment and natural resources. The study and application of RAC have 

received great attention in many countries over the world (Hansen 1986; 
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Günçan 1995; Topcu and Şengel 2004; Mandal and Gupta 2002; Duan and 

Poon 2014). Gluzhge (1946) studied the possibility of using waste concrete as 

aggregates for new concrete in Russia as early as 1946 and found that RCAs 

crushed from concrete waste have a lower density than normal aggregates and 

the strength of RAC is lower than that of normal concrete.  

 

Japan put forward a specification for RCAs and RAC in 1977 due to its limited 

land resources. There have been many factories set up to produce RAC in Japan. 

Then the government of Japan established a Law, in 1991, on the handling of 

concrete waste which declared that all concrete waste must be transported to a 

related recycling facility for processing. The recycling ratio of waste concrete 

in Japan has reached 65% in 1995. Moreover, some special recycling machines 

which can both crush waste concrete and produce RAC have been developed 

in Japan. Germany has built facilities to handle waste concrete and produce 

RCAs in each district. Germany has also established related guidelines for 

RAC to promote its application. 

 

The United States has used RAC for road construction over the past 30 years. 

The use of RCAs in the constriction of highways has been allowed by many 

states. A number of specifications and laws have also been proposed to widen 

the utilization of RCAs. Similar to Japan, discarding waste concrete is illegal 

in the US. 

 

The study of RAC in China is relatively late and started in the 1990s. However, 

many research studies have been conducted on the properties and performance 
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of RAC because of the policy of government for environmental concerns. 

Some practical projects using RAC have also been demonstrated by some 

companies with the help of research organizations and relevant departments. 

 

1.1.3 Recycled Concrete Lumps  

 

Although the use of RAC has become more and more acceptable nowadays, 

the recycling process of RCAs is complex and the cost of resources, such as 

energy, water and cement is still large. A series of sieves, careful washing, and 

heating need to be conducted to obtain RCAs of high quality. Therefore, a more 

economic and efficient method needs to be developed for the recycling of 

waste concrete. For this purpose, a new concept of recycling waste concrete 

was proposed by Wu et al. (2008) in which large concrete segments/lumps 

[referred to as recycled concrete segments (RCSs) or lumps (RCLs)] are 

directly used. These RCSs and RCLs can be obtained by coarsely crushing 

waste concrete as shown in Figure 1.2. During the recycling process, the 

protective layers and steel bars of the demolished concrete (e.g., demolished 

beams and columns) are first removed. The plain concrete is then crushed into 

large pieces to achieve RCLs or cut into large segments with a regular shape 

to get RCSs. This new type of compound concrete is formed through mixing 

these RCSs or RCLs with fresh concrete directly. This reduces the difficulty of 

the recycling process to a great extent and increases the replacement ratio of 

demolished concrete compared with traditional RAC.  

 

Extensive research has been conducted on the behavior of concrete columns 
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containing RCSs or RCLs (Wu et al. 2010a, 2014, 2015, 2018a). Compared 

with RCSs, the use of RCLs is more convenient and feasible for various types 

of structural forms. The emphasis of their research was focused on the behavior 

of concrete columns containing RCLs. This new concrete containing RCLs is 

called compound concrete. It was found that the load-carrying capacity of the 

new columns decreased as the mix ratio of RCLs increased when the fresh 

concrete has a larger compressive strength compared with the RCLs. The effect 

of RCLs on the elastic modulus and compressive strength became larger when 

the difference in strength between the RCLs and the fresh concrete increased. 

The use of a steel confining tube to improve the behavior of compound 

concrete was proposed by Wu et al. (2010b) in a later study. Thus, compound 

concrete-filled steel tubular (CCFST) columns under different loading 

conditions (e.g., monotonic axial loading, eccentric loading and combined 

constant axial compression and cyclic lateral loading) have been studied (Wu 

et al. 2010b, 2010c, 2012a, 2012b, 2013, 2017, 2018b,2018c). 

 

1.1.4 Compound Concrete-Filled FRP Tubular Columns 

 

For columns confined by a steel tube, the corrosion of steel is an important 

issue needing attention. In addition, the confining pressure provided by the 

steel tube is limited due to the bi-axial stress state the steel tube is in. As is well 

known, fibre-reinforced polymer (FRP) composite tubes have excellent 

corrosion resistance and are much lighter than steel. Therefore, the use of FRP 

as a confining material, instead of steel, has been studied by many researchers. 

In particular, the behavior of FRP-confined concrete columns under different 
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loading conditions has been studied by many researchers (Mirmiran and 

Shahawy 1996; Samaan et al. 1998; Saafi et al. 1999; Toutanji 1999; Xiao and 

Wu 2000; Xiao and Wu 2003; Lam and Teng 2004; Jiang and Teng 2007; Jiang 

and Teng 2012; Ozbakkaloglu et al. 2008). It has been found that FRP 

confinement enhances the compressive strength and ductility of the concrete 

significantly. Hence, the steel tube in a CCFST column can be replaced by an 

FRP tube to form a compound concrete-filled FRP tubular (CCFFT) column. 

This new idea of confining compound concrete using FRP tubes was originally 

proposed by Teng et al. (2012). Compared with CCFST columns, CCFFT 

columns have better resistance to corrosion, a more satisfactory confinement 

ability and a lower cost, all of which make this new type of columns more 

attractive. Teng et al. (2012) carried out the first experimental study on the 

axial compressive behavior of FRP-confined compound concrete. They found 

that the ultimate axial stress and ultimate axial strain of compound concrete are 

comparable to those of fresh concrete. This indicates that FRP confinement can 

largely eliminate weaknesses of compound concrete caused by the weak 

interfaces between fresh concrete and RCLs. Further research, however, is 

needed to further verify this conclusion and clarify the behavior of CCFFT 

columns under various loading conditions before this recycling technique can 

be effectively used in practice. 

 

Under this background, a systemic study on the stress-strain behavior of FRP-

confined compound concrete in CCFFT columns under monotonic and cyclic 

axial compression is presented in this thesis, and the structural behavior of steel 

bar-reinforced CCFFT columns under eccentric loading. 
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1.2 RESEARCH OBJECTIVES 

 

The main objectives of this PhD research project are as follows: 

(1) To make an in-depth investigation into the axial compressive behavior of 

FRP-confined compound concrete in CCFFT columns (Chapter 3); 

(2) To simulate the behavior of FRP-confined compound concrete under axial 

compression using a three-dimensional (3D) finite element (FE) modeling 

approach (Chapter 4); 

(3) To conduct a first-ever experimental study of FRP-confined compound 

concrete under cyclic axial compression and to verify the applicability of 

exiting stress-strain models developed for FRP-confined normal concrete 

(Chapter 5); 

(4) To conduct a first-ever experimental study of steel bar-reinforced CCFFT 

columns subjected to eccentric loading (Chapter 6); 

(5) To conduct theoretical analysis of steel bar-reinforced CCFFT columns 

subjected to eccentric loading (Chapter 7). 

 

1.3 LAYOUT OF THE THESIS 

 

The thesis consists of totally 8 chapters. The main content of each chapter is 

summarized briefly as follows: 
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Chapter 1 gives the background to this PhD research project followed by the 

research objectives and layout. 

 

Chapter 2 presents a review of the literature related to the topic of this thesis. 

The literature on RAC and RAC-filled steel/FRP tubular columns is first 

reviewed. Secondly, a comprehensive review on existing studies on CCFST 

and CCFFT columns was conducted. Knowledge on the behavior of FRP-

confined normal concrete under different types of loading (monotonic axial 

compression, cyclic axial loading and eccentric loading) was then reviewed in 

detail. Lastly, a brief review on FE modelling of FRP-confined normal concrete 

is presented. 

 

Chapter 3 presents the results of an experimental study of CCFFT columns 

under axial compression. A total of 33 columns with a diameter of 200 mm and 

a height of 400 mm, were tested. The influence of RCL mix ratio, FRP tube 

thickness, and strength difference between the new and the old concretes was 

investigated. The test results were compared with predictions from Jiang and 

Teng’s (2007) analysis-oriented stress-strain model. It was shown that Jiang 

and Teng’s (2007) model provides acceptable predictions for the ultimate axial 

stresses and the axial stress-lateral strain response; however, the model 

overestimates the ultimate axial strain especially for columns confined with a 

3-ply FRP tube. 

 

Chapter 4 presents a 3D FE modelling approach to simulate the behavior of the 

test CCFFT columns. A dynamic explicit method was used to avoid the 
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difficulty of convergence arising from the complex internal structure of CCFFT 

columns. The parameters in the dynamic method were calibrated through a 

parameter study. The FE model is generally capable of giving acceptable 

predictions for the initial stage of CCFFT columns but underestimated the 

ultimate load. The failure modes of the test columns were also captured 

accurately by the FE model. In addition, FE model can provide good prediction 

of axial strain-lateral strain relationship for CCFFT columns. 

 

Chapter 5 presents the first-ever experimental study on FRP-confined 

compound concrete under cyclic axial compression. A total of 12 CCFFT 

columns were tested. The key parameters were RCL mix ratio and FRP tube 

thickness. The experimental results were compared with the predictions from 

Lam and Teng’s (2009) model and Yu et al. (2015) model. It was found that Yu 

et al. (2015) model provided better predictions for the unloading/reloading 

paths of FRP-confined compound concrete under cyclic compression than Lam 

and Teng’s (2009) model.  

 

Chapter 6 presents the first-ever experimental study on the behavior of steel 

bar-reinforced CCFFT columns under eccentric loading. The RCL mix ratio, 

FRP tube thickness, load eccentricity, and slenderness ratio were studied as key 

factors. The test results showed that FRP confinement can significantly 

enhance the load-carrying capacity and ductility of CCFFT columns under 

eccentric loading. The RCLs were found to have little effect on the response of 

the eccentrically-loaded CCFFT columns and the plane section assumption 

was found to be still valid for this new type of columns. 
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Chapter 7 presents the theoretical analysis of CCFFT columns under eccentric 

loading. The theoretical column model proposed by Jiang and Teng (2012), 

incorporating Teng et al.’s (2009) concentric-loading stress-strain model and 

Lin’s (2016) eccentricity-dependent (EccD) stress-strain model, was employed 

to predict the test results presented in Chapter 6. The applicability of design 

equations in the Chinese Technical Code for Infrastructure Application of FRP 

Composites was finally examined. 

 

The thesis finally closes with Chapter 8, in which the main conclusions drawn 

from previous chapters of the thesis are summarized. In addition, the 

limitations of the present PhD research project and further research work 

needed on CCFFT columns are highlighted at the end. 
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Figure 1.1. Building waste in China [extracted from Xiao (2018)] 

 

 

(a) Recycled concrete segment [extracted from Wu et al. (2010a)] 

 

(b) Recycled concrete lumps [extracted from Wu et al. (2013)] 

Figure 1.2. Recycled concrete segment and recycled concrete lumps 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

 

This chapter presents a review of existing studies related to compound 

concrete-filled FRP tubular (CCFFT) columns. A series of studies on recycled 

aggregate concrete (RAC) are reviewed firstly, followed by previous studies 

on RAC columns or RAC-filled steel tubular columns under different loading 

conditions. Attention is then given to existing studies on recycled concrete 

lumps (RCLs) and steel tubular columns containing RCLs. The very limited 

existing studies on CCFFT columns are then reviewed. After that, existing 

work concerning the axial compressive behavior of FRP-confined normal 

concrete is introduced. To this end, a widely-accepted design-oriented stress-

strain model and an analysis-oriented stress-strain model for FRP-confined 

normal concrete are reviewed in detail. Previous studies on FRP-confined 

concrete under cyclic axial compression are then examined with particular 

attention given to the theoretical model for predicting the cyclic axial 

compressive behavior of FRP-confined concrete. Existing experimental and 

theoretical studies on FRP-confined reinforced concrete (RC) column under 

eccentric loading are then reviewed. Finally, existing work on 3D finite 
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element (FE) modelling of FRP-confined concrete is briefly discussed. 

 

2.2 RECYCLED AGGREGATE CONCRETE 

 

Concrete has been used as a construction material for more than one century. 

A large number of concrete structures are demolished every year, resulting in 

a large amount of waste concrete in the process. Therefore, finding a suitable 

way of using demolished concrete is a vital problem in civil construction 

regarding sustainable development. Many studies have been conducted in this 

field. 

 

The making use of demolition materials could be traced back to the time after 

the Second World War when a large quantity of waste rubbles were left after 

the war. For disposing of the wastes and facilitating reconstruction, making use 

of those waste rubbles was proposed, as described by the Ministry of Works in 

London and the German Building Authorities of Hamburg in 1946. At the same 

time, Glushge (1946) studied the properties of concrete filled with building 

debris. With a wider application of waste concrete, much research was carried 

out in the USA for attempting to use crushed concrete as recycled coarse 

aggregates (RCAs) in new concrete in the 1970s. The resulted new concrete is 

referred to as the recycled aggregate concrete (RAC) hereafter. Buck (1972) 

conducted the first test program to study the performance of RAC. Some 

discarded concrete from a driveway and a laboratory was collected and crushed 

as coarse aggregates. The experimental results showed that the compressive 
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strength of the concrete specimens filled with crushed concrete aggregates (i.e., 

RAC specimens) was 10%-30% lower than the normal concrete specimens. 

Besides, the recycled aggregates were found to have a higher water absorption 

and a lower specific gravity than natural aggregates. 

 

Up to recent years, there have been much research work on RCAs and RAC. 

Xiao et al. (2005) investigated the influence of RCA content on the behavior 

of RAC. They conducted tests on concrete specimens with different RCA 

percentages of 0%, 30%, 50%, 70%, 100%, respectively. They found that the 

presence of RCAs has an obvious influence on the behavior of RAC. The strain 

corresponding to the peak stress of RAC is higher than that of normal concrete, 

and increases with the growth of the RCA content, while the compressive 

strength and elastic modulus decrease. Casuccio et al. (2008) investigated the 

failure mechanism of RAC and reached some similar conclusions as those of 

Xiao et al. (2005). In addition, some research has been conducted on the 

characteristics of interfacial transition zones (ITZs) between the cement paste 

and the RCAs, since the ITZ as a weak link point in concrete has an important 

impact on the mechanical behavior of concrete. The study of Poon et al. (2004) 

was focused on the effects of different kinds of RCAs on the behavior of ITZs 

and the influence of ITZs on the strength of recycled concrete. They found that 

recycled aggregates obtained from high-strength concrete induced a different 

ITZ microstructure compared to recycled aggregates obtained from normal-

strength concrete. The former had a denser interfacial zone, while a loose layer 

existed in the interfacial zone of RAC with normal-strength aggregates. 
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Although RCAs can be used to replace natural aggregates as a new green 

recycled material, the compressive strength of RAC is reduced due to the 

existence of RCAs. Besides, the elastic modulus decreases with the increase of 

the strain corresponding to the peak stress of RAC. Furthermore, the existence 

of adhered mortar in RCAs has some detrimental effects on the shrinkage and 

creep of RAC. Ajdukiewicz and Kliszczewicz (2002) found that the creep of 

RAC was 120-160% of that of the normal concrete. These disadvantages of 

RAC has largely restricted its wide application in civil engineering. 

 

2.3 RAC-FILLED STEEL TUBULAR COLUMNS 

 

In order to reduce the detrimental effects of recycled aggregates in RAC, many 

researchers proposed to confine RAC with a steel tube to form the so-called 

RAC-filled steel tubular (RACFST) columns (Yang et al. 2008; Yang and Han 

2006a; Yang and Han 2006b; Wang et al. 2015; Xiao et al. 2012; Huang et al. 

2012). Through confinement provided by the steel tube, the mechanical 

properties of RAC can be enhanced. In addition, the exchange of moisture in 

concrete with the surroundings can be avoided by the steel tube. Moreover, the 

problems of shrinkage and creep in RAC can be alleviated using confining 

techniques (Yang et al. 2008). The performance of RACFST columns have 

been investigated by many experimental studies. Yang and Han (2006) 

conducted concentric and eccentric axial compression tests on 24 RACFST 

columns and 6 normal concrete filled steel tubular (CFST) columns. These 

experiments proved that the load-carrying capacities of RACFST columns 
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were slightly lower but comparable with normal CFST columns. The load-

carrying capacities of normal CFST columns were only 1.7% and 9.1% higher 

than those of RACFST columns containing 25% and 50% RCA, respectively. 

Wu and Yang (2005) conducted concentric axial compression tests on 8 

RACFST columns and found that the load-carrying capacity of RACFST 

columns decreases with an increase in the RAC content. Xiao et al. (2012) 

performed concentric compression tests on five series of RACFST columns 

with different RCA replacement percentages (0%, 30%, 50%, 70%, and 100%). 

All the columns failed because of local buckling of the steel tube near the 

middle height followed by concrete crushing. The core concrete in the columns 

showed a diagonal shear failure mode under the confinement provided by the 

steel tube. In addition, they found that the load-carrying capacity of RACFST 

columns decreases as the replacement percentage of RCA increases. The 

ultimate axial strain increases but the initial stiffness also decreases with the 

increase of RCA percentage. 

 

2.4 RAC-FILLED FRP TUBULAR COLUMNS 

 

One of the major problems of RACFST columns is the corrosion of steel tubes. 

Moreover, the confinement provided by the steel tube is relatively limited due 

to the yielding and bi-axial stress state of the steel tube. To overcome these 

problems, the steel tube can be replaced by an external FRP tube to form the 

so-called RAC-filled FRP tubular (RACFFT) columns. This new form of 

environment-friendly FRP-confined columns containing RCAs was proposed 
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by Xiao et al. (2012). Compared with steel-confined compound concrete, FRP-

confined compound concrete has better resistance to corrosion, more 

satisfactory confinement ability and a lower cost, all of which make this new 

type of compound concrete more attractive. Xiao et al. (2012) carried out 

concentric compression tests on a series of RACFFT columns with three RCA 

replacement percentages (0%, 50%, and 100%). the CCFFT columns had a 

typical failure characteristic of hoop rupture of the filament-wound glass FRP 

(GFRP) tube when the specimens lost the compressive capacity in a brittle 

manner. The core concrete in the column also showed a diagonal shear failure 

mode under the confinement provided by the GFRP tube. 

 

Due to the very limited number of test on the RACFFT columns, Teng et al. 

(2014) carried out concentric compression tests on 18 RACFFT cylinders to 

further study the behavior of FRP-confined RAC. Three RCA replacement 

ratio (0%, 20%, and 100%) and three GFRP thickness (1-ply, 2-ply and 3-ply) 

were examined as key parameter. They found that the behavior of RACFFT 

columns is generally similar to that of FRP-confined normal concrete. 

However, the compressive strength of those specimens with a replacement 

ratio of 100% decrease obviously.  

 

2.5 RECYCLED CONCRETE LUMPS 

 

As reviewed in the preceding sections, there have been many studies and 

achievements in the field of RAC, and confining RAC with FRP tubes or steel 
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tubes has been found to be an effective way to improve the mechanical 

properties of RAC. Unfortunately, the recycling process of RCAs includes 

crushing, screening, purification, etc., of aggregates, which is complicated and 

uneconomic. Besides, the procedure of making RAC is also complicated. A 

series of sieves, careful washing and heating need to be conducted to get RA 

with high quality. These two shortcomings of RAC lead to a high recycling 

cost which limits its engineering applications. 

 

To address the above shortcomings of RAC, a new method of recycling waste 

concrete was proposed by Wu et al. (2008) in which the waste concrete is 

broken coarsely into large segments/lumps [referred to as recycled concrete 

segments (RCSs) or lumps (RCLs)] (Figure 2.1). In the casting process, the 

new concrete is produced through mixing these RCSs or RCLs directly with 

fresh concrete. This new recycling technique have more benefits than the 

traditional recycling method (i.e. RCA) in many aspects (Wu et al. 2010a; Teng 

et al, 2015). First, the recycling process of RCSs or RCLs is much simplified 

as only large pieces of concrete are needed. Second, an increased recycled ratio 

can be achieved with RCSs or RCLs. During the recycling process of RCSs or 

RCLs, the protective layers and steel bars of a demolition concrete are first 

removed; the plain concrete is then cut into large segments with a regular shape 

to form RCSs or crushed into large pieces to form RCLs (Figure 2.1). In Wu 

et al. 2010a, eight concrete columns were tested under axial compression: two 

reinforced concrete columns filled with RCSs, four reinforced concrete 

columns filled with RCLs and two reinforced normal concrete columns for 

comparison. During the casting of a column filled with an RCS, the RCS was 
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first put inside a steel reinforcement cage before casting with fresh concrete 

(Figure 2.1a). The columns filled with RCLs were produced by pouring the 

RCLs and fresh concrete alternatively into the wooden mold containing a steel 

reinforcement cage (Figure 2.1b). 

 

Wu et al. (2010a) discussed the effect of demolished concrete type (RCSs or 

RCLs) and mix ratio (i.e., the weight ratio between RCSs/RCLs and total 

compound concrete) on the stress-strain relationship and the load-carrying 

capacity of the test columns. With a mix ratio of 25-33% and a 15MPa axial 

compressive strength difference (fresh concrete with a larger strength) of the 

RCSs/RCLs and the fresh concrete, the initial axial stiffness of columns filled 

with RCSs/RCLs is comparable to the normal concrete columns. They also 

found that the load-carrying capacities of the columns filled with RCSs were 

higher than those of columns filled with RCLs when the mix ratios of the two 

columns were relatively the same. Wu et al. (2010a) believed that the reason 

was probably that the total surface area of the RCS was smaller than that of the 

RCLs and thus the possible flaws in the ITZ in the former were less serious 

than in the latter. Besides, for columns filled with both types of demolition 

concrete, the load-carrying capacity decreases as the mix ratio increases, as the 

axial compressive strength of the demolition concrete was 15 MPa lower than 

that of the fresh concrete. 

 

The authors from the same research group later studied the compressive 

behavior of cubes and cylinders made of normal-strength RCLs and high-

strength fresh concrete (Wu et al. 2015). Thirty cubic specimens and twenty-
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four cylindrical specimens were prepared and tested. Three different mix ratios 

(0%, 20% and 33%), two strengths of fresh concrete (74.9MPa and 112.2MPa) 

and two strengths of RCLs (33.1MPa and 23.2MPa) were examined in their 

experimental program. They found that the influence of RCLs on the 

compressive strength, axial strain corresponding to peak stress and elastic 

modulus of the specimens became larger when the difference between fresh 

concrete and the RCLs increased. The influence of RCLs on the compressive 

strength of the cylindrical specimens was more significant than that of the 

cubic specimens. In addition, the bond between the DCLs and fresh concrete 

is found to be tight as shown in Figure 2.3. In addition, Wu et al. (2014) studied 

the size effect of concrete specimens made of RCLs and fresh concrete through 

the test of 27 cylinders containing RCLs. They found that the influence of 

cylinder size on the strength of the specimens containing RCLs is similar to 

that of specimens made of fresh concrete alone. Shape effect of this compound 

concrete was further studied by Wu et al. (2018a) through the test of 72 

specimens containing RCLs including cubes, cylinders, and prisms. The test 

results show that the compressive strengths of cubic compound concrete 

specimen and prism specimen are about 1.30 and 1.08 times that of 

corresponding cylinder specimen, respectively. Besides, they also found that 

the influence of size of RCLs on the compressive strength and elastic modulus 

is limited. 
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2.6 COMPOUND CONCRETE FILLED STEEL TUBULAR 

(CCFST) COLUMNS 

2.6.1 General 

 

Similar to RAC, the mechanical properties of concrete containing RCSs/RCLs 

(referred to as compound concrete) can also be enhanced by confinement using 

steel tubes or FRP tubes. A series of experimental studies have been conducted 

on compound concrete filled steel tubular (CCFST) columns under different 

loading conditions (concentrically/eccentrically loading, cyclic axial loading 

and cyclic lateral loading) (Wu et al. 2010b, 2010c, 2012a, 2012b, 2013, 2017, 

2018b,2018c). These studies are reviewed briefly in the following two sections. 

 

2.6.2 Compound Concrete Filled Steel Tubular Columns under Concentric 

Compression 

 

Wu et al. (2010b) conducted two series of tests on CCFST columns under 

concentric compression. Each series included three columns containing an 

RCS, three columns containing RCLs, and several normal concrete filled steel 

tubular (CFST) columns for comparison. Figure 2.2 shows the processes of 

constructing the columns containing two different recycled concrete (RCS and 

RCLs). For columns containing an RCS, a 20-mm-thick layer of fresh concrete 

was added into the steel tube first followed by the insert of the RCS. Then, 

fresh concrete was poured into the gaps between the steel tube and the RCS. 

The compacting of the fresh concrete was achieved by a vibrator inserted into 
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the fresh concrete. The constructing process of columns containing RCLs was 

similar: (1) casting fresh concrete to form a thin base layer at the bottom of the 

steel tube; (2) adding fresh concrete and RCLs into the steel tube alternately. 

 

The experimental results of Wu et al. (2010b) showed that the three types of 

columns had almost the same initial stiffness in terms of the load-displacement 

curves. However, the load-carrying capacities of the CCFST columns were 

slightly larger than those of the normal CFST columns as compressive strength 

of the demolition concrete was higher than that of fresh concrete. Wu et al. 

(2010c) later found the similar observations by testing another twenty CCFST 

columns under concentric compression. The influence of the type of 

demolition concrete (RCS or RCL), strength difference between fresh concrete 

and demolition concrete, and mix ratio on the axial stress-strain behavior was 

specifically investigated. 

 

We et al. (2018b) conducted a series of axial loading test of CCFST columns 

containing steel stirrups. The mix ratio of RCLs, the thickness of steel tubes, 

the strength of fresh concrete and the layout of stirrups are chosen to be key 

parameters. It is found that the load-carrying capacity and ductility of these 

columns can be improved using steel stirrups. The performance of the CCFST 

columns can be improved further using an uneven layout of stirrups 

concentrated at the mid-height.  
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2.6.3 Compound Concrete Filled Steel Tubular Columns under Eccentric 

Loading   

 

Wu et al. (2012a) conducted the first series of eccentric compression tests on 

24 circular CCFST columns containing RCLs. The columns were tested under 

eccentric axial compression with the same eccentricity at the two ends. The 

influence of steel tube thickness (1.8mm and 0.8mm), initial load eccentricity 

(30mm and 60mm) and RCL mix ratio (0%, 25% and 40%) on the behavior of 

the CCFST columns were investigated. All the specimens had a height of 

1600mm and an 160mm outer diameter of steel tube. The cubic strength of the 

RCLs and fresh concrete were 26MPa and 42MPa, respectively. They found 

that the load-carrying capacity decreased with the decrease in the thickness of 

the steel tube or the increase in the load eccentricity and the RCL mix ratio. 

The influence of the former two parameters was much larger than that of the 

RCL mix ratio. In addition, the mix ratio almost had no effect on the ultimate 

strain. The interface between the fresh concrete and RCLs was tight and hard 

to be observed by eyes. 

 

Wu et al. (2017) later conducted a series of tests on slender square CCFST 

columns containing RCLs under eccentric loading. All the specimens had a 

height of 2400mm. The side length of the square section was 240 mm and the 

steel tube thickness was 6mm. Three mix ratios (0%, 20% and 35%) and three 

eccentricities (0mm, 60mm and 120mm) were examined. They found that the 

failure mode of the slender CCFST columns containing RCLs was similar to 

that of the corresponding specimens filled with fresh concrete alone. In 
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addition, the influence of RCLs on the load-carrying capacity, initial elastic 

modulus and post-peak response of CCFFT columns was very little even when 

the mix ratio was 35%. 

 

Moreover, Wu et al. (2012b) and Wu et al. (2013) tested ten circular and ten 

square CCFST columns containing RCLs and 5 reference columns filled with 

fresh concrete for each type under constant axial compression and cyclic lateral 

loading. The experimental results showed that the behavior of CCFST columns 

was similar to that of normal CFST columns with the former having a slightly 

lower lateral load-carrying capacity. In addition, the deformation and energy 

dissipation capacities of the CCFST columns containing RCLs and fresh 

concrete were comparable that of normal CFST columns. The interface 

between the fresh concrete and the RCLs was tight in a macroscopic view, 

which indicated that the confinement provided by the steel tube was effective 

to reduce the disadvantages associated with the inclusion of RCLs, and 

meanwhile to enhance the static and seismic behavior of this new compound 

concrete. In addition, Wu et al. (2018c) studied the creep behavior of this 

compound concrete through 7 cylindrical specimens and 4 CCFST specimens. 

Test results showed that the creep of compound CFST specimens was nearly 

identical to that of those CCFST specimens with fresh concrete only.  

 

2.7 COMPOUND CONCRETE-FILLED FRP TUBULAR 

(CCFFT) COLUMNS 
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As discussed in the preceding sections, despite the advantages of using a steel 

tube to confine RAC or compound concrete containing RCSs/RCLs, the 

corrosion problem of and limited confinement provided by the steel tube are 

still obstacles for its wide practical applications. To address these problems, 

FRP tubes provide a desired alternative to steel tubes to confined compound 

concrete. This new form of environment-friendly FRP-confined compound 

concrete columns was originally proposed by Teng et al. (2012). These 

columns are named as compound concrete-filled FRP tubes (CCFFTs) or 

compound concrete-filled FRP tubular (CCFFT) columns. To prove the 

feasibility of this new type of columns, Teng et al. (2015) conducted two series 

of axial compression tests on 30 CCFFT columns with different RCL mix 

ratios. In their tests, filament wound glass FRP (GFRP) tubes were used. All 

specimens were 200 mm in outer diameter of concrete core and 400 mm in 

height. The RCLs were collected by crushing some previously tested columns 

in a laboratory into concrete pieces with a size between 30mm and 70mm. The 

compressive strength of those test columns was between 45.2MPa and 

55.9MPa. Series I consisted of 18 specimens with the strength of RCLs being 

larger than that of fresh concrete (34MPa), while Series II had 12 specimens 

with the strength of RCLs being lower than that of fresh concrete (71MPa). 

Three different RCL mix ratios (0%, 15%, and 30%), and two GFRP tube 

thicknesses (4-ply and 6-ply) were examined in Series I, while two different 

RCL mix ratios (0% and 30%) and two GFRP tube thicknesses (4-ply and 6-

ply) were examined in Series II. 
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The test results of Teng et al. (2015) showed that the existence of RCLs had a 

significant influence on the compressive strength of unconfined concrete 

specimens. When the compressive strength of RCLs was larger than that of the 

fresh concrete, the compressive strength of unconfined compound concrete 

increased as the mix ratio increased. In contrast, the strength of unconfined 

compound concrete decreased with the increase in the mix ratio when the 

compressive strength of RCLs was lower than that of the fresh concrete. 

However, the stress-strain curves, including the ultimate axial strain and the 

ultimate axial stress, of CCFFT columns were similar to those of specimens 

without RCLs [i.e., normal concrete filled FRP tubular columns (CFFT 

columns)]. This indicates that most of the detrimental effects associated with 

the inclusion of RCLs had been effectively eliminated by the confinement 

provided by the GFRP tube. However, since Teng et al. (2015) was a pilot 

study on CCFFT columns, there are still many important issues needed to be 

studied for a wide application of this compound concrete in practice. Compared 

with CCFST columns, the joint design of CCFFT columns may be more 

complex. Besides, deterioration phenomenon of FRP tube is also a problem. 

However, these problems can be solved with the development of technology. 

 

2.8 FRP-CONFINED CONCRETE 

2.8.1 FRP-Confined Concrete under Monotonic Axial Compression 

 

The monotonic axial compressive behavior of FRP-confined concrete has been 

studied by many researchers (Mirmiran and Shahawy 1996; Samaan et al. 1998; 
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Saafi et al. 1999; Toutanji 1999; Xiao and Wu 2000, 2003; Lam and Teng 2002, 

2003, 2004; Binici 2005; Jiang and Teng 2007; Teng et al. 2007, 2009; Fahmy 

and Wu 2010; Xiao et al. 2010; Wei and Wu 2012). In the early stage of 

research on FRP-confined concrete, the stress-strain model of Mander et al. 

(1988), which was originally proposed for concrete confined with transverse 

steel reinforcement, was adopted by many researchers in predicting and 

analyzing the behavior of FRP-confined concrete (Saadatmanesh et al. 1994). 

However, this treatment was found to be unreasonable, as the confinement 

mechanisms between steel-confined concrete and FRP-confined concrete are 

different. In FRP-confined concrete, the lateral confining pressure provided by 

the FRP increases continuously with the increase of the deformation until the 

rupture of the FRP in the hoop direction, while the confining pressure becomes 

constant after yielding of the transverse steel in steel-confined concrete. 

 

Up to date, many stress-strain models have been proposed for FRP-confined 

concrete. These stress-strain models can be classified into two main categories: 

(a) design-oriented models (Karbhari and Gao 1997; Samaan et al. 1998; Saafi 

et al. 1999; Toutanji 1999; Xiao and Wu 2000, 2003; Lam and Teng 2003; Teng 

et al. 2009); and (b) analysis-oriented models (Mirmiran 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). Design-oriented models use closed-form equations 

based on regression analysis of experiment data to generate the stress-strain 

curve of FRP-confined concrete. The simple form of design-oriented models 

is suitable for direct use in design for engineers. Analysis-oriented models, 
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however, use an incremental process to generate the stress-strain curve of FRP-

confined concrete. The complex interaction between FRP and concrete is 

explicitly considered in these models. The precision of analysis-oriented 

models makes them more suitable in complex analysis and research.  

 

2.8.1.1 Design-oriented stress-strain models  

Lam and Teng (2003) proposed a design-oriented stress-strain model for FRP-

confined concrete, which has received wide acceptance (Fahmy and Wu 2010; 

Zohrevand and Mirmiran 2011; Elsanadedy et al. 2012; Carrazedo et al. 2013; 

Ozbakkaloglu et al. 2013; Liu et al. 2013; Pham et al. 2015; Guler and Ashour 

2015). This model has also been adopted by design guidelines of many 

countries, such as China, UK and US, because of its simplicity in form and 

accuracy in the prediction. 

 

In this model, the actual maximum value of lateral confinement on the concrete 

 is calculated by 

   (2.1) 

where  and = thickness and elastic modulus of the FRP jacket;  

is the FRP rupture strain due to hoop tension; and = column diameter. 

 

Concrete specimens with FRP confinement generally failed by FRP rupture 

due to hoop tension. It has been well-established that the actual rupture strain 

of the FRP jacket in a test column is much lower than the FRP material rupture 

strain achieved from coupon tests. This phenomenon is mainly caused by: (a) 
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the curvature of FRP jacket; and (b) nonuniform stress distribution of confined 

concrete due to local cracks of concrete. Lam and Teng (2003) proposed a 

confinement ratio limit of 
 
beyond which the FRP-confined 

concrete is deemed to be sufficiently confined. 

 

As shown in Figure 2.4, the design-oriented model of Lam and Teng (2003) 

has five basic assumptions as follows: (1) the stress-strain curve consists of a 

parabolic first portion and a linear second portion; (2) the elastic modulus of 

unconfined concrete 
 
is accepted as the initial slope of the curve; (3) the 

slope of nonlinear part of the first portion is affected by the confinement of 

FRP jacket; (4) the first portion and the second portion are connected smoothly; 

(5) the second portion ends at a point where the confined concrete reaches its 

ultimate condition. 

 

Based on these assumptions, the stress-strain curve of FRP-confined concrete 

is depicted by the following equations in Lam and Teng’s (2003) model: 

                     when   (2.2) 

                             when  (2.3) 

where   and   represents the axial stress and strain of FRP-confined 

concrete;  and  represents the elastic modulus of unconfined concrete 

and compressive strength. 
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The strain at the transition point  and the slope of second portion  are 

given by  

  (2.4) 

    (2.5) 

where   and   are the ultimate axial strain of confined concrete and 

compressive strength which can calculated using the following two equations, 

respectively: 

             (2.6) 

                         (2.7) 

where   is the axial strain corresponding to the peak axial stress of 

unconfined concrete. 

 

Later, Teng et al. (2009) proposed a modified version of Lam and Teng’s (2003) 

model based on the fact that the stress-strain behavior of FRP-confined 

concrete is affected by the confinement stiffness of the FRP jacket in addition 

to the rupture strain. The new equations for the compressive strength and the 

ultimate strain are given as follows: 

 (2.8)
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 (2.9) 

 

where   and   are the confinement stiffness ratio and the strain ratio, 

respectively, which can be calculated as follows: 

  (2.10) 

  (2.11) 

 

In addition, Teng et al. (2009) refined the equation for the second portion of 

the stress-strain model to include the case with a descending second branch: 

         (2.12) 

where   is the axial stress at the ultimate axial strain and calculated as 

follows: 

  (2.13) 

 

2.8.1.2 Analysis-oriented stress-strain models 

Teng et al. (2007) proposed an analysis-oriented model in which the stress-

strain curve is generated through an incremental process. It can predict 

accurately the behavior of concrete with various kinds of confinement (e.g., 

unconfined concrete, actively confined concrete, and FRP-confined concrete). 

In this model, it is assumed that the axial stress and the axial strain of concrete 

confined with FRP at a given lateral strain are the same as those of the same 

0.8 1.451.75 6.5cu
K

co




 


= +

K 

'( / )

frp

K

co co

E t

f R



=

,h rup

co







=

'

2

' '
'

                          0.01

         
( )     0.01

co c K

c t c cuco cu
co c co K

cu co

f E

f f
f

 

   
  

 

 + 


=   −
− − 

−

'

cuf

'

'
=1+3.5( 0.01) cu

K

co

f

f
 −



39 

concrete actively confined with a constant confining pressure equal to that 

supplied by the FRP jacket, that is, the stress-strain behavior of the confined 

concrete is not effected by the stress path. Therefore, there are three key 

elements in this model: (1) an active-confinement base model (2) the 

relationship between the hoop strain and axial strain of concrete and (3) the 

relationship between the confining pressure and hoop strain. 

 

Teng et al. (2007) describe the lateral strain-axial strain relationship using 

following equations: 

           (2.14) 

  (2.15) 

where  = confining pressure; and  = lateral strain of confined concrete. 

 

The stress-strain model of Popovics (1973) which was originally proposed by 

Mander et al. (1988) for steel-confined concrete is adopted as the active 

confinement base model in Teng et al. (2007): 

                     (2.16) 

where 
 
and = the peak axial stress and the corresponding axial strain 

of concrete under a specific constant confining pressure which are calculated 

using the following equations: 
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  (2.18) 

 

Later Jiang and Teng (2007) found that Teng et al.’s (2007) model 

overestimates the ultimate axial stress of weakly or moderately confined 

concrete. Therefore, the following new equation for the ultimate axial strain 

was proposed by Jiang and Teng (2007) to replace Eq. (2.18): 

  (2.19) 

 

The accuracy of Jiang and Teng’s (2007) model has been improved and 

verified in many literature (Lee and Hegemier 2009; Ozbakkaloglu et al. 2013; 

Kwan et al. 2015; Zhou et al. 2016). 

 

2.8.2 FRP-Confined Concrete under Cyclic Axial Compression 

 

Confinement provided by FRP has also been found to be effective to enhance 

the cyclic/seismic performance of RC columns. Therefore, the stress-strain 

behavior of FRP-confined concrete under cyclic axial compression needs to be 

understood accurately. Extensive research has been conducted on the behavior 

of FRP-confined concrete under cyclic axial compression (Mirmiran and 

Shahawy 1997; Rodrigues and Silva 2001; Lam et al. 2006; Shao et al. 2006; 

Ozbakkaloglu et al. 2008; Lam and Teng 2009; Ozbakkaloglu and Akin 2011; 

Wang et al. 2012; Bai et al. 2013), leading to many stress-strain models for 

FRP-confined concrete under cyclic axial compression (e.g., Shao et al. 2006; 
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Lam and Teng 2009; Wang et al. 2012; Li and Wu 2015; Hany et al. 2015; Yu 

et al. 2015).  

 

Shao et al. (2006) tested 24 FRP-confined concrete stub columns under cyclic 

axial compression. A stress-strain model was developed based on the 

experimental results for FRP-confined concrete under cyclic axial compression. 

In this model, the bilinear monotonic stress-strain model of Samaan et al. (1998) 

was used to generate the envelope curve. The unloading path is described using 

a polynomial curve, while the reloading path is represented using a straight line 

connecting the reloading point and the new stress point. The straight reloading 

path is extended to the envelope curve with the same slope. Wang et al. (2012) 

tested 30 large-scale carbon FRP (CFRP)-confined plain and RC circular 

columns. They proposed a stress-strain model similar to Shao et al.’s (2006) 

model in which the reloading path is also represented using a straight line. This 

model, however, does not include the effect of confinement on the plastic strain. 

Furthermore, the effect of concrete strength on the reloading path is not 

included in this model. 

 

Hang et al. (2015) also proposed a cyclic stress-strain model for FRP-confined 

concrete based on test results of eighteen CFRP-confined concrete columns 

under cyclic axial compression. In this model, the envelope stress-train curve 

is predicted by a modified monotonic stress-strain model both for hardening 

type and softening type based on Lam and Teng’s (2003) model. The equation 

for the unloading path is the same as that of Wang et al. (2012), but just adjusted 

two value pf parameter in equation based on their own experiment. A straight 
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line is also used to represent the reloading path. However, the accuracy of this 

model is also reduced as ignoring the effect of confinement. Li and Wu (2015) 

argued that a majority of the existing cyclic stress-strain models are too 

complex, and they developed a new stress-strain model. The reloading path is 

represented using a single continuous mathematical expression to depict both 

the linear and nonlinear parts. The effects of FRP confinement and compressive 

strength of unconfined concrete on the reloading path are considered in their 

model. However, Li and Wu’s (2015) model is only applicable to FRP-confined 

column with hardening type of post-peak stage. 

 

Lam and Teng (2009) proposed a new cyclic stress-strain model for FRP-

confined concrete. In this model, the monotonic stress-strain model developed 

by Lam and Teng (2003) is employed to predict the envelope curve. The 

unloading path is also represented by a nonlinear curve, and the reloading path 

by a straight line. Predictive equations were also proposed for determining the 

stress deterioration and the plastic strain of confined concrete. The key 

characteristics of the axial cyclic behavior of FRP-confined concrete can be 

captured accurately by Lam and Teng’s (2009) model. However, most of 

specimens of the database of Lam and Teng’s (2009) model is limited to the 

normal strength concrete. Yu et al. (2015) developed a unified cyclic stress-

strain model for FRP-confined concrete based on Lam and Teng’s (2009) 

model. This model is applicable to both FRP-confined normal strength 

concrete and high strength concrete. In addition, the effect of different 

confinement types, such as FRP wrap and filament-wound FRP tubes, was 

considered. The detail equations of Lam and Teng’s (2009) model and Yu et al. 
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(2015) are described in Chapter 4.  

 

Up to now, no studies have been carried out on the cyclic behavior of FRP-

confined compound concrete containing RCLs. As a result, a series of cyclic 

axial compression tests on CCFFT columns were carried out in the present PhD 

research project and the test results are presented in Chapter 4. 

 

2.8.3 FRP-Confined RC Columns under Eccentric Loading 

 

In practical applications, columns usually bear combined bending moment and 

axial compression because of the inevitable geometric imperfection and/or 

construction errors. Extensive of research has been carried out on FRP-

confined circular RC columns under eccentric axial loading (Parvin and Wang 

2001; Fam et al. 2003; Tao et al. 2004; Hadi 2006, 2007; Pan et al. 2007; El 

Maaddawy 2008; Bisby and Ranger 2010; Fitzwilliam and Bisby 2010; El 

Sayed and El Maaddawy 2011; Jiang and Teng 2012a, 2012b; Hadi and 

Widiarsa 2012; Wu and Jiang 2013; Zhang 2014; Lin 2016). These test results 

have showed that FRP confinement can significantly enhance both the load-

carrying capacity and the ductility of eccentrically-loaded RC columns. In 

addition, the ultimate axial strain at the extreme compression fiber has been 

found to increase with the load eccentricity (Fam et al. 2003; Fitzwilliam and 

Bisby 2010; Zhang 2014; Lin 2016). 

 

A stress-strain model for FRP-confined circular concrete column was proposed 

by Fam et al. (2003). The ultimate axial load and bending moment on the cross-
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section is got using the layer-by-layer method in the integration process of the 

stresses under different eccentricities. The stress-strain curve of concrete in 

compression zone is a partial confinement model which is generated by 

interpolating an upper bound (the curve using the model of concentrically-

loaded FRP-confined column) and a lower bound (the curve of unconfined 

concrete). Hu et al. (2011) proposed two finite element models to simulate the 

behavior of FRP-confined RC columns under eccentric loading. They found 

that the ultimate axial stress doesn’t change with eccentricities and the ultimate 

axial strain is inversely proportional to eccentricity-to-section height ratio and 

length-to-section height ratio. A stress-strain model was developed based on 

those results of finite element modeling. Wu and Jiang (2013) tested 36 column 

cylinders under eccentric loading and proposed a single-equation stress-strain 

model for eccentrically-loaded FRP-confined circular columns. In this model, 

the ultimate axial strain doesn’t change and ultimate axial strain increase with 

the eccentricity. Jiang and Teng (2012b) proposed a stress-strain model for 

slender FRP-confined circular RC columns under eccentric loading based on 

the numerical integration method and the Lam and Teng’s model (2003). The 

existing stress-strain models have the significantly different results especially 

the condition of the ultimate point of eccentrically-loaded FRP-confined 

concrete column. Lin (2016) developed a robust 3D FE approach for 

eccentrically-loaded FRP-confined RC columns due to this reason. A new 

stress-strain model is developed based on the FE results. This model considers 

the axial strain enhancement effect and can be used in the layer method of 

section analysis directly. The details of Jiang and Teng’s model (2012b) and 

Lin’ model (2016) are described in Chapter 6. 
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To the best of knowledge of the author, no study has been conducted on the 

behavior of steel reinforced CCFFT columns under eccentric axial 

compression. To fill this gap, a series of reinforced CCFFT columns were 

tested under eccentric axial compression in this PhD research project and the 

results are reported in Chapter 5. 

 

2.9 THREE-DIMENSIONAL FINITE ELEMENT 

MODELLING OF FRP-CONFINED CONCRETE 

 

Three-dimensional (3D) finite element (FE) approach has been used to model 

the behavior of confined concrete due to its good capacity of capturing the 

complex stress and strain situation in confined concrete. Yu et al. (2010a) 

reviewed and assessed most of the existing D-P type plasticity models and 

concluded that some modifications should be made to obtain good predictions 

of passively-confined concrete such as FRP-confined concrete. 

 

Firstly, the yield criterion should include the third deviatoric stress invariant J3: 

  (2.16) 

where  ,   and    the second deviatoric stress invariant, the third 

deviatoric stress invariant and the first stress invariant. 

 

Secondly, the hardening/softening rule should depend on the confining 

pressure: 

1 2 3( , , )F F I J J=

2J 3J 1I
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  (2.17) 

where  and   confining pressure and equivalent plastic strain. 

 

Thirdly, the flow rule should be related to the confining pressure as well as the 

rate of confinement increment. As a result, the potential function parameter 

should be expressed as: 

  (2.18) 

 

Although this modified D-P model can provide relatively accurate predictions 

for FRP-confined concrete, there are some limitations in this model: (1) a 

numerical difficulty may occur when modeling softening behavior; and (2) it 

cannot model the situation where the elastic stiffness decreases. Yu et al. 

(2010b) introduced the damage elasticity in the concrete plasticity model to 

solve the above two problems in the D-P model. The damage variable is equal 

to zero before the peak stress and is given by the equations below after the peak 

stress. When the concrete is under uniaxial compression, the damage variable 

can be expressed in the following equation: 

  (2.19) 

where  is the axial stress of concrete on the descending branch of the stress-

strain curve; and  is the peak stress of unconfined concrete. 

 

When the concrete is under a constant confining pressure, the damage variable 

can be expressed as: 
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  (2.19) 

where  is the peak stress of concrete under a constant confining pressure; 

  is the confining pressure; A 0.12, and C 1.83 are two constants as 

proposed by Yu et al. (2010b). 

 

Yu et al.’s model (2010b) can capture all the important features of FRP-

confined concrete. The FE modeling of FRP-confined square and circular 

concrete columns as well as other FRP-confined columns (e.g., hybrid FRP-

concrete-steel double-skin tubular columns) can provide a close prediction 

using this model in the theoretical framework of the Concrete Damaged 

Plasticity Model (CDPM) in ABAQUS. 

 

2.10 CONCLUDING REMARKS 

 

This chapter reviewed the existing knowledge relating to CCFFT columns. A 

number of studies on the CCFST columns have been conducted. However, only 

one preliminary study of CCFFT columns under concentric loading is 

conducted in Teng et al. (2015). The behavior of CCFFT columns under other 

loading conditions such as cyclic axial loading and eccentric loading have not 

been investigated and studied. Whether the existing design method and 

analysis method for FRP-confined normal concrete column are also suitable to 

CCFFT columns need further verification. Against this background, a detailed 
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and systemic PhD research program including experimental and theoretical 

study on the behavior of CCFFT columns under different loading condition 

was developed and conducted in this thesis. 
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(a) Recycled concrete segment 

 

(b) Recycled concrete lumps 

Figure 2.1. Casting process of concrete columns containing RCS/RCLs 

[extracted from Wu et al. (2010a)] 
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Figure 2.2. Casting process of compound concrete filled steel tubular 

columns [extracted from Wu et al. (2010c)] 

 

Figure 2.3. The bond between the DCLs and fresh concrete [extracted from 

Wu et al. (2015)] 

  

Figure 2.4. Design-oriented stress-strain model of Lam and Teng (2003) 
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CHAPTER 3 

BEHAVIOR OF COMPOUND CONCRETE-FILLED 

FRP TUBULAR (CCFFT) COLUMNS UNDER 

MONOTONIC AXIAL COMPRESSION 

 

3.1. INTRODUCTION 

 

Nowadays, the recycling of waste concrete is significant and necessary for 

environmental protection and effective utilization of resources. The method of 

using demolished concrete as recycled aggregates for new concrete has been 

explored due to the above reason (Glushge 1946). Much research has been 

carried out in this field. The material properties of recycled aggregate concrete 

(RAC) and the performance of various kinds of structural members made of 

RAC have been extensively studied (Buck 1972; Casuccio et al. 200; Xiao et 

al. 2005; Poon et al. 2004; Breccolotti and Materazzi 2010). The above studies 

have shown that the presence of recycled aggregates has some detrimental 

effects on the elastic modulus, the compressive strength and the shrinkage of 

RAC of structural members (Xiao et al.2005). 

 

However, recycling concrete as aggregates has many disadvantages: the 

recycling process which includes crushing, screening and purification of 
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recycled coarse aggregates is complicated and uneconomic; and the procedure 

of casting RAC is complex. These shortcomings lead to a high recycling cost 

and limit the engineering application of RAC. To overcome these shortcomings, 

Wu et al. (2008) proposed the concept of using recycled concrete segments 

(RCSs) or recycled concrete lumps (RCLs) directly with fresh concrete; the 

resulting concrete containing RCSs or RCLs is referred to as compound 

concrete in this study. The RCLs are collected through crushing old concrete 

of large blocks of structural members with the concrete cover and steel bars 

removed. The size of RCLs can range from 50 mm to 300 mm (Wu et al. 2008). 

This novel recycling method greatly reduces both the difficulty of recycling 

and the cost of the reuse of waste concrete. It can also increase the cycling ratio 

significantly. A series of experimental studies on this new compound concrete 

have been conducted, including: (1) axial compression tests on concrete 

columns with RCSs/RCLs (Wu et al., 2010a, 2014, 2015, 2018a); (2) axial 

compression tests on steel tubular columns filled with RCSs/RCLs (Wu et al. 

2010b,c, 2018b); (3) cyclic loading tests on thin-walled square steel tubular 

columns filled with RCLs (Wu et al. 2012a, 2013); (4) Eccentrically 

compression tests on slender thin-walled steel tubular columns filled with 

RCLs (Wu et al. 2012b, 2017); (5) size effect of concrete specimens made of 

RCLs and fresh concrete (Wu et al. 2014); (6) Creep behavior of thin-walled  

circular steel tubular columns filled with RCLs (2018c). This new compound 

concrete has also been used in concrete-filled steel tubular members in two real 

constructions in Guangzhou City (China) (Wu et al. 2012c). 

 

The compound concrete is much more heterogeneous than normal concrete 
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because of the large dimension of RCLs especially when the difference of 

strengths of the fresh concrete and the RCLs are large. The performance of the 

compound concrete will be compromised by the weak interfaces between the 

fresh concrete and the RCLs. The properties of compound concrete depends on 

the properties of RCLs through a series of tests (Wu et al. 2011). They found 

that the compressive strength of compound concrete decreases with an increase 

of mix ratio (i.e., the weight ratio between the RCLs and the compound 

concrete). The interfacial weakness may also lead to premature cracking of 

compound concrete, causing corrosion of the internal steel reinforcement (Wu 

et al. 2011). One of the most effective technique to reduce or eliminate the 

weakness is to exert a substantial amount of confinement on the compound 

concrete. In practical applications, there are several confinement methods such 

as using steel tubes, steel stirrups, or fiber reinforced polymer (FRP) tubes. 

Confinement by steel tubes has been found by researchers to significantly 

enhance the compressive strength and ductility of concrete (Schneider 1998; 

Shanmugam and Lakshmi 2001; Elremaily and Azizinamini 2002). In addition 

to the improvement in the mechanical properties, the shrinkage of confined 

concrete can also be reduced, as the exchange of moisture in concrete with the 

surroundings can be avoided by the steel tubes. Therefore, the problems of 

shrinkage and creep can be alleviated using confining techniques (Yang et al. 

2008). Several scholars have carried out experimental studies to investigate the 

performance of RAC-filled steel tubes (Wu and Yang 2005; Yang and Han 

2006; Xiao et al. 2012). The above studies have shown that the mechanical 

properties of RAC are improved significantly by means of steel tube 

confinement. Meanwhile, the load-carrying capacities of RAC-filled steel 
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tubes are slightly lower or comparable to the tubes filled with normal concrete. 

 

However, one of the major problems of RCLs-filled steel tubular columns is 

the corrosion of steel tubes. In addition, the confinement provided by the steel 

tube is limited due to the yielding of the steel. To overcome these problems, 

the steel tube can be replaced by an external FRP tube to form the so-called 

compound concrete-filled FRP tubular (CCFFT) columns. This new form of 

environment-friendly FRP-confined columns containing RCLs was originally 

proposed by Teng et al. (2012). Compared with steel-confined compound 

concrete, FRP-confined compound concrete has better resistance to corrosion, 

more satisfactory confinement ability and a lower cost, all of which make this 

new type of compound concrete more attractive. In this new form of columns, 

the FRP tube is expected to reduce the detrimental influence from the weak 

interfaces between fresh concrete and RCLs (Teng et al. 2012). Teng et al. 

(2012) carried out an experimental study on the compressive behavior of FRP 

confining tubes filled with compound concrete. Their test results demonstrated 

that, with the confinement provided by the FRP tubes, the ultimate axial stress 

and ultimate axial strain of the compound concrete containing RCLs are 

comparable with those of fresh concrete, which suggested that the FRP 

confinement effectively eliminates the weakness of the interfaces between the 

fresh concrete and the RCLs. However, in their study, filament-wound GFRP 

tubes were used to confine the compound concrete, which introduced difficulty 

in clearly understanding the behavior of FRP-confined compound concrete due 

to the significant axial stiffness of the FRP tube as well as the possible slip 

between the concrete and the tube (Teng et al. 2012). As a result, further studies 
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are needed to deeply understand the behavior of FRP-confined compound 

concrete to widen the application of this novel technique. 

 

An experimental program consisting of 33 CCFFT columns under monotonic 

axial compression was carried out in the present study and the test results are 

presented in this chapter. Carbon FRP (CFRP) tubes were fabricated using the 

wet lay-up method with fibers oriented in the hoop direction only; therefore, 

the axial stiffness of the CFRP tubes can be ignored. The experimental 

variables included the mix ratio of RCLs, the strength of fresh concrete, and 

CFRP tube thickness. The main objective is to understand the behavior of FRP-

confined compound concrete in CCFFT columns under monotonic axial 

compression, and the effectiveness of FRP confinement in reducing the 

detrimental effect related to the use of RCLs. In addition, Jiang and Teng’s 

(2007) model developed for FRP-confined normal concrete was used to predict 

the stress-strain behavior of FRP-confined compound concrete of the test 

columns. 

 

3.2. EXPERIMENTAL PROGRAM 

3.2.1 Recycled Concrete Lumps (RCLs) 

 

The RCLs in this experiment were produced by crushing many concrete 

cylinders. The shape of RCLs is polyhedron as shown in Figure 3.1. The size 

of RCLs was between 60mm and 100mm, leading to a RCL-to-specimen size 

ratio of 0.3 to 0.5 with the 200mm diameter of column. The ratio of number 
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between the RCLs with size of 60-80mm and that with size of 80-100mm is 

close to 1:2. The properties of RCLs are shown in Table 3.1. The water 

absorption and density on the saturated and surface-dried condition were 4.53% 

based on the method in BS 812. The water absorption and density of RCLs 

were measured using the following procedure: 1. Heat the RCLs in an oven 

until a constant dry mass is achieved (Mass D); 2. Place the RCLs in a wire 

basket (Figure 3.2) and immerse them in water for one day at a temperature of 

20℃ ± 5℃; 3. Measure the mass of the basket with RCLs in water at a 

temperature of 20℃ ± 5℃ (mass B); 4. Measure the mass of the basket alone 

in water (mass C); 5. Dry the surface of RCLs using dry cloth and then measure 

the mass of the surface-dry RCLs (mass Al). 

 l
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Three cylinders were tested to find the cylinder strength of RCLs for each 

series. The strengths of concrete cylinders of series I and series II were 

33.1MPa and 41.8MPa, respectively.  

 

3.2.2 Specimen Details and Material Properties 

 

A total of 33 columns were fabricated and tested. Details of the columns is 

shown in Table 3.2. All the columns had the same height of 400mm and outer 

diameter of 200mm for the concrete core. They were divided into two series. 
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In Series I, the strength of fresh concrete is similar to and slightly larger than 

that of RCLs. By contrast, the strength of fresh concrete is much larger than 

that of RCLs in Series II to investigate the influence of strength difference 

between the fresh concrete and RCLs. The strength of fresh concrete was 

designed to be larger than that of RCLs, as RCLs in practice are generally taken 

from old structures with a low strength built long time ago. Both series 

included two different CFRP tube thicknesses and three different mix ratios 

(the ratio between the volume of RCLs and the total volume of the compound 

concrete). The columns in Table 3.2 were labeled as follows: letter C plus a 

number represents the cylinder strength of fresh concrete; letter R plus a 

number represents the mix ratio (in percentage); letter T plus a number 

represents the number of plies of the CFRP tube; and 1 and 2 represents two 

nominally identical specimens. Each column configuration had two nominally 

identical specimens except C40-R0-T2, C40-R15-T2 and C40-R30-T2, for 

which the identical specimens were excluded because their CFRP tubes had 

some production problems caused by out-date adhesive. In each series, the 

specimens were cast in 3 batches according to the thickness of the CFRP tubes. 

Three control cylinders (300mm in height and 150mm in diameter) were also 

cast in each batch to obtain the properties of fresh concrete. 

 

3.2.3 FRP Tubes 

 

All the CFRP tubes were produced using the wet layup method manually by 

wrapping resin impregnated carbon fiber sheets around bakelite templates in 

the hoop direction (Figure 3.3). One ply of plastic film was first covered on the 
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template before the wrapping of the fiber sheets, which can make sure that the 

demoulding is easy and the internal surface of the CFRP tubes is smooth. Each 

CFRP tube included a 200mm overlapping zone to avoid debonding failure. In 

addition, two 3-ply CFRP strips with a width of 25mm were prepared to 

strengthen the upper and the lower ends of the tube to ensure that failure did 

not occur near the two ends of the column specimen. Then those tubes will be 

placed in laboratory for 72 hours to wait the solidification of adhesive Sika300. 

Tensile tests on flat CFRP coupons were conducted according to ASTM D3039 

to determine the properties of the CFRP tubes. The rupture strain and the elastic 

modulus were found to be 1.83% and 246 GPa, respectively (Table 3.2). 

 

3.2.4 Fabrication of Specimens 

 

All the CFRP tubes were fixed on wooden plates before casting of concrete 

(Figure 3.4). All the RCLs were placed in water for 24 hours before being 

added into the fresh concrete. In addition, the surfaces of the RCLs were dried 

by using towels so that the RCLs were in a saturated and surface-dried 

condition. In the casting process, fresh concrete was first cast to form a base 

layer at the bottom of the tube placed on a vibration table. RCLs and fresh 

concrete were then alternately added into the tube. Meanwhile, the vibration 

table was switched on to guarantee the compaction of the concrete. For the 

unconfined column specimens, PVC tubes instead of CFRP tubes were used 

for the concrete casting. The PVC tubes were removed from the specimens 28 

days after curing at room temperature. 
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3.2.5 Experimental Set-Up and Instrumentation 

 

Each FRP-confined specimen was installed with eight horizontal strain gauges 

with a gauge length of 20 mm even distributed around the circumference of the 

mid-height section to measure the lateral strains (two lateral gauges in the 

overlapping region) and four axial strain gauges at 90° apart to measure the 

axial strains. In addition, four linear variable displacement transducers (LVDTs) 

were installed at 90° apart covering a mid-height region of 210mm to enable 

the measurement of axial shortenings of the specimen. These LVDTs were 

installed onto a steel frame which was attached to the specimen as shown in 

Figure 3.5c. For each unconfined column, four strain gauges with a gauge 

length of 50 mm and four strain gauges with a gauge length of 100 mm were 

attached at 90° apart at the mid-height to measure the lateral strains and the 

axial strains, respectively. Four LVDTs were also attached at 90° apart to 

measure the axial shortenings. 

 

All specimens in Series I were tested on a small MTS machine, using 

displacement control with a speed of 0.24mm/min. All specimens in Series II 

were tested on a larger testing facility with a displacement-control speed of 

0.30mm/min, due to the limit load capacity of the small MTS machine. The 

larger facility has a maximum load capacity of 10000KN. All data including 

loads, strains and displacements were recorded simultaneously by a data logger. 
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3.3. TEST RESULTS AND DISCUSSIONS 

3.3.1 General Observations 

 

As shown in Figure 3.6, all FRP-confined columns under axial compression 

failed due to the rupture of the CFRP tube which occurred near the mid-height 

region of the specimens. The failure modes of those unconfined specimens 

were quite similar to those of normal plain concrete columns (Figure 3.6). The 

internal situation of compound concrete after loading is shown in Figure 3.7. 

It can be seen that the bond between the RCLs and fresh concrete is still tight 

after loading was completed. 

 

In this thesis, compressive stresses and strains in concrete are taken to be 

positive while tensile stresses and strains in FRP tubes are taken to be positive 

unless otherwise specified. The axial strains of LVDTs were obtained by 

dividing the displacements (axial shortenings) measured by the LVDTs by the 

gauge length (i.e., 210mm). The axial strain from strain gauges is not suitable 

to represent the axial strain of whole column due to the possible occurrence of 

localize stress and strain concentration in the late stage of loading. Typical 

observation can be found in the specimen C60-R0-T3-2 of which the axial stain 

from strain gauge have an obvious deviation from that from LVDTs (Figure 

3.8). The hoop strain, within the overlapping zone, had smaller values than 

those outside the overlapping zone; therefore, the hoop strain data within the 

overlapping zone were excluded during the data analysis of the behavior of 

FRP-confined specimens. The key experimental results, including the 
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compressive strength , the corresponding average ultimate axial strain , 

the average FRP rupture strain  , and the maximum lateral strain of 

unconfined specimens , are summarized in Table 3.4. 

 

3.3.2 Stress-Strain Behavior  

 

The axial stress-strain curves for all the test specimens are presented in Figures 

3.9 and 3.10. The axial strains were obtained from the readings of the LVDTs. 

For FRP-confined specimens, the axial stress-strain curves show the well-

known bilinear shape of FRP-confined normal concrete, with an ascending 

second branch. For unconfined specimens, there is a descending second branch 

after the peak stress, similar to that of plain unconfined concrete. 

 

Figures 3.9a and 3.9d shows the stress-strain curves of unconfined specimens 

with different RCL mix ratios in Series I and II respectively. It can be seen that 

the inclusion of RCLs reduces the compressive strength of unconfined concrete 

and the reduction increases with the mix ratio. For Series I specimens, a mix 

ratio of 15% had a decrease of 13.1% in the compressive strength and a mix 

ratio of 30% led to a decrease of 20.5% compared to the unconfined specimens 

without RCLs. For Series II specimens, the corresponding reduction ratios 

were 14.4% and 25.9% for a mix ratio of 15% and 30%, respectively. It appears 

that the compressive strength of unconfined specimens had a larger decrease 

as the strength difference between fresh concrete and RCLs became larger. 

 

'
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For FRP-confined specimens, the ultimate stress and strain of the specimens 

with the same CFRP thickness are quite similar (Figure 3.9). The same 

observation has been reported in Teng et al. (2016). The main reason is that the 

FRP tube provides strong confinement to the compound concrete, which 

reduces the detrimental effect of the interfaces between RCLs and fresh 

concrete. It is also worth noting that the presence of RCLs indeed has some 

effects on the transition region of stress-strain curves of CCFST columns. The 

first portions of the stress-strain curves of specimens with RCLs end at a lower 

axial stress. However, the slopes of the second portions are higher than that of 

specimens without RCLs. The stress-strain curves of identical specimens are 

similar except for specimens C40-R15-T3-1,2 and C40-R30-T3-1,2 in Series 

I. The differences in the two identical specimens was mainly attributed to the 

randomly uneven distribution of RCLs leading to different hoop rupture strains 

of the CFRP tubes in the two identical specimens. As some of the RCLs, not 

notably all, are close to the inner surface of the column, which can lead to stress 

concentration and premature rupture of the FRP tube in those particular areas. 

The differences among identical specimens in Series II are much smaller. The 

reason could be that the strength of fresh concrete in Series II was much larger 

than that of the RCLs; the RCLs can be better confined by the high-strength 

fresh concrete and the external CFRP tube. Of important note is that, the axial 

strain of FRP-confined specimens in Series II, under the same axial stress, 

become larger due to the inclusion of RCLs. 

 

Figure 3.10 shows the infulence of CFRP tube thickness on the axial stress-

strain behavior of FRP-confined compound concrete in the test specimens. It 
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is obvious that the ultimate stress and the ultimate strain of FRP-confined 

specimens with the same mix ratio increase significantly with the thickness of 

CFRP tube thickness. Meanwhile, the slope of the second portion of the stress-

strain curves becomes larger with the use of a thicker CFRP tube. 

 

To further understand the dilation property of FRP-confined compound 

concrete, the axial strain-lateral strain curves of all FRP-confined specimens 

are shown in Figure 3.11. The lateral strains were obtained from hoop strain 

gauges at the mid-height of the specimen outside the overlapping zone. Figure 

3.11 shows that, under the same level of FRP confinement, the specimens with 

different mix ratio have a similar axial strain-lateral strain curves, except that 

the curve of only one specimen C60-R30-T2-2 deviates noticeably from the 

others (Figure 3.11c). Teng et al. (2015) have reported the similar observation. 

 

3.4. COMPARSION WITH JIANG AND TENG’S (2007) 

MODEL 

 

Jiang and Teng (2007) proposed an analysis-oriented model in which the stress-

strain curve is generated through an incremental process as mentioned in 

Chapter 2. This model can accurately predict the behavior of unconfined, 

actively confined, FRP-confined concrete and even concrete confined by other 

materials such as steel tubes (Lee and Hegemier 2009; Liang et al. 2012). In 

this model, it is assumed that the axial stress and the axial strain of concrete 

confined with FRP at a given lateral strain are the same as those of the same 
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concrete actively confined with a constant confining pressure equal to that 

supplied by the FRP jacket, that is, the stress path of the confined concrete does 

not affect its stress-strain behavior.  

 

 

The predicted axial strain-lateral strain curves and the predicted axial stress-

axial strain curves are compared with the test results of FRP-confined 

specimens in Figures 3.11 and 3.12, respectively. The predicted curves are 

based on the compressive strength of fresh concrete (i.e., corresponding 

specimens without RCLs) and terminated when the lateal strain is equal in 

magnitude to the average value of the FRP hoop rupture strain of two indentical 

specimens (Table 3.4). From Figure 3.12, it is seen that the analysis model 

provides good predictions for the axial stress-axial strain curves of specimens 

with a two-ply CFRP tube. However, the slopes of the second portions of the 

axial stress-axial strain curves are smaller than the experimental values for 

speicmens with a three-ply CFRP tube, resulting in a significant overestimation 

in the ultimate axial strains (Figures 3.12b and 3.12d). This overestimation can 

also be reflected by the comparison of the axial strain-lateral strain curves 

between test results and predictions as shown in Figure 3.11. It can be seen that, 

at a given lateral strain, the predicted axial strain is larger than the measured 

axial strains especially for specimens with a three-ply CFRP tube (Figure 3.11b 

and 3.11d). In Teng et al. (2015), Jiang and Teng’s (2007) model was also used 

to predict the stress-strain behavior of compound concrete confined with 

filament-wound GFRP tubes. They also found that the predicted axial stresses 

in the second portion of the stress-strain curve at a given strain from Jiang and 

Teng’s (2007) model are considerably larger than the test results, and both 
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ultimate axial strains and the ultimate axial stresses are dramatically 

overestimated by the theoretical model. They argued that the overestimation in 

the ultimate axial strain was due to the fact that the axial strains obtained by 

the LVDTs on the outer surface of the FRP tube were much smaller than those 

of the concrete core due to the slip between the FRP tube and the concrete core. 

In the experiment of this PhD research project, althought the CFRP tubes were 

fabricated using the wet lay-up process, the slip between the tube and the 

concrete still exists. However, the differences between the predictions and the 

test results in the present study are much smaller than those in Teng et al. (2015), 

indicating that the slip between the tube and the concrete may be much reduced 

in a column confined with an FRP tube fabricated using the wet lay-up process 

compared with that confined with a filament-wound FRP tube. In additon, the 

ultimate axial stresses of the test specimens are also well predicted by Jiang 

and Teng’s (2007) model.  

 

The relationship bewtween the confinement ratio 
'/l cof   and normalized 

axial stress 
'/c cof   is shown in Figure 3.13. 

'

cof   represents the strength of 

unconfined fresh concrete.  It can be seen that the predicted curve is close to 

the corresponding test results except the transition zone. In addition, the 

confinement ratio of specimens with 3-ply CFRP tube in Series I is much larger 

than 0.03. The results don’t consist with the observation that the relationship 

bewtween the confinement ratio and normalized axial stress can’t be predicted 

accurately using Jiang and Teng’s (2007) model when the confinement ratio is 

larger than 0.3. Jiang and Teng’s (2007) analysis-oriented model is still 

applicable for the situation with a strong FRP confinement based on the test 
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results in this chapter. 

 

3.5. CONCLUSIONS 

 

Compared with recycled concrete aggregates, the use of recycled concrete 

lumps (RCLs) is a more efficient and attractive way to re-use demolished 

concrete due to a much more simplified recycling process and a much larger 

recycling ratio. However, the properties of RCLs and the weakness of the 

interface between two concretes have been found to significantly influnece the 

performance of this compound concrete. The present chapter has presented the 

resutls of an experimental study of two series of axial compression tests on 

compound concrete-filled CFRP tubular (CCFFT) columns aimed at 

understanding the behavior of this new compound concrete under FRP 

confinement. The influence of the strength differences between new and old 

concretes was also studied. The results and discussions presented in this 

chapter allow the following conclusions to be drawn: 

(1) Compound concrete-filled FRP tubular columns failed by FRP rupture due 

to hoop tension near the mid-height region of the columns. For those 

unconfined specimens containing RCLs, their failure mode was similar to 

that of normal plain concrete columns. 

(2) The inclusion of RCLs reduce the compressive strength and the initial 

elastic modulus of unconfined concrete and reduction increase with the 

mix ratio.  

(3) In both Series I and Series II, FRP confinement significantly enhanced the 
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performance of compound concrete: the compressive strength and the 

ultimate axial strain of specimens containing RCLs are similar to those of 

specimens without RCLs under the same FRP confinement; this indicates 

that FRP confinement can significantly reduce the negative influence of 

RCLs. 

(4) RCL inclusion may lead to stress concentration and hence premature 

rutpure of the FRP tube in specific column areas; however, this influnence 

can be mitigated when the strength of fresh concrete is much larger than 

that of RCLs. 

(5) Under the same axial stress, the RCL inclusion increases the axial strain 

of specimens when the stregnth of fresh concrete is much larger than that 

of RCLs. When the strength of both the fresh concrete and RCLs is similar, 

the above phenomenon is not obvious. 

(6) Jiang and Teng’s (2007) model provides acceptable predictions for the 

axial stress-lateral strain response and the ultimate axial stresses of FRP-

confined compound concrete. However, this model overestimates the 

ultimate axial strain especially for columns with a 3-ply CFRP tube. 

(7) The differences between the predictions of Jiang and Teng’s (2007) model 

and the test results in the present study are much smaller than those in Teng 

et al. (2015), which indicates that the slip between the tube and the 

concrete may be much reduced in a column confined with an FRP tube 

fabricated using the wet lay-up process compared with that confined with 

a filament-wound FRP tube. 
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Table 3.1 Material properties of RCLs 

Water absorption Density (g/cm3) 

Strength in Series I 

(MPa) 

Strength in Series 

II(MPa) 

4.53% 2.36 33.1 41.8 

 

Table 3.2 Specimens details 

Series Specimen 

Cylinder strength 

of fresh concrete 

(MPa) 

CFRP 

thickness 

Mix 

ratio 

(%) 

Number 

Series I 

C40-R0-T0-1,2 

41.7 

0 0 2 

C40-R15-T0-1,2 0 15 2 

C40-R30-T0-1,2 0 30 2 

C40-R0-T2 

39.3 

2ply 0 1 

C40-R15-T2 2ply 15 1 

C40-R30-T2 2ply 30 1 

C40-R0-T3-1,2 

38.8 

3ply 0 2 

C40-R15-T3-1,2 3ply 15 2 

C40-R30-T3-1,2 3ply 30 2 

Series II 

C60-R0-T0-1,2 

64.0 

0 0 2 

C60-R15-T0-1,2 0 15 2 

C60-R30-T0-1,2 0 30 2 

C60-R0-T2-1,2 

63.6 

2ply 0 2 

C60-R15-T2-1,2 2ply 15 2 

C60-R30-T2-1,2 2ply 30 2 

C60-R0-T3-1,2 

62.0 

3ply 0 2 

C60-R15-T3-1,2 3ply 15 2 

C60-R30-T3-1,2 3ply 30 2 
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Table 3.3 Material properties of CFRP 

Elastic modulus (GPa) 

Tensile strength 

(MPa) 

Thickness per layer 

(mm) 

Rupture strain 

246 4810 0.166 1.83% 
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Table 3.4 Key experimental results  

Series specimen 

'

ccf  

(MPa) 

'

ccf  

(MPa) 

Average
 

cc  
cc

 

Average 

,h rup  or 

h  

,h rup  or 

h
 

Average 

Series 

I 

C40-R0-T0-1 42.1 
42.0 

0.00305 
0.00312 

-0.00288 
-0.00251 

C40-R0-T0-2 41.9 0.00319 -0.00213 

C40-R15-T0-1 35.9 
36.5 

0.00292 
0.00300 

0.00178 
0.00207 

C40-R15-T0-2 37.1 0.00308 0.00235 

C40-R30-T0-1 33.3 
33.3 

0.00307 
0.00300 

0.00264 
0.0264 

C40-R30-T0-2 33.3 0.00292 N.A. 

C40-R0-T2 79.7 79.7 0.0240 0.0240 0.0156 0.0156 

C40-R15-T2 79.0 79.0 0.0224 0.0224 0.0154 0.0154 

C40-R30-T2 80.2 80.2 0.0225 0.0225 0.0156 0.0156 

C40-R0-T3-1 98.0 
104.0 

0.0304 
0.0308 

0.0156 
0.0162 

C40-R0-T3-2 109.6 0.0312 0.0168 

C40-R15-T3-1 105.7 
102.3 

0.0308 
0.0275 

0.0160 
0.0147 

C40-R15-T3-2 99.0 0.0241 0.0134 

C40-R30-T3-1 91.5 
97.6 

0.0212 
0.0237 

0.0110 
0.0128 

C40-R30-T3-2 103.8 0.0261 0.0145 

Series 

II 

C60-R0-T0-1 65.2 
66.2 

0.00318 
0.00334 

0.00139 
0.00177 

C60-R0-T0-2 67.1 0.00350 0.00214 

C60-R15-T0-1 56.6 
56.6 

0.00280 
0.00296 

0.00287 
0.00327 

C60-R15-T0-2 56.6 0.00311 0.00366 

C60-R30-T0-1 50.0 
49.0 

0.00249 
0.00266 

-0.00164 
-0.00226 

C60-R30-T0-2 48.0 0.00282 -0.00288 

C60-R0-T2-1 99.5 
96.7 

0.0164 
0.0153 

0.0137 
0.0135 

C60-R0-T2-2 93.8 0.0142 0.0133 

C60-R15-T2-1 86.3 
90.6 

0.0133 
0.0138 

0.0122 
0.0130 

C60-R15-T2-2 94.9 0.0143 0.0137 

C60-R30-T2-1 89.8 
92.0 

0.0128 
0.0136 

0.0143 
0.0140 

C60-R30-T2-2 94.2 0.0143 0.0137 

C60-R0-T3-1 119.5 
116.5 

0.0175 0.0168 0.0148 
0.0140 

C60-R0-T3-2 113.5 0.0161  0.0131 

C60-R15-T3-1 121.3 
120.8 

0.0195 
0.0198 

0.0149 
0.0145 

C60-R15-T3-2 120.3 0.0200 0.0141 

C60-R30-T3-1 120.4 
117.85 

0.0208 
0.0193 

0.0166 
0.0153 

C60-R30-T3-2 115.3 0.0178 0.0140 
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Figure 3.1. RCLs 

  

(a) Electric scale                   (b) Wire basket 

Figure 3.2. Tools of measuring the properties of RCLs 
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Figure 3.3. Fabrication of CFRP tubes 

 

Figure 3.4. The fixation of CFRP tubes before casting 
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 (a) Small MTS machine             (b) large testing facility 

     

(c) Layout of the LVDTs and strain gauges 

Figure 3.5. Experimental set-up and instrumentation for Series I and Series II 

specimens 

  

   



91 

 

 

C40-R30-T2              C40-R30-T3-1         C60-R30-T2-1 

 

C60-R30-T3-1             C40-R0-T0-1          C40-R30-T0-1 

 

C60-R0-T0-1                C60-R30-T0-1 

Figure 3.6 Test specimens after failure 

 

      

   

                  



92 

 

 

Figure 3.7. The interaction between RCLs and fresh concrete of compound  

concrete after loading 

  

Interface between RCLs 

and fresh concrete  
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(a) Axial strain from four axial strain gauges 

 

(b) Average value of axial strain from LVDTs and strain gauges 

Figure 3.8. Comparison of axial strain from LVDTs and strain gauges  

of C60-R0-T3-2 
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(a) Series I, no CFRP tube                            

 

(b) Series I, 2-ply CFRP tube 
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(c) Series I, 3-ply CFRP tube    

 

(d) Series II, no CFRP tube 
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(e) Series II, 2-ply CFRP tube 

 

(f) Series II, 3-ply CFRP tube 

Figure 3.9. The effect of mix ratios on the stress-strain behavior of compound 

concrete 
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(a) Series I, no RCLs 

 

(b) Series I, mix ratio of 15% 
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(c) Series I, mix ratio of 30% 

 

(d) Series II, no RCLs 
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(e) Series II, mix ratio of 15% 

 

(f) Series II, mix ratio of 30% 

Figure 3.10. The effect of CFRP thickness on the stress-strain behavior of 

compound concrete 
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(a) Series I: ' 39.3 MPa, 2-ply CFRP tubecof =  

 

(b) Series I: ' 38.77 MPa, 3-ply CFRP tubecof =  
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(c) Series I: ' 63.61MPa, 2-ply CFRP tubecof =  

 

(d) Series I: ' 61.91MPa, 3-ply CFRP tubecof =  

Figure 3.11. Axial strain-lateral strain curves 
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(a) Series I: ' 39.3 MPa, 2-ply CFRP tubecof =  

 

(b) Series I: ' 38.77 MPa, 3-ply CFRP tubecof =  
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(c) Series I: ' 63.61MPa, 2-ply CFRP tubecof =  

 

(d) Series I: ' 61.91MPa, 3-ply CFRP tubecof =  

Figure 3.12. Performance of Jiang and Teng’s model (2007)  
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(a) Series I: ' 39.3 MPa, 2-ply CFRP tubecof =  

 

(b) Series I: ' 38.77 MPa, 3-ply CFRP tubecof =  

 

(c) Series I: ' 63.61 MPa, 2-ply CFRP tubecof =  
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(d) Series I: ' 61.91MPa, 3-ply CFRP tubecof =  

Figure 3.13. Relationship between normalized axial stress and confinement 

ratio 
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CHAPTER 4 

THREE-DIMENSIONAL FINITE ELEMENT 

MODELING OF CCFFT COLUMNS UNDER 

AXIAL COMPRESSION 

4. 1 INTRODUCTION 

 

The experimental behavior of CCFFT columns under monotonic axial 

compression has been presented in Chapter 3. The influences of RCL mix ratio, 

compressive strength of fresh concrete, and FRP tube thickness were given 

particular attention. The test results have shown that the axial compressive 

behavior of CCFFT columns with a sufficiently strong FRP confinement is 

similar to that of the corresponding FRP-confined normal concrete columns, 

indicating that the detrimental effect associated with the use of RCLs is largely 

eliminated by FRP confinement. Although experimental studies are important 

for understanding the structural behavior of CCFFT columns, the confinement 

mechanisms in FRP-confined compound concrete could not be clearly 

identified through experiments. In addition, the stress-strain behavior of 

CCFFT columns with a weak FRP confinement cannot be predicted using an 

existing stress-strain model due to the existence of RCLs. For this purpose, one 

may resort to three-dimensional (3D) finite element (FE) approaches. 

Therefore, in this chapter, a preliminary study of such 3D FE modeling is 

carried out to simulate the test CCFFT columns. The interfacial properties 
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between the fresh concrete and the RCLs, and the shape of RCLs are identified 

as critical parameters affecting the simulated results. Recommendations on the 

selections of the two parameters are given based on the FE results. In addition, 

to avoid the convergence problem associated with the modeling of RCLs, a 

dynamic approach is proposed for the modeling of CCFFT columns. 

 

4.2 PROPOSED FINITE ELEMENT APPROACH 

4.2.1 FE Modeling of CCFFT Columns 

 

Three-dimensional FE models were built to simulate the behavior of CCFFT 

columns using Abaqus (Figure 4.1). The RCLs and the fresh concrete were 

modelled separately, and both were represented using solid elements in Abaqus 

(Figures 4.1a and 4.1b). The FRP tube was represented using membrane 

elements (Figures 4.1c). Based on a mesh convergence study, all of them had 

an element size of 5 mm. The bonding between the FRP tube and the fresh 

concrete was assumed perfect by means of the Tie option in Abaqus. The end 

restraints were applied by restricting the horizontal displacements of the 

concrete nodes at the two ends of the column. The displacement loading was 

exerted on the concrete nodes at the top surface of the column. 

 

As discussed in Chapter 3, the RCLs used in the present PhD research project 

were obtained by crushing old concrete cylinders and they had a size ranging 

from 60 mm to 100 mm. The shape of the RCLs was very irregular (Figure 

3.1). In the FE modeling, it is nearly impossible to model the exact shape and 
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location of the RCLs in a CCFFT column. In the present FE model, two 

different regular shapes (i.e., spherical and cubic) of RCLs were examined. 

Figures 4.1 and 4.2 show the FE models of a CCFFT column with 15% 

spherical and 30% cubic RCLs, respectively. To further simplify the modeling, 

the RCLs were assumed to have only two sizes: 70 mm and 90 mm (the 

diameter of a sphere or the diagonal length of a cube). The 70-mm-size RCL 

represented an RCL with a real size between 60 mm and 80 mm while the 90-

mm-size RCL represented an RCL with a real size between 80 mm and 100 

mm. The ratio between the numbers of 90-mm-size RCLs and 70-mm-size 

RCLs was 2:1 based on the size proportion of the RCLs used in the test CCFFT 

columns (Chapter 3). The RCLs were assumed to be randomly distributed in 

the column, which was archived by setting the locations of the RCLs randomly 

in the FE model manually. 

 

4.2.2 Constitutive Models 

4.2.2.1 FRP-confined concrete 

The improved plastic-damage model developed by Yu et al. (2010) was used 

for FRP-confined concrete (including both RCLs and fresh concrete). This 

model is the first constitutive model capable of providing accurate predictions 

for FRP-confined concrete under various confinements (uniform and 

nonuniform confinement) (Yu et al. 2010; Teng et al. 2015; Lin and Teng 2017). 

In this model, the flow rule, the strain-hardening/softening rule and the damage 

parameter are modified to be confinement-dependent to simulate the 

confinement-dependent characteristics of FRP-confined concrete. The key 

equations of this model have been reviewed and can be found in Chapter 2. In 
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the present study, Jiang ang Teng’s (2007) analysis-oriented stress-strain model 

was used to produce important material data of concrete including: (1) axial 

stress-plastic strain relationships of concrete under different confining 

pressures; (2) the variation of the potential function parameters with the plastic 

strain, the confining pressure and the rate of confinement increment; and (3) 

the damage parameter. 

 

4.2.2.2 FRP tube 

The FRP tube was treated as a linear elastic brittle material. As the winding 

angle of the fibers in the FRP tube was relatively large, the compressive and 

tensile stiffness in the axial direction was negligibly small. Therefore, the FRP 

tube was assumed to be an orthotropic elastic material with very small elastic 

modulus in the axial and sheared direction (set to be 0.001 GPa), and zero 

Poisson’s ratio. 

 

4.2.3 Interfacial Behavior Between Fresh Concrete and RCLs 

 

Three different interfacial properties between the fresh concrete and RCLs 

were examined: (1) perfect bonding by means of Tie Constraint; (2) frictionless 

interaction in the tangential direction and hard contact (allow separation after 

contact) in the normal direction; (3) interaction with a friction coefficient of 

0.4 in the tangential direction and hard contact in the normal direction. Among 

the three interfacial properties, the perfect bonding and frictionless interaction 

represent the two extreme interfacial properties between the fresh concrete and 

RCLs. 
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4.2.4 Numerical Solution Method 

 

The proposed FE model for CCFFT columns was solved using a dynamic 

explicit method (i.e., the explicit central difference method) in ABAQUS. This 

method can avoid the convergence difficulties encountered in the standard 

static method especially when nonlinear material and nonlinear interactions 

exist in the model (Chen et al. 2015). The detailed explanation of the method 

is given in the following section. 

 

4.3 DYNAMIC SOLUTION METHOD 

4.3.1 General 

 

The convergence of solution in the static solution method is a difficult problem 

usually encountered in the modelling of concrete structures with crack 

propagation behavior (Crisfield 1984; de Borst 1986; Zheng et al. 2012; Rena 

and Ruiz 2006). The main reason of the convergence problem in static analysis 

such as the displacement-control Newton-Raphson method (Clarke Hancock 

1990) and the arc-length method (Crisfield et al. 1997) is the severe 

nonlinearities due to the strong strain localization and interfacial complexity. 

To avoid this convergence problem, the dynamic explicit method has been used 

by many researchers to solve structural problems successfully (Coronado and 

Lopez 2006; Rena and Ruiz 2006; Dhanasekar and Haider 2008; Rena et al. 
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2011; Chen et al. 2010, 2012 and 2015). Chen et al. (2015) reviewed a series 

of dynamic methods used to solve static problems and calibrated the key 

parameters (e.g., loading time and damping value) in the dynamic approach to 

accurately predict the performance of FRP-strengthened RC beams. However, 

Chen et al. (2015) only studied FRP-strengthened RC beams. Whether the 

calibrated parameters would still work well for CCFFT columns remains 

unknown. 

 

Therefore, the key parameters in the dynamic approach were calibrated using 

the test results of FRP-confined concrete columns tested in the present study. 

The calibrated parameters were then used in the simulation of the test CCFFT 

columns. Two specimens C40-R0-T3-1,2 in Chapter 3 were chosen to calibrate 

the relevant parameters. Although these two specimens were FRP-confined 

normal concrete without RCLs, the calibrated parameters were found to be also 

applicable to CCFFT columns. The two specimens had a height of 400mm and 

a diameter of 200mm confined with a 3-ply CFRP tube. The 3D FE approach 

described in the preceding section for CCFFT columns was used. No RCLs 

existed in the column and therefore the concrete was modelled as a 

homogenous material and represented using 8-node solid elements (C3D8R) 

as shown in Figure 4.3. The FRP tube was represented using 4-node 

quadrilateral membrane element with reduced integration (M3D4R). The 

bonding between FRP tube and concrete was also assumed to be perfect. 
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4.3.2 Calibration of Parameters  

4.3.2.1 Effect of damping factor 

The stiffness-proportional Rayleigh damping (  , where   is the 

damping factor and  is the stiffness matrix of the column) was used in the 

FE modelling. As suggested in Chen et al. (2015), the damping factor should 

be large enough to damp out the transient response of the structure but should 

not be too large to make the difference between the dynamic results and the 

static results significant. Therefore, a suitable value of damping factor  is 

important in the dynamic method to achieve both acceptable analysis results 

and computation speed. Three values of damping factor (0, 0.0005 and 0.00005) 

were examined to investigate its influence on the FE results. The axial stress-

strain curves of the columns corresponding to the three values of the damping 

factor are shown in Figure 4.4(a) (loading time   50 times the fundamental 

period of the column) and the corresponding variations of the ratio between the 

kinetic energy and the internal energy with the axial strain are shown in Figure 

4.4(b). These two figures shows that the difference between the results from 

the static analysis and dynamic explicit analysis is noticeable when the 

damping factor is 0.0005. When the damping factor reduces to 0.00005 or 0, 

the axial stress-strain curves between the static and dynamic analyses are 

almost identical. Figure 4.4(b) shows that the ratio between the kinetic energy 

and the internal energy is very large at the beginning of loading due to the small 

internal energy and relatively large dynamic response caused by exerting the 

displacement at the initial stage of loading process. However, this ratio reduces 

quickly below 1% as the axial strain increases. According to Abaqus Help 

Documents (ABAQUS 2012), this ratio needs to be below 5% for a quasi-static 

C K= 

K
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analysis. Therefore, the damping factor is set to be 0.00005 in the subsequent 

analysis of CCFFT columns. 

 

4.3.2.2 Effect of loading time 

In the FE modeling, the loading speed depends on the loading time for a given 

applied displacement. When the loading time is too small (i.e., loading speed 

is too large), the dynamic response will be significant, and thus the quasi-static 

results cannot be achieved. On the other hand, it is uneconomic to set the 

loading time too large which leads to a long computation time and a large 

accumulated error caused by the explicit analysis of the central difference 

method. Therefore, a suitable loading time which can reduce the cost of 

calculation and ensure the accuracy of dynamic analysis needs to be 

determined through a parameter study. In the present study, five values of the 

loading time (12.5 , 25 , 50 , 100  and 750 were examined. Figure 4.5 

shows the simulated axial stress-strain curves and the output energy ratio-axial 

strain curves corresponding to different loading times. It is evident that the 

axial stress-strain curves corresponding to 25 , 50  and 100  are identical 

to the static curves. However, a loading time of 750   underestimates the 

ultimate load significantly due to the possible reason of the accumulated errors 

from too many incremental steps in the calculation process (this error can be 

eliminated to a great extent using the double precision analysis which will be 

introduced later). It can also be seen that a loading time of 12.5  leads to an 

obvious deviation of the axial stress-strain curve from the static curves. Figure 

4.5(b) shows that the energy ratios corresponding to 12.5   and 25   are 

much larger than those of the others, which implies large dynamic responses 

1T 1T 1T 1T 1T

1T 1T 1T

1T

1T

1T 1T
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of the column after the exerting of the displacement loading. As a result, 50  

is chosen to be the loading time for the CCFFT columns in the following 

analysis. 

 

4.3.2.3 Effect of single/double precision format 

The single precision format is used by default in the integration of the dynamic 

solution in Abaqus for a low computation cost. However, as discussed in the 

preceding section, accumulated error arises when the number of incremental 

steps is large. The double precision format can be used in the analysis to reduce 

this accumulated error. Figure 4.6 shows the numerical results of two cases 

with a loading time of 100  and 750 , respectively, using either a single 

precision format or a double precision format. It can be seen that the 

accumulated error with a loading time of 750  is almost eliminated when the 

double precision format is used. To ensure the accuracy of the simulation, the 

double precision format is used in the subsequent analysis of CCFFT columns. 

 

4.4 NUMERICAL RESULTS OF CCFFT COLUMNS 

4.4.1 Effect of Element Type 

 

The most commonly adopted element type for modeling concrete is the 

hexahedron element (C3D8R) in Abaqus. However, due to the existence of the 

RCLs in the CCFFT column, it is not always possible to mesh the RCLs and 

the fresh concrete using C3D8R elements, especially when the mix ratio of 

1T

1T 1T

1T
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RCLs is relatively large. Therefore, it is more feasible to use the tetrahedron 

element (C3D4) in Abaqus to mesh the concrete. C3D4 elements have also 

been used by many mechanical engineers to model the complex parts of a 

structure, such as a car and a mobile. The feasibility and accuracy of using such 

element in the analysis of CCFFT columns are verified in this section. 

 

The test specimen C60-R15-T3 was selected as a verification example. This 

specimen had an RCL mix ratio of 15% and can still be meshed with C3D8R 

elements. Figure 4.7 shows the comparison of the axial stress-axial strain 

curves obtained with C3D8R elements and C3D4 elements for specimen C60-

R15-T3. The axial stress-axial strain curves obtained with C3D4 elements with 

four different mesh sizes (10mm, 8mm, 5mm and 3mm) are also shown in the 

figure. It can be seen that C3D4 elements with a mesh size of 5mm and 3mm 

can provide almost identical predictions to that of C3D8R elements, while 

C3D4 elements with a larger size overestimate the ultimate axial stress. This 

implies that C3D4 elements with a mesh size of 5 mm should be appropriate 

to model CCFFT columns with various RCL mix ratios. 

 

4.4.2 Effect of Interfacial Properties 

 

The effects of the three interfacial properties between the fresh concrete and 

RCLs (i.e., perfect bonding, frictionless, and frictional interactions) on the 

compressive behavior of CCFFT columns were studied. The numerical results 

of two specimens C60-R15-T3 and C60-R15-T0 are presented in this section 

to demonstrate the influence of interfacial properties. For both specimens, the 
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compressive strengths of the fresh concrete and RCLs are 61.91MPa and 

41.83MPa, respectively. RCLs were represented using concrete spheres for 

both two specimens. 

 

Figure 4.8 shows the comparison of the axial stress-axial strain curves obtained 

from the FE model with different interfacial properties between the fresh 

concrete and RCLs for specimen C60-R15-T3. The curve predicted with Jiang 

and Teng’s (2007) analysis-oriented stress-strain model using the strength of 

fresh concrete is also shown in Figure 4.8 for comparison. It can be seen that 

the Tie constraint provides a good prediction for the transition region between 

the two linear portions of the stress-strain curve (i.e., at an axial strain of around 

0.002) while the frictionless and frictional interactions both underestimate the 

axial stress at the transition region. In addition, the ultimate axial stain with the 

Tie constraint is larger than those of the others and is closer to the experimental 

results (the same rupture strain of FRP was used in all the three simulations). 

The linear second portion of the stress-strain curve obtained with a friction 

coefficient of 0.4 lies between those of the Tie constraint and frictionless 

interaction. The axial stresses at the linear second portion obtained with the 

frictionless interaction are obviously lower than those with the Tie constraint. 

 

The axial stress-strain curves corresponding to different interfacial properties 

for specimen C60-R15-T0 without FRP confinement are shown in Figure 4.9. 

It is obvious that the Tie constraint provides the best prediction for the axial 

stress-axial strain curve including both the elastic modulus and the peak axial 

stress. The other two interfacial properties significantly underestimate the 
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elastic modulus and the peak axial stress. Figure 4.10 shows the column section 

cut through the fresh concrete and the RCLs from the FE results with 

frictionless interaction at the end of loading process. The separations between 

RCLs and fresh concrete can be obviously seen in the column. This 

phenomenon, however, is contrary to the experimental observation that the 

RCLs and the fresh concrete remained perfectly bonded even after the failure 

of the specimen as shown in Figure 3.7 (Chapter 3). 

 

Based on the above discussions, it can be concluded that the Tie constraint 

should be used for the interface between RCLs and fresh concrete for CCFFT 

columns as well as unconfined columns containing RCLs. 

 

4.4.3 Effect of RCL Shape 

 

As mentioned in the preceding sections, the RCLs are modeled using either 

spheres or cubes. In reality, most of the RCLs are polyhedrons with corner 

angles. Therefore, it may be more appropriate to use cubic RCLs in the 

modeling. Figure 4.11 shows the comparison of the axial stress-axial strains 

curves obtained from the FE models with sphere and cubic RCLs. In addition, 

the FE results of cubic RCLs with relatively regular distribution and random 

distribution are also compared in the figure. In the former (i.e., regular 

distribution of RCLs), the RCLs are concentrated at three locations of the 

column section as shown in Figure 4.12(a). It can be seen that the slope of the 

second portion of the axial stress-strain curve with randomly distributed cubic 

RCLs agrees the best with that of the analysis model of Jiang and Teng (2007). 
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All three types of RCLs, however, can provide accurate predictions for the first 

portion of the axial stress-axial strain curve. Therefore, the use of randomly 

distributed cubic RCLs seems to be the most suitable treatment in the modeling 

of CCFFT columns and is thus adopted in the subsequent analysis. 

 

4.4.4 Comparison with Test Results 

 

Based on the discussions in the preceding sections, the following treatments 

are used in the modeling of CCFFT columns: (1) loading time   0.025s (50 ); 

(2) damping factor   0.00005; (3) double precision format; (4) Tie constraint 

between the fresh concrete and RCLs; (5) C3D4 elements to model both the 

fresh concrete and the FRP tube; (6) randomly distributed RCLs represented 

using cubes. All the test columns containing RCLs presented in Chapter 3 are 

modelled and the comparison results are presented in this section. 

 

The comparison results of the axial stress-strain curves for the unconfined 

specimens containing RCLs (C40-R15-T0, C40-R30-T0, C60-R15-T0 and 

C60-R30-T0) are shown in Figure 4.13. The results show that the FE model 

overestimates the peak stress when the strength of fresh concrete is 41.66 MPa 

which is close to the strength of RCLs (Figures 4.13a and 4.13b). When the 

strength of fresh concrete increases to 63.96MPa (nearly 20 MPa higher than 

the strength of RCLs), the FE model can provide a good prediction for the axial 

stress-axial strain curve including both the elastic modulus and the peak stress 

(Figures 4.13c and 4.13d). 

1T
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The comparison results of the confined specimens containing RCLs are shown 

in Figure 4.14. The numerical curves predicted with Jiang and Teng’s (2007) 

analysis model using the strength of fresh concrete are also shown in the figure 

for comparison. The results show that the axial stress-axial strain curves from 

the FE model are generally close to the curves of Jiang and Teng (2007) and 

the ultimate axial strains of the former are generally smaller than those of the 

latter, with the experimental ultimate axial strains lying in between. The FE 

ultimate axial strains are generally closer to the experimental values. For 

specimens C40-R30-T2 and C40-R15-T2, the axial stresses are overestimated 

by both the FE model and Jiang and Teng’s (2007) model at the transition 

region, which is consistent with the observation made for the unconfined 

specimens C40-R15/30-T0 in Figures 4.13a and 4.13b. For specimens C40-

R15-T3 and C40-R30-T3, the second-portion slopes of the FE results are 

slightly larger than those of the analysis model. For the confined specimens 

with a higher fresh concrete strength than that of the RCLs (i.e., C60 series 

specimens), the FE axial stress at a given axial strain after the transition region 

is generally smaller than that of Jiang and Teng’s (2007) model, especially 

when the RCL mix ratio is 30% (Figures 4.14e-4.14h). However, at the 

transition region, the FE results agree better with the test results that Jiang and 

Teng’s model. In addition, the curves from the FE model become closer to 

those of the analysis model as the RCL mix ratio reduces. The ultimate stress 

of confined specimens is underestimated by FE model compared with both test 

results and Jiang and Teng’s (2007) model. The reason can be that the material 

properties which come from corresponding crushed cylinders is not reasonable 
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to use directly in the modelling of RCLs. Those RCLs picked from crushed 

concrete may have different strength compared with cylinder which lead to the 

underestimation of ultimate stress.   

 

The predicted axial strain-lateral strain curves are compared with the test 

results of FRP-confined specimens in Figures 4.15. The results show that the 

FE model can provide more accurate prediction of axial strain-lateral strain 

relationship of CCFFT columns than that of Jiang and Teng’s (2007) model 

using the strength of fresh concrete directly. In addition, the prediction of from 

FE model become closer to that of test with the increase of confinement.   

 

4.5 CONCLUSIONS 

 

A preliminary three-dimensional (3D) finite element (FE) model has been 

proposed to simulate CCFFT columns under axial compression. The dynamic 

explicit method was used for the analysis. The critical parameters in the 

dynamic method, including the loading time, damping factor and computation 

precision, are first identified and their values are suggested based on parametric 

studies. The effects of the shape of RCLs, the interfacial properties of the fresh 

concrete and RCLs, and the element types in the modelling are particularly 

investigated. The following conclusion can be drawn based on the results and 

discussions presented in this chapter:  

(1) The dynamic explicit method can provide reasonable and accurate 

predictions for an FRP-confined concrete column under monotonic axial 
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compression as a quasi-static problem provided that proper values are 

assigned to the key parameters in the dynamic method. For the test CCFFT 

columns, a loading time of 50 times the fundamental period of the column, 

a damping factor of 0.00005, and the double precision format are 

recommended to be used. 

(2) The use of tie constraint between the RCLs and fresh concrete is 

reasonable, and the obtained results are consistent with the experimental 

observations; tetrahedron elements can be used to mesh the concrete and 

RCLs in a CCFFT column provided that a suitable mesh size is chosen; 

the FE model with cubic RCLs provides more accurate predictions than 

that with spherical RCLs. 

(3) When the difference in strength between the fresh concrete and RCLs is 

relatively large, the FE model can provide reasonably accurate predictions 

for unconfined compound concrete; however, the compressive strength of 

compound concrete is overestimated by the FE model for those unconfined 

specimens with a smaller strength difference between the fresh concrete 

and RCLs. 

(4) For the test CCFFT columns, the ultimate strains from the FE model are 

generally smaller than those of Jiang and Teng’s (2007) model and are 

closer to the test results. The reason of the underestimation of ultimate 

stress from FE model may be that the direct use of material properties of 

corresponding cylinder before crushing may not reasonable for actual 

properties of RCLs. In addition, FE model can provide good prediction of 

axial strain-lateral strain relationship for CCFFT columns. 
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(a) Spherical RCLs    (b) Fresh concrete         (c) FRP tube 
 

Figure 4.1. FE model of a CCFFT column containing 15% spherical RCLs 

 

 

(a) Cubic RCLs       (b) Fresh concrete     (c) FRP tube 
Figure 4.2. FE model of a CCFFT column containing 30% cubic RCLs 
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(a) FRP                            (b) Concrete 

Figure 4.3. Calibration model of an FRP-confined concrete column 
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(a) Axial stress-strain curves 

 

(b) Energy ratio-axial strain curves 
 

Figure 4.4. Effect of damping factor β 
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(a) Axial stress-strain curves 
 

 

(b) Energy ratio-axial strain curves 
 

Figure 4.5. Effect of loading time 
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Figure 4.6. Effect of single/double precision format 

 

 

 

Figure 4.7. Effect of mesh size (C3D4 elements) 
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Figure 4.8. Effect of interfacial property on the compressive behavior of 

specimen C60-R15-T3 

 

 

 

Figure 4.9. Effect of interaction property on the compressive behavior of 

specimen C60-R15-T0 
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Figure 4.10. Separations between RCLs and fresh concrete (frictionless 

interaction) 

 

 

 

 

Figure 4.11. Effect of RCL shape on the FE results 
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Top view               Front view 

(a) regularly distributed RCLs 

 

(b) random distributed RCLs 

Figure 4.12. CCFFT column model with regularly/randomly distributed 

RCLs 
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(a) C40-R15-T0 

 

 

 

(b) C40-R30-T0 
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(c) C60-R15-T0 

 

 

 

(d) C60-R30-T0 

 

Figure 4.13. Axial stress-axial strain behavior of unconfined compound 

concrete columns 

 



137 

 

 

(a) C40-R15-T2 

 

 

 

(b) C40-R30-T2 
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(c) C40-R15-T3 

 

 

 

(d) C40-R30-T3 
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(e) C60-R15-T2 

 

 

 

(f) C60-R30-T2 
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(g) C60-R15-T3 

 

 

(h) C60-R30-T3 

 

Figure 4.14. Comparison of stress-strain behavior for CCFFT columns 
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(a) C40-R15-T2 

 

 

 

(b) C40-R30-T2 
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(c) C40-R15-T3 

 

 

 

(d) C40-R30-T3 
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(e) C60-R15-T2 

 

 

 

(f) C60-R30-T2 
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(g) C60-R15-T3 

 

 

 

(h) C60-R30-T3 

 

Figure 4.15. Axial strain-lateral strain curves 
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CHAPTER 5 

BEHAVIOR OF CCFFT COLUMNS UNDER 

CYCLIC AXIAL COMPRESSION 

5. 1 INTRODUCTION 

 

In Chapter 3, the results of an experimental program of compound concrete-

filled FRP tubular (CCFFT) columns under monotonic axial compression have 

been presented. The experimental results showed that the inclusion of recycled 

concrete lumps (RCLs) significantly compromises the performance of the 

compound concrete because of the possible weak interfaces between the fresh 

concrete and the RCLs as well as the inferior properties of the old concrete. 

However, the effect of RCLs can be effectively eliminated or minimized under 

a sufficiently large lateral confinement provided by an FRP tube. The 

mechanical properties of CCFFT columns containing RCLs were found to be 

similar to those of the corresponding columns filled with normal fresh concrete 

provided that a sufficiently large confinement was provided. In addition, FRP 

tube can provide an excellent corrosion resistance for this compound concrete. 

Therefore, a strong FRP confinement from FRP tube can minimize most of the 

defects of compound concrete containing RCLs. 

 

The aforementioned observations indicate that such compound concrete 

possesses many possibilities for the application in new construction. Due to the 
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large confinement provided by the FRP tube, FRP-confined compound 

concrete has significantly increased strength and ductility compared with its 

unconfined counterpart. The excellent ductility and thus excellent seismic 

resistance of FRP-confined compound concrete in such CCFFT columns 

implies that these columns are especially suitable for use in seismic regions. 

Therefore, the behavior of CCFFTs columns subject to cyclic loading is of 

particular importance. While many studies have been carried out on the axial 

cyclic stress-strain behavior of FRP-confined concrete in concrete-filled FRP 

tubes (CCFTs) (Mirmiran and Shahawy 1997; Rodrigues and Silva 2001; Lam 

et al. 2006; Shao et al. 2006; Ozbakkaloglu et al. 2008; Lam and Teng 2009; 

Ozbakkaloglu and Akin 2011; Wang et al. 2012; Bai et al. 2013; Li and Wu 

2015; Hany et al. 2015; Yu et al. 2015) , no studies exist for the behavior of 

CCFFT columns subject to cyclic axial compression. This chapter therefore 

presents the results of a first-ever experimental program on the cyclic behavior 

of FRP-confined compound concrete in CCFFT columns. The experimental 

program included the mix ratio of RCLs and the FRP tube thickness as the key 

test variables. Moreover, the cyclic responses of FRP-confined compound 

concrete in the test CCFFT columns are compared with predictions of two 

existing models for FRP-confined normal concrete previously proposed in our 

research group. 

 

5.2 EXPERIMENTAL PROGRAM 

5.2.1 Specimen Details 
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A total of 17 specimens were fabricated and tested, among which 15 of them 

were specimens confined with a filament-wound glass FRP (GFRP) tube. The 

FRP tubes were also used as the mold for casting concrete. All the columns had 

the and a same height of 400mm and diameter of 200mm for the concrete core. 

The specimens were divided into two series. Specimens in Series I had the 

same thickness of GFRP tube (i.e., 6ply) but different RCL mix ratios (the 

volumetric ratios of the RCLs and the column), while specimens in Series II 

had the same mix RCL ratio of 30% but different GFRP tube thicknesses. Each 

series included three groups of specimens with different test variables. Each 

group have three nominally identical specimens except the unconfined 

specimens. Three loading schemes including monotonic compression and two 

kinds of cyclic compression are exerted on three specimens in each group. The 

detailed information is listed in Table 1. Each column in Table 1 was labeled 

as follows: letter C plus a number represents the cylinder compressive strength 

of fresh concrete; letter R plus a number represents the RCL mix ratio of the 

specimen; letter T plus a number represents the number of plies of the GFRP 

tube. The name ends with a letter M or C to represent “monotonic” or “cyclic 

compression” follow by a number “1” or “2” to differentiate specimens subject 

to two different cyclic loading schemes. C90-R30-T6-M-2, C90-R30-T6-C1-2 

and C90-R30-T6-C2-2 in Series II is the identical specimens of C90-R30-T6-

M, C90-R30-T6-C1 and C90-R30-T6-C2 due to the importance of these three 

kinds of specimens in comparison. 
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5.2.2 Material Properties 

5.2.2.1 Recycled concrete lumps (RCLs) and fresh concrete 

The RCLs in the present experimental program is from same batch of Series II 

in Chapter 3 produced by crushing many concrete cylinders (150 mm × 300 

mm) into concrete lumps with a desirable size of largest side (ranging from 60 

mm to 100 mm). The compressive strength of the RCLs were obtained to be 

41.83 MPa based on results of compression tests on three concrete cylinders. 

The water absorption and density of the RCLs on a saturated and surface-dried 

condition were 4.53% and 2.36 g/cm3, respectively, according to BS 812 (Table 

3.1). The detailed test methods for the water absorption and density in BS 812 

have been described in Chapter 3. 

 

Three plain concrete cylinders (150 mm × 300 mm) were cast at the time of 

casting of the column specimens. The cylinders were tested at the same time 

of testing column to get the properties of fresh concrete at that time. The 

average strength of fresh concrete was obtained to be 90.93 MPa. The elastic 

modulus and the strain at peak stress were 31363 MPa and 0.00329, 

respectively. 

 

5.2.2.2 FRP tubes 

Compared with filament-wound FRP tubes, FRP tubes prefabricated using the 

wet lay-up method have stiffness mainly in the hoop direction (fibers oriented 

only in the hoop direction), and thus the effect of Poisson’s ratio can be 

eliminated, which facilitates the investigation of confinement mechanism in 

FRP-confined concrete columns (Chapter 3). However, in practical 
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engineering, filament-wound GFRP tubes are commonly used and they are 

much cheaper than CFRP tubes. As a result, prefabricated filament-wound 

GFRP tubes were used in the experimental program presented in this chapter. 

The tubes were produced using glass fiber and vinyl ester resin. The angles 

between the longitudinal axis of the tube and glass fibers were ±81º. The actual 

thicknesses of 6-ply and 9-ply GFRP tubes were 2.2mm and 4.5mm, 

respectively. The nominal thickness of fibers was 0.22 mm for one ply 

according to the data provided by the manufacturer. In this study, only the 

mechanical properties of 6-ply GFRP tube were tested. The mechanical 

properties of 9-ply GFRP tube is obtained through appropriate adjustments 

considering the difference of nominal and actual thickness. 

 

The tensile properties of GFRP tubes in the hoop direction were obtained from 

curved coupon tensile tests using the method described in Wang (2017). Five 

GFRP curved coupons with a width of 35 mm were cut from a 6-ply GFRP 

tube as shown in Figure 5.2. The arc length of each coupon was 250mm. Three 

20-mm strain gauges were attached on each coupon (two stain gauges on the 

inner surface and one stain gauge on the outer surface). The ends of each 

coupon were attached to a self-made anchoring device including two clamping 

fixtures with a clamping length of 50mm (Figure 5.3). Then clamping fixtures 

were hinged to a MTS machine through pins which ensure the curved coupon 

can freely rotate in the tensile process. The displacement-controlled loading 

with a speed of 0.2mm/min was applied in the test. The rupture didn’t happen 

in those coupons due to the slip between the coupons and clamping fixtures at 

the late stage. Figure 5.4a shows typical tensile stress-stain curve from three 
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strain gauges in one coupon (coupon 4). The tensile stress was obtained from 

the tensile force divided by the cross-section area of the coupon based on its 

actual thickness. It can be seen that the curves from three strain gauges 

exhibited a two-stage behavior. The tensile stress increases slowly at the first 

stage because the bending deformation is dominated. After the curved coupon 

is straightened, the curves go to the second stage which the tensile deformation 

is dominated at. In the second stage, the axial strain from bending moment is 

very limited, and the slope of curve from three strain gauges is similar. In 

addition, the average tensile stress-strain curve is almost linear obtained from 

the strains of 3 strain gauge readings in the following equation: 

                           1 2 3( ) / 2

2
ave

  


+ +
=   (5.1) 

where 1  and 2  are the strains from the two strain gauges installed on the 

inner surface of the coupon; 3  is the strain from the strain gauge on the outer 

surface of the coupon. The effect of bending strain and system misalignment 

can be further eliminated through the calculation of average value. Figure 5.4b 

shows the average tensile stress-strain curves of the five coupons. Based on the 

curves, the average elastic modulus of the GFRP tube in the hoop direction was 

found to be 35.4 GPa.  

 

Axial compression tests on five GFRP rings with a height of 60 mm cut from 

a 6-ply GFRP tube were carried out to obtain the axial properties of the GFRP 

tube. The tests were conducted according to GB/T5350-2005 as shown in 

Figure 5.5a. Two ends of each FRP ring were strengthened by wrapping a 15-

mm width carbon FRP (CFRP) strip on both the inner surface and the outer 
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surface of each end (Figure 5.5a). Four axial strain gauges and four hoop strain 

gauges (gauge length   10 mm) at 90 degree apart were installed on the outer 

surface of the FRP tube at the mid-height. The tubes were tested on an MTS 

machine with a displacement control rate of 0.036 mm/min. The average 

ultimate axial stress, ultimate axial strain and initial elastic modulus were 

measured to be 79.3MPa, 1.1% and 9.1GPa, respectively (Figure 5.5b). 

 

5.2.3 Preparation of Specimens 

 

The GFRP tube was used as the mold for casting concrete of each column 

specimen. The GFRP tubes were fixed on wooden plates using steel rods as 

shown in Figure 5.6. All the RCLs were put into water for 24 hours before 

concrete casting. The surfaces of all the RCLs were dried using towels so that 

the RCLs were in a saturated and surface-dried condition. During the concrete 

casting, fresh concrete was first added to form a thin base layer at the bottom 

of the GFRP tube which was placed on a vibration table. Then RCLs and fresh 

concrete were alternately added into the tube. During the process, the vibration 

table was switched on to guarantee the compaction of the concrete. After the 

concrete of the specimens had hardened, the ends of each column were 

strengthened using two additional CFRP strips with a width of 30mm to avoid 

undesired local failure at the ends as shown in Figure 5.7. For the unconfined 

specimens, PVC tubes instead of CFRP tubes were used as the mold for 

concrete casting. The PVC tubes were removed from the specimens 28 days 

after curing at room temperature. 

 



152 

5.2.4 Experimental Set-Up and Instrumentation 

 

For each FRP-confined specimen, eight 20-mm strain gauges horizontally at a 

space of 45° were installed at the mid-height height to measure the FRP hoop 

strains, and four 100-mm strain gauges at 90° apart were installed to measure 

the axial strains. Two linear variable displacement transducers (LVDTs) were 

installed at 180° apart covering a mid-height region of 210 mm to measure the 

axial shortenings of the specimen as shown in Figure 5.8. In addition, four 

LVDTs were used to measure the total axial shortening of each specimen 

(referred to as the full-height LVDTs hereafter). For each unconfined column, 

four 50-mm strain gauges and four 100-mm strain gauges were installed at 90° 

apart at the mid-height to measure the lateral strains and the axial strains, 

respectively. The number and positions of LVDTs were the same as those of 

the confined specimens. All the specimens were tested on a large testing 

machine with a load capacity of 10000 kN (Figure 5.8). A displacement control 

mode with a rate of 0.24mm/min was used for all the specimens. All test data, 

including the loads, strains and displacements, were recorded simultaneously 

by a data logger. 

 

5.2.5 Loading Scheme 

 

Two cyclic loading schemes (i.e., Types C1 and C2) were employed for the 

specimens under cyclic axial compression. Full unloading/reloading cycles 

were used in both loading schemes. It means that the unloading path of each 
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cycle stopped at a zero-stress point, and the reloading path stopped at the 

unloading displacement of the same cycle or after reaching the envelope curve. 

For Type C1 scheme (Figure 5.1a), at each prescribed unloading displacement 

values, one single unloading/reloading cycle was applied before the failure of 

specimen. For Type C2 scheme (Figure 5.1b), at one same prescribed 

unloading displacement value, several repeated internal unloading/reloading 

cycles were applied on the specimen. The details of the loading scheme of each 

specimen are shown in Table 5.2. The value of each step in the table represents 

the prescribe unloading displacement value.  

 

5.3. TEST RESULTS AND DISCUSSIONS 

5.3.1 General Observations 

 

All the FRP-confined specimens failed due to the tensile rupture of the FRP 

tube in hoop direction. The failure process, however, was more gradual than 

those of the specimens reported in Chapter 3 where the FRP tubes were 

produced manually using the wet lay-up method. For the specimens in the 

present experimental program, white patches appeared on the outer surface of 

the FRP tube along the fiber directions before the final rupture of the FRP tube, 

indicating local damage in the resin of the FRP tube. The rupture of fibers was 

also a progressive process accompanied with continuous cracking noises. 

Figure 5.9 shows the test specimens after failure. 

 

In this chapter, the compressive stress and strain (e.g., axial strain) in concrete 
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are taken to be positive, while the tensile stress and strain (e.g., hoop strain) in 

FRP are taken to be positive unless otherwise specified. The key experimental 

results of the test specimens, including the compressive strength  of the 

confined concrete, the corresponding average axial strain , the average FRP 

rupture strain  , and the maximum hoop strain   of unconfined 

specimens, are summarized in Table 5.3. The axial strains were obtained from 

the full-height LVDTs through dividing the displacements (axial shortenings) 

measured from the LVDTs by their gauge length. The axial stresses were 

obtained as the axial load carried by the concrete core divided by its cross-

sectional area. 

 

5.3.2 Axial Strain 

 

The axial strains of a specimen can be obtained in the following three methods: 

(1) the average reading from the four full-height LVDTs (referred to as nominal 

axial strains); (2) the average reading from the two LVDTs covering the mid-

height region of 210 mm (referred to as LVDT-210 mm axial strains); (3) the 

average reading from the four strain gauges with a gauge length of 100mm at 

the mid-height (referred to as SG-100 axial strains). 

 

The axial strain results for four specimens under monotonic axial compression 

obtained from the three methods are compared in Figure 5.10. The SG-100 

axial strains were almost identical to the LVDT-210 mm axial strains. For the 

specimens confined with a 6-ply GFRP tube, the SG-100 axial strains and the 
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LVDT-210 mm axial strains were close to the nominal axial strains only when 

the axial strains were relatively small, namely, around 0.005, beyond which the 

axial strain gauge readings became significantly smaller than the nominal axial 

strains. It indicates that large localized deformation occurred outside the mid-

height 210 mm region. The possible slip between the GFRP tube and the 

concrete may also lead to the discrepancy in the axial strains. As the 210-mm 

LVDTs and strain gauges were installed on the outer surface of the GFRP tube, 

their readings cannot reflect the localized deformation of confined concrete 

beyond the mid-height 210-mm region nor the slip between the GFRP tube and 

the concrete. Therefore, the nominal axial strains are more reasonable to 

represent the axial strains of the confined concrete. The same suggestion was 

also given in (Zhang et al. 2014). However, for specimens confined with a 

thicker GFRP tube (C90-R30-T9-M), this phenomenon of different axial 

strains became less obvious as shown in Figure 5.10. This indicates a stronger 

FRP confinement may lead to more uniform deformation of the confined 

concrete in the column. 

 

5.3.3 Axial Stress-Axial Strain Curves of Concrete 

 

The axial stress-axial strain curves of confined concrete of all specimens are 

shown in Figure 5.11. The curve of each specimen under cyclic axial 

compression is compared with that of the corresponding specimen under 

monontonic concentric loading. The axial stress of the confined concrete was 

obtained as the axial load carried by the concrete divided by its cross-section 

area. The axial load carried by the concrete is determined by deducting the 
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axial load carried by the GFRP tube from the total axial load carried by the 

entire specimen. In the present study, the axial load carried by the GFRP tube 

was obtained based on the axial compression tests on hollow GFRP rings. 

However, the axial strain of an FRP-confined specimen generally exceeded the 

ultimate axial strain of the corresponding GFRP tube. Therefore, it was 

assumed that the load carried by the GFRP tube remained constant beyond the 

ultimate axial strain of the GFRP tube in an FRP-confined specimen due to the 

support from the concrete core. In addition, in the unloading/reloading paths, 

the load resisted by the GFRP tube was assumed to change proportionally to 

the total load applied on the specimen (it became zero when the total load 

reached zero) (Figure 5.11). This assumption was also adopted in (Zhang et al. 

2014).  

 

Figure 5.12 shows that the envelope curve of each specimen under cyclic axial 

compression is very close to the curve of the corresponding specimen under 

monotonic axial compression. For the two specimens C90-R0-T6-M and C90-

R15-T6-M, a load drop occurred when the axial stress reached around the 

compressive strength of unconfined concrete. The axial stress-strain curves of 

specimens C90-R30-T6-M and C90-R30-T9-M feature a typically bilinear 

shape. Note that the fresh concrete in the present experimental program had a 

compressive strength much larger than that of the RCLs. As discussed in 

Chapter 3, the inclusion of RCLs decreases the compressive strength of 

compound concrete. This is consistent with the observation in Figure 5.12 

which indicates that a larger RCL mix ratio leads to a smaller axial stress at the 

transition region between the two branches of the stress-strain curve. For the 
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specimens without RCLs (i.e., C90-R0-T6-M/C), the confinement provided by 

the GFRP is insufficient to ensure an ascending second branch due to the large 

compressive strength of the fresh concrete. Figure 5.12 also shows that the 

cyclic stress-strain curves of confined concrete in the test specimens possesses 

the following key characteristics, which are the same as those reported in 

previous studies on FRP-confined concrete (Lam and Teng 2009; Zhang et al. 

2014): (1) the unloading curve is nonlinear, whereas the reloading curve is 

almost linear; (2) the slope of the unloading path decreases as the load reduces; 

(3) the plastic strain at the end of an unloading path is dependent on unloading 

stress/strain; (4) the loading history has a cumulative effect on the stress 

deterioration. 

 

The effect of mix ratio on the axial stress-strain curves of FRP-confined 

concrete are shown in Figure 5.13. It can be seen that the compressive strength 

of compound concrete decrease with the increase of mix ratio when the 

thickness of GFRP is 6-ply, leading to that the load drop disappears gradually 

due the increase of confinement stiffness ratio. The effect of FRP thickness on 

the axial stress-strain curves of compound concrete can found in Figure 5.14. 

The test results show that the FRP confinement improve the ultimate stress and 

strain of compound concrete significantly, and the degree of improvement 

increase with thickness of FRP which is consist with the conclusion in Chapter 

3. 
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5.4 COMPARISON WITH EXISTING STRESS-STRAIN 

MODELS 

5.4.1 Envelope Stress-Strain Curve 

 

In the previous chapter, it was found that Jiang and Teng’s (2007) model 

provides reasonably good predictions for the stress-strain behavior of 

compound concrete. The RCLs were found to have a negnigible effect on the 

stress-strain behavior of compound concrete provided that a sufficient amount 

of confinement is provided by the FRP tube. Therefore, the compressive 

strength of the fresh concrete can be directly used in the prediction of the stress-

strain behavior of compound concrete containing RCLs. The predictions of 

Jiang and Teng’s (2007) model are compared with the test results of the 

specimens under monotonic axial compression in the present experimental 

programe as shown in Figure 5.15. The predicted curves terminated when the 

FRP hoop strain reached the actual FRP rupture strain recorded in the tests. 

 

It can be seen that the predicted curves agree reasonably well with the test 

curves for specimens C90-R0-T6-M and C90-R30-T9-M. However, the axial 

stresses are significantly overestimated by Jiang and Teng’s (2007) model for 

specimen C90-R30-T6-M (Figure 5.15b). Note that this specimen had a RCL 

mix ratio of 30% and the confinement provided by the GFRP tube was 

relatively small. For the specimen with the same RCL mix ratio but with a 

stronger FRP tube (i.e., C90-R30-T9-M), the predictions agree very well with 

the test results (Figure 5.15c). For specimen C90-R30-T6-M, if the 
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compressive strenght of the unconfined compound concrete (i.e., compressive 

strength of specimen C90-R30-T0-M/C) is used in Jiang and Teng’s (2007) 

model, the predictions become closer to the test results in terms of the stress-

strain curve as shown in Figure 5.15b. The ultimate axial stress and ultimate 

axial strain, however, are still overesimated due to a certain degree of negative 

effect on the ultimate condition of compound concrete under weak confinment. 

The above discussion again indicates that the detrimental effect of RCLs can 

be eliminiated only when the compound concrete is provided with sufficiently 

large confinement (i.e. the second stage of stress-strain curve increase 

monotonically of the coresspondind FRP-confined normal concrete), which is 

consistent with the observations reported in Chapter 3.  

 

In addition, Figure 5.15 shows that the intial slopes of the predicted stress-

strain curves are generally larger than the experimental result. This is 

attributable to the use of the nominal axial strains from the full-height LVDTs 

in generating the experimental stress-strain curves. As discussed in the 

preceeding sections, the nominal axial strains are slightly larger than those 

recorded at the mid-heigth of the specimen at the initial stage due to the 

possible deformation of the loading system. It can be expected that the 

predicted initial slope will be in closer agreeement with the test results if the 

axial strains recorded at the mid-height are used. The same observations have 

been reported in Zhang et al. (2014). 
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5.4.2 Cyclic Stress-Strain Curve 

5.4.2.1 Lam and Teng’s (2009) model 

Lam and Teng’s (2009) model employs the design-oriented monotonic stress-

strain model (Lam and Teng 2003) to predict the envelope curve of FRP-

confined concrete under axial cyclic loading. The detail equations of (Lam and 

Teng 2003) model can be found in Chapter 2. 

 

In Lam and Teng’s (2009) model, explicit equations are provided to depict the 

cyclic stress-strain curves of FRP-confined concrete. The unloading in Lam 

and Teng’s (2009) model is divided into two types (Figure 5.16): (1) envelope 

unloading where the unloading path starts from the envelope curve (i.e., the 

unloading path of the load scheme C1 in the present experimental program 

belongs to this type); and (2) internal unloading where the previous reloading 

path does not reach the envelope curve (the unloading path, except for the first 

unloading path, of the load scheme C2 in the present experimental program 

belongs to this type). For both types of unloading, the unloading path is 

described using the following nonlinear equations: 

 c c ca b c  = + +  (5.2) 
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The two parameters .0unE   and    control the shape of the unloading path, 

which are related to the unloading strain un  in the following way: 
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The plastic strain of envelope unloading curves ,1pl  consider the unconfined 

strength 
'

cof  and the envelope unloading strain ,un env  as follows: 
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The stress deterioration ratio 1   of envelope cycles can be calculated as 

follows: 

,

,1

1 , ,

,

,

1                                   0 0.001

1 80( 0.001)    0.001 0.002

0.92                             0.002

un env

new

un env un env

un env

un env cu




  


 

  


= = − −  


 

 

  (5.9) 

Where ,1new   is the stress at the envelope unloading strain on the first 

reloading curve. 

The plastic strains of internal cycles can be calculated using following equation: 
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Where ,pl n   and ,un n   are the plastic strain and unloading strain in the n  th 
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internal loading cycle, respectively; n  is the strain recovery ratio. 

The stress deterioration ratios n   of the n  th internal loading cycle can be 

achieved as follows: 
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The reloading path consists of a linear portion from the reloading strain point 

to the reference point ref  and a parabolic portion to connect to the envelope 

curve: 

Linear portion 

 ( )c re re c reE   = + −  (5.12) 

 ( ) / ( )re new re ref reE    = − −  (5.13) 

Parabolic portion 
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When the reloading path returns to the parabolic first branch of the stress-strain 

curve, the constant A is calculated by: 

 

2 2 '

2 2

' 2 2

2

( ) ( ) ( )

4( ) ( )

c re ref new re co

new c ref co c ref

E E E E E f
A

E f E E

 

  

− − + −
=

− + −
  (5.17) 



163 

 
, 2

2

'

( )
2

c
ret env t

c

co

E B

E E
A

f

 
−

= 
−

+
 (5.18) 

 

When the reloading path returns to the linear second branch of the stress-strain 

curve, A is calculated in the following equation: 
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More details of this model can be found in Lam and Teng’s (2009). 

 

5.4.2.2 Yu et al.’s (2015) model 

The most of data in the database of Lam and Teng’s (2009) model is limited to 

normal concrete confined by FRP wrap. Therefore, Yu et al.’s (2015) proposed 

an improved stress-strain model for FRP-confined circular column under 

cyclic axial loading based on the Lam and Teng’s (2009) model. This model is 

applicable to both high strength concrete and normal concrete confined by FRP 

wrap or FRP tube. The improved contents are presented as follows: 

The equation of   is revised considering the unconfined concrete strength: 

 
'40(350 3) /un cof = +  (5.21) 

The plastic strain ,1pl  is revised to be independent of unloading strain: 
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The stress deterioration ratio 1  of envelope cycles is revised to be: 
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The revised strain recovery ratio n  is applicable to the situation of internal 

cycle is larger than 2: 
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The stress deterioration ratios n  is also revised as follows: 

,

, ,

,

1                                        0 0.001

( 2)= 1 80( 0.001) /    0.001 0.002

0.08 /  +1                     0.002

un env

n un env un env

un env cu

n n

n



  

 

  


 − −  


−  

 (5.25) 

More details of this model can be found in Yu et al.’s (2015). 

 

5.4.2.3 Comparison with test results 

The comparison between the predictions from two models and the test results 

in terms of the envelope unloading/reloading behavior of the test specimens is 

shown in Figure 5.17. In the prediction process, the experimental envelope 

curves were directly used in the Lam and Teng’s (2009) model and Yu et al.’s 

(2015) model, so that the error from the envelope stress-strain model of Lam 

and Teng (2003) can be excluded.  The predicted plastic strain of envelope 

cycle ,1pl  from Yu et al.’s (2015) model are closer to the experiment ones 

than that from Lam and Teng’s model due to the high strength of fresh concrete 

in the experiment of this chapter. In addition, the prediction plastic strain from 
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Yu et al.’s (2015) model is a little larger than the experimental value when the 

thickness of GFRP tube become 9-ply with relatively larger confinement 

stiffness ratio of 0.057. The similar phenomenon can also be found in those 

specimens of Yu et al.’s (2015) with a confinement stiffness ratio larger than 

0.069. The prediction equation for the prediction plastic strain may need to be 

improved when the confinement is large.  

 

The further observation of the performance of two models for specimens under 

loading scheme C1 is conducted using the experimental value of ,1pl  (Figure 

5.18). It can be seen that the unloading/reloading curves agreed reasonably 

well with the test results. The prediction of unloading path using Lam and 

Teng’s (2009) model is slightly better than Yu et al.’s (2015) model. It proved 

that the parameter    control the shape of the unloading path needn’t to be 

revised as said in Yu et al.’s (2015). The Lam and Teng’s (2009) model 

performs well for specimens with different FRP confinement levels (i.e., 6 ply 

and 9 ply GFRP tubes) and different RCL mix ratios (0%, 15%, and 30%). It 

appears that the inclusion of RCLs does not have an obvious effect on the 

accuracy of Lam and Teng’s (2009) model in predicting the 

unloading/reloading behavior of FRP-confined compound concrete when the 

plastic strain can be predicted accurately. 

 

The predictions of two models are compared with test results for specimens 

with loading scheme C2 are shown in Figure 5.19. Each cycle was plotted 

individually in a region which covers a strain value of 0.01 to avoid the 

overlapping of all the internal cycles with the same unloading strain. In 
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addition, the first, fourth, seventh and last cycles were enlarged for a clearer 

comparison. In making the predictions, the experimental unloading strain and 

unloading stress were directly used so that the comparison only reflects the 

accuracy of the model in predicting the internal unloading/reloading behavior. 

It is evident that two models can provide an acceptable prediction of the 

unloading/reloading paths, suggesting that two models can capture the effect 

of loading history. The performance of Yu et al.’s (2015) model is slightly 

better than that Lam and Teng’s (2009) model expect the specimen C90-R30-

T9-C2. The reason is also that Yu et al.’s (2015) model can’t predict plastic 

strains ,1pl  well when the confinement stiffness ratio is relatively large.   

  

5.5 CONCLUSIONS  

 

This chapter has presented an experiemtnal study on the cyclic behavior of 

FRP-confined compound concrete in CCFFT columns. The experimental 

results were compared with Jiang and Teng’s (2007) model for the envelope 

stress-strain curve, and Lam and Teng’s (2009) and Yu et al.’s (2015) model 

for the cyclic stress-strain curves, respectively. Based on the test results and 

comparisons, the following conclusions can be drawn: 

(1) The envelope curves of the cyclic stress-strain response of FRP-

confined compound concrete in CCFFT columns were very close to the 

monotonic stress-strain curve. The effect of the inclusion of RCLs on 

the envelope curve is very limited especially under FRP confinement. 
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(2) When a CCFFT column is confined with a very strong FRP tube (C90-

R30-T9-M), the prediction of Jiang and Teng’s (2007) model using the 

compressive strength of the fresh concrete without RCLs is more 

accurate than that using the compressive strenght of the unconfined 

compound concrete. When the confinement is not large enough, the 

compressive strength of the unconfined compound concrete should be 

used for a more accurate prediction.  

(3) Yu et al.’s (2015) model can provide a better prediction of plastic strains 

of envelope cycle ,1pl  than Lam and Teng’s (2009) model for CCFFT 

columns except the specimen C90-R30-T9-C2 with relatively larger 

confinement. The prediction of envelope unloading path using Lam and 

Teng’s (2009) model is better than Yu et al.’s (2015) model under 

loading scheme C1 when the experimental plastic strain ,1pl  is used.  

Both of two models can provide an acceptable prediction of the internal 

unloading path for CCFFT columns. 
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Table 5.1. Specimens details 

Series Specimen 

GFRP 

thickness 

Mix ratio 

(%) 

Loading scheme 

Series I 

C90-R0-T6-M 6ply 0 Monotonic 

C90-R0-T6-C1 6ply 0 Cyclic loading scheme 1 

C90-R0-T6-C2 6ply 0 Cyclic loading scheme 2 

C90-R15-T6-M 6ply 15 Monotonic 

C90-R15-T6-C1 6ply 15 Cyclic loading scheme 1 

C90-R15-T6-C2 6ply 15 Cyclic loading scheme 2 

C90-R30-T6-M 6ply 30 Monotonic 

C90-R30-T6-C1 6ply 30 Cyclic loading scheme 1 

C90-R30-T6-C2 6ply 30 Cyclic loading scheme 2 

Series II 

C90-R30-T0-M 0 30 Monotonic 

C90-R30-T0-C2 0 30 Cyclic loading scheme 2 

C90-R30-T6-M-2 6ply 30 Monotonic 

C90-R30-T6-C1-2 6ply 30 Cyclic loading scheme 1 

C90-R30-T6-C2-2 6ply 30 Cyclic loading scheme 2 

C90-R30-T9-M 9ply 30 Monotonic 

C90-R30-T9-C1 9ply 30 Cyclic loading scheme 1 

C90-R30-T9-C2 9ply 30 Cyclic loading scheme 2 
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Table 5.2. Loading schemes for specimens under cyclic axial compression 

Specimen 

Unloading displacement (mm) found from full-length 

LVDTs 

Step 1 

Step 

2 

Step 

3 

Step 

4 

Step 

5 

Step 

6 

Step 

7 

Step 

8 

C90-R0-T6-C1 1.02 2.15 3.38 4.14 4.97 5.95   

C90-R0-T6-C2 2.9(8)a        

C90-R15-T6-C1 1.00 2.02 3.01 4.00 5.00 6.04   

C90-R15-T6-C2 2.88(9) a        

C90-R30-T6-C1 0.94 1.88 2.81 3.77 4.79 5.80 6.76  

C90-R30-T6-C2 2.86(10) a        

C90-R30-T0-C2 1.07(4) a        

C90-R30-T6-C1-2 1.05 2.1 3.10 4.11 5.02 6.01   

C90-R30-T6-C2-2 2.93(9) a        

C90-R30-T9-C1 0.98 2.00 3.02 4.05 5.04 6.04 7.02 8 

C90-R30-T9-C2 4.00(9) a        

a The number in the bracket indicates the number of repeated 

unloading/reloading cycles imposed at that prescribed unloading 

displacement value. 
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 Table 5.3. Key test results for specimens under cyclic axial compression
 

 

 

 

Series Specimen (MPa) 
 

 

Series I 

C90-R0-T6-M 94.6 0.0158 0.0150 

C90-R0-T6-C1 94.2 0.0148 0.0132 

C90-R0-T6-C2 91.1 0.0162 0.0146 

C90-R15-T6-M 81.7 0.0151 0.0133 

C90-R15-T6-C1 82.5 0.0162 0.0142 

C90-R15-T6-C2 88.8 0.0158 0.0152 

C90-R30-T6-M 85.6 0.0155 0.0154 

C90-R30-T6-C1 92.8 0.0196 0.0170 

C90-R30-T6-C2 89.0 0.0180 0.0147 

Series II 

C90-R30-T0-M 59.0 0.0029 / 

C90-R30-T0-C1 60.8 0.0026 / 

C90-R30-T6-M-2 89.0 0.0163 0.0151 

C90-R30-T6-C1-2 96.3 0.0209 0.0203 

C90-R30-T6-C2-2 92.1 0.0176 0.0162 

C90-R30-T9-M 160.2 0.0264 0.0188 

C90-R30-T9-C1 145.3 0.0248 0.0159 

C90-R30-T9-C2 166.7 0.0295 0.0185 

'

ccf
cc ,h rup
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(a) Cyclic loading scheme C1       (b) Cyclic loading scheme C2  

 

Figure 5.1. Cyclic loading schemes 

 

 

Figure 5.2. GRPP curved coupon test 
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Figure 5.3. The clamping fixture (Wang 2017) 
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(a) Typical stress-strain curves from three strain gauges (Coupon 4) 

 

(b) The average stress-strain curves of five coupons 

Figure 5.4. The tensile stress-strain curves of GFRP curved coupons 
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(a) Test setup 

 

(b) Test results 

Figure 5.5. Compression test of GFRP rings 
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Figure 5.6. The preparation work before casting

 

Figure 5.7. End strengthening with CFRP strips 
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Figure 5.8. Experimental setup and instrumentation 

 

C90-R0-T6-M   C90-R0-T6-C1  C90-R0-T6-C2   

 

C90-R15-T6-M   C90-R15-T6-C1  C90-R15-T6-C2 
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C90-R30-T6-M  C90-R30-T6-C1   C90-R30-T6-C2 

   

C90-R30-T0-M C90-R30-T0-C2 

 

C90-R30-T6-M2  C90-R30-T6-C1S2  C90-R30-T6-C2S2 
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C90-R30-T9-M C90-R30-T9-C1 C90-R30-T9-C2 

Figure 5.9. Specimens after failure 
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(a) Nominal axial strains verus SG-

100 axial strains 

(b) Nominal axial strains verus 

LVDT-210 mm axial strains 

 

(c) LVDT-210mm axial strain verus SG-100 axial strain 

Figure 5.10. Comparison of axial strains obtained from three different 

methods  
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(a) C60-R0-M                        (b) C60-R15-C1 

Figure 5.11. Typical axial load-axial strain curves of GFRP in CCFFT 

columns 
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(a) Specimens in Series I 
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(b) Specimens in Series II 

Figure 5.12. Axial stress-strain curves of concrete 

 

Figure 5.13. Effect of mix ratio on the axial stress-strain curves of concrete 
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Figure 5.14. Effect of FRP thickness on the axial stress-strain curves of 

concrete 
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(a) C90-R0-T6 

 

(b)C90-R30-T6 
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(c) C90-R30-T9 

Figure 5.15. Performance of Jiang and Teng’s (2007) model 

 

 

(a) Envelope cycle                       (b) Internal cycles 

Figure 5.16. Key parameters of cyclic stress-strain curves of FRP-confined 

concrete [extracted from Lam and Teng (2009)] 
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C90-R0-T6-C1 

 

C90-R15-T6-C1 
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C90-R30-T6-C1 

 

C90-R30-T6-C1-2 
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C90-R30-T9-C1 

Figure 5.17. Performance of two models for specimens with loading scheme 

C1. 

 

C90-R0-T6-C1 
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C90-R15-T6-C1 

 

C90-R30-T6-C1 
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C90-R30-T6-C1-2 

 

 

C90-R30-T9-C1 

Figure 5.18. Performance of two models for specimens under loading scheme 

C1 using the experimental value of ,1pl . 
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C90-R0-T6-C2  
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C90-R15-T6-C2 
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C90-R30-T6-C2  
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C90-R30-T6-C2-2 
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C90-R30-T9-C2 

Figure 5.19. Performance of two models in predicting specimens under 

loading scheme 2. 
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CHAPTER 6 

BEHAVIOR OF REINFORCED COMPOUND 

CONCRETE-FILLED FRP TUBULAR (CCFFT) 

COLUMNS UNDER ECCENTRIC COMPRESSION 

 

6. 1 INTRODUCTION 

 

The investigations into the behavior of CCFFT columns under concentric axial 

compression (including monotonic compression and cyclic compression) have 

been presented in Chapters 3 and 4. However, an unintended load eccentricity 

will always occur to a column due to the geometric/material imperfection 

and/or accidental load eccentricity, even though the original design is 

concentric compression. No research has been conducted on CCFFT columns 

under eccentric loading. In a column under eccentric loading, a strain gradient 

(i.e., linear axial strain distribution) exists over the section, leading to non-

uniform FRP confinement in the column. Whether the strain gradient will 

affect the responses of recycled concrete lumps (RCLs) and the effectiveness 

of FRP confinement in a CCFFT column remains completely unknown. 

 

For compound concrete columns, Wu et al. (2012) conducted an experimental 

study consisting of 24 circular thin-walled steel tubular columns filled with 
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RCLs under eccentrical loading. Three mix ratios (0, 25%, 40%) and two load 

eccentricities (30mm and 60mm) were examined in their study. They found 

that the axial load-carrying capacity decreased with the increase of the RCL 

mix ratio; however, the lateral deformation capacity and initial stiffness of the 

columns with different mix ratios were similar. This indicates that the 

detrimental effect of RCLs still exists in steel tubular columns filled with RCLs. 

Wu et al. (2017) later conducted a series of tests on slender square CCFST 

columns containing RCLs under eccentric loading. The similar conclusion was 

obtained for slender square CCFST columns. As discussed in the previous 

chapters, concrete-filled steel tubular columns have many disadvantages such 

as the weak confinement provided by the steel tube and corrosion problem. 

Concrete-filled FRP tubular (CCFFT) columns, as a new type of columns, are 

expected to have better performance than concrete-filled steel tubular columns. 

However, no studies have been conducted on the behavior of CCFFT columns 

under eccentric loading. 

 

For normal concrete-filled FRP tubular columns, a large number of 

experimental studies have been conducted on these columns under eccentric 

loading (e.g., Parvin and Wang 2001; Mirmiran et al. 2001; Fam et al. 2003; 

Tao et al. 2004; Hadi 2006; Hadi 2007; Yuan et al. 2008; Maaddawy 2009; 

Bisby and Ranger 2010; Fitzwilliam and Bisby 2010; Jiang and Teng 2012; 

Wu and Jiang 2013; Jiang et al. 2014; Zhang 2014). Some conclusions can be 

drawn from these studies as follows: (1) FRP confinement is effective in 

enhancing the load-carrying capacity and ductility of reinforced concrete 

columns; (2) The increase in the load eccentricity will reduce the load-carrying 
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capacity; (3) the ultimate axial strain at the extreme compression fiber 

increases as the load eccentricity increases due to the strain gradient effect 

(Fam et al. 2003; Fitzwilliam and Bisby 2010; Zhang 2014; Lin 2016). 

 

This chapter presents the results of a test program involving 12 reinforced 

CCFFT columns tested under eccentric compression. The key test variables 

included the mix ratio of RCLs, the FRP tube thickness, load eccentricity, and 

slenderness ratio. 

 

6.2 EXPERIMENTAL PROGRAM 

6.2.1 Specimen Details 

 

In the test program, 12 columns were prepared and tested in the PolyU-

Guangdong University of Technology Jointed Laboratory. All the columns had 

the same diameter of 200 mm. They are divided into two series (Series I and 

Series II) according to the clear length of the columns (Table 6.1). The clear 

lengths of the columns in Series I and Series II were 1350 mm and 600 mm, 

respectively. The columns in the two series can be classified into slender and 

short columns, respectively, according to the slenderness limit for a normal 

concrete-filled FRP tubular column in Jiang and Teng (2012). Three mix ratios 

of RCLs (0%, 15%, and 30%), three GFRP tube thicknesses (0, 6-ply, and 9-

ply), three load eccentricities (0, 25 mm, 50 mm), and two slenderness ratios 

(3.0 and 6.75) were examined. The detailed information of the test columns is 

listed in Table 1. Each column in Table 1 was given a name in the following 
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format: R plus a number represents the mix ratio of RCLs, T plus a number 

represents the plies of the GFRP tube, and C plus a number represents the load 

eccentricity. The names of specimens in Series II end with the letter S which 

represents short columns. For example, R30-T6-E50-S refers to a short column 

which has an RCL mix ratio of 30% confined with a 6-ply GFRP tube under a 

load eccentricity of 50 mm. 

 

Each column was reinforced with six 12-mm-diameter deformed steel bars in 

longitudinal direction leading to a longitudinal steel ratio of 2.16%. The 

transverse steel bars had a diameter of 6 mm, which were mainly used to fix 

the longitudinal bars to form a steel cage. The layouts of the steel bars are 

shown in Figure 6.1. The spacing of the transverse steel bars at the two ends 

(100 mm) was smaller than that in the middle region (250 mm) for expecting 

failure to occur in the middle of the column. The distance between the center 

of the longitudinal bar and the inner surface of the GFRP tube was only 16 mm 

for the convenience of filling of RCLs.  

 

6.2.2 Material Properties 

 

The axial compressive strength (
'

cof ), the axial strain at peak axial stress ( co ) 

and the elastic modulus ( cE  ) of fresh concrete were obtained from 

compression tests on three standard cylinders (100mm×300mm) as shown in 

Table 6.2. The average values for the three properties were 75.83MPa, 0.0026, 

and 36321MPa, respectively. 
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The RCLs in the present experimental program were produced through 

crushing one beam specimen tested by another student in our research group 

(Figure 6.2). The size of the RCLs ranged between 60mm and 100mm. The 

compressive strength, the axial strain at peak axial stress, and the elastic 

modulus of the RCLs were 40.5MPa, 0.0027, and 24825MPa, respectively, 

which were obtained from the axial compression tests on standard cylinders 

cast at the same time when the beam specimen was cast. The water absorption 

and density of the RCLs are 4.50% and 2.36 g/cm3 achieved from the same 

method in Chapter 3. 

 

Three steel coupons were tested according to BS 18 (1987) to obtain the tensile 

properties of longitudinal steel reinforcement. The average yield stress and 

elastic modulus were obtained to be 518.8MPa and 198395MPa, respectively 

(Table 6.3). 

 

The tensile properties of the GFRP tube in the hoop direction were obtained 

using the curved coupon test as described in Chapter 4. The hoop elastic 

modulus of 6-ply GFRP tube was obtained to be 35.1 GPa. The actual 

thicknesses of 6-ply and 9-ply GFRP tubes were 3.2 mm and 4.5mm, 

respectively 

 

6.2.3 Preparation of Specimens 

 

The test specimens were prepared according to the following procedures 
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(Figure 6.3): (1) fabrication of steel cages which were subsequently welded 

onto a 50-mm-thick steel plate at the bottom (Figure 6.3a); (2) the bottom plate 

is adjusted to be level. (3) After six longitudinal bars pass through the top plate, 

the top plate is adjusted to be level and aligned to the bottom plate using two 

laser levels. Then it will be fixed temporarily using four steel bars to do the 

work of welding and polish (Figure 6.3c); (4) The center of GFRP tube is 

adjusted to be same as that of steel plate. Then tubes will be fixed using eight 

short bars at two ends. Those wires of strain gauges on bars come from two 

small holes at top of tube (Figure 6.3d). The ends of tube will be strengthened 

using CFRP strips covering those holes; (5) Then commercial concrete with a 

design strength of 70MPa were used to cast through the left hole on the top 

steel plate. In the casting process, fresh concrete was casted on the bottom of 

the column to form a thin base layer. Then RCLs and fresh concrete were added 

alternately into the FRP tube through the hole at the top steel plate following 

the same method described in the previous two chapters. A vibrator was insert 

into the FRP tube to guarantee the compaction of the compound concrete in the 

casting process. For unconfined specimens, the GFRP tube was used as mold 

and removed using cutting machine after curing of 28 days. (6) Two carbon 

FRP (CFRP) strips with a width of 60mm were wrapped around the two ends 

of each reinforced CCFFT column to avoid local failure near the two ends 

(Figure 6.3e). The top surfaces of each specimens were polished to ensure the 

surface level finally (Figure 6.3f). 

 

6.2.4 Experimental Set-Up and Instrumentation 
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For each slender column specimen, five linear variable differential 

transformers (LVDTs) were used to measure the lateral displacements at 

different heights of the specimen, and four LVDTs placed 90° apart were 

installed at the middle to measure the axial shortening within the middle 300 

mm length (Figure 6.4). Besides, two LVDTs were installed between the two 

loading plates at the ends to measure the full length shortening of the column. 

It is noted that the effective height of column is little larger than the clear height 

of specimens including the thickness (70mm) of steel plates and rollers at two 

ends.  Eight 20-mm strain gauges were attached horizontally at 45° apart to 

measure the hoop strain of the FRP tube at three section levels (Sections 1, 2 

and 3 in Figure 6.4). Another four 20-mm axial strain gauges were installed at 

the middle section (i.e., Section 2) at 90° apart to measure the axial strains of 

the specimen. For each short column specimen, three LVDTs were used to 

measure the lateral displacements at three different heights. Strain gauges with 

the same lay-out as those for slender columns were attached only at the middle 

section. For all the specimens, one 5-mm strain gauge was attached on each 

longitudinal steel bar at the mid-height, where a smooth surface had been 

provided by grinding. In addition, waterproof glue and anti-collision tape were 

used to protect the strain gauges on the longitudinal steel bars. 

 

The eccentric load was applied through a steel roller between two steel plates 

with grooves at each end of the specimen as shown in Figure 6.5. The steel 

rollers and the grooves of the steel plates were cleaned and lubricated with 

machine oil before test to ensure a pin-ended boundary condition. The steel 

roller was precisely located so that the designed load eccentricity could be 
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accurately achieved. All the specimens were tested in the laboratory of 

Guangdong University of Technology on a loading machine with a capacity of 

10000kN. The load was applied with displacement control at a loading rate of 

0.5 mm/min for all specimens. All data, including those from strain gauges and 

LVDTs, were recorded using a data logger.  

 

6.3 TEST RESULTS AND DISCUSSIONS 

6.3.1 General Observations 

 

The failure modes of the FRP-confined columns under concentric axial 

compression were similar to those of the test columns in the previous two 

chapters. During the loading process, some white patches first appeared and 

extended on the outer surface of the GFRP tube (Figure 6.5), indicating 

possible separation of fibers and resin in the tube. All the FRP-confined 

columns failed by rupture of the FRP tube which was also a progressive process 

accompanied with continuous noises. The loading was terminated when the 

load dropped suddenly with a major rupture of the FRP tube, indicating the 

specimen had lost its load-carrying capacity. The rupture of the FRP tube 

generally occurred at the mid-height region of the specimens, except for 

specimen R30-T6-E0 for which FRP rupture occurred at the top region (Figure 

6.6a). The FRP tube of this specimen was cut off to check the internal situation 

(Figure 6.7). It can be seen that the concrete was crushed there, and the 

longitudinal bars exhibited obvious buckling. The possible reason for the 

appearance of FRP rupture at the top region was that the reinforcement of the 
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ends of the steel hoop was not sufficiently strong. For the unconfined short 

column under axial compression (R30-T0-E0-S), the failure occurred with the 

crushing of concrete and buckling of longitudinal bars near the mid-height 

(Figure 6.6c). 

 

Figure 6.8 shows typical failure modes of specimens under eccentric 

compression. The failure modes of specimens with different eccentricity values 

were similar. For FRP-confined specimens, white patches along the hoop 

direction first appeared at both compressive and tensile sides accompanied 

with epoxy cracking sounds. The white patches at the compressive side 

concentrated near the mid-height region of the column, while those at the 

tensile side spread along the entire height of the column. All the short columns 

under eccentric compression failed by FRP rupture in the hoop direction near 

the mid-height at the compressive side (Figure 6.8b). The loading of short 

columns was terminated when FRP rupture occurred with a substantial drop in 

the applied axial load. For FRP-confined slender columns, FRP rupture did not 

occur but the columns developed large lateral displacements (Figure 6.8a). The 

loading of slender columns was terminated for safety when the lateral 

displacement increased quickly in the descending branch of the load-

displacement curve. For unconfined specimens such as R30-T0-E50-S, failure 

occurred with the crushing of concrete at the compressive side followed by 

buckling of longitudinal steel bars (Figure 6.8c). 

 

The key test results for all the test columns are summarized in Table 6.4. In the 

table, maxP  and uP  are the peak (maximum) axial load and the axial load at 
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the ultimate condition of the specimens, respectively; u   and uM   are the 

lateral displacement and the bending moment at mid-height section of the 

column at the ultimate condition, respectively; _cu ecf   and ,maxh  are the 

ultimate axial strain at the extreme compression fiber (ECF) and the maximum 

hoop strain of the GFRP tube at the ultimate condition; and P0 represents the 

theoretical load-carrying capacity of unconfined specimen without RCLs 

which is by 
'

co c y sf A f A+ (where yf  is the yield stress of longitudinal steel bars; 

cA  and sA  are the cross-sectional areas of the concrete and longitudinal bars, 

respectively). The ultimate lateral displacement of specimen R30-T0-E50-S 

was not recorded due to the damage of the lateral LVDT at the mid-height in 

the process of loading. It is evident from Table 6.4 that FRP confinement 

significantly enhanced the deformation ductility and load-carrying capacity of 

eccentrically-loaded columns. The maximum hoop strain of the GFRP tube 

generally occurred at the ECF (corresponding to the position of LVDT 3) for 

columns under eccentric loading. However, the maximum hoop strain of R30-

T6-E50-S is much larger than that of R30-T6-E25-S even though their ultimate 

axial strain at the compressive side is close. The possible reason is that the most 

deformed concrete and fiber were not exactly located at the location of the 

hoop strain gauge at the ECF. 

 

6.3.2 Axial Load-Axial Shortening Curves 

 

The axial load-axial shortening curves for all the test specimens are shown in 
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Figure 6.9. The axial shortening values of each specimen were obtained from 

the readings of the full-height LVDTs (Figure 6.4). It can be seen that all the 

eccentrically-loaded slender FRP-confined columns have a descending second 

portion for the axial load-axial shortening curve. However, the short 

eccentrically-loaded FRP-confined columns had either an ascending or an 

almost horizontal second portion. Figure 6.9 shows the effects of FRP 

confinement, mix ratio, load eccentricity, and slenderness on the axial load-

axial shortening curves of the test columns. Figure 6.9a shows that FRP 

confinement improves the peak axial load and the ultimate axial shortening of 

specimens under eccentric loading significantly. The peak axial load of R30-

T9-E50 and R30-T6-E50 were nearly 40% higher than that of R30-T0-E50 

(Table 6.4). However, the specimen R30-T9-E50 with a 9-ply GFRP tube had 

only a slight increase in the peak axial load compared with specimen R30-T6-

E50 with a 6-ply GFRP tube. This is because the fibers being close to the hoop 

direction of the GFRP tube do not contribute dramatically to the bending 

stiffness of the column section. Figure 6.9b shows that the load eccentricity 

had a substantial effect on the axial load-axial shortening response of the test 

columns: the peak axial load and the initial stiffness decrease obviously as the 

load eccentricity increases. The ultimate axial shortening also decreases as the 

load eccentricity increases. Figure 6.9c shows that the peak axial load 

decreases but the ultimate axial shortening increases as the slenderness ratio of 

the column increases. The effect of the mix ratio of RCLs is shown in Figure 

6.9d. The results show that the axial load-axial shortening curves of three 

specimens with three different RCL mix ratios are very close to each other, 

indicating that the RCL mix ratio had little effect on the axial load-axial 
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shortening response of reinforced CCFFT columns under eccentric loading. It 

is worth mentioning that the compressive strength of the RCLs (40.5 MPa) was 

much lower than that of the fresh concrete (75.8 MPa). As discussed in the 

previous chapters, the lower compressive strength of RCLs is expected to have 

a detrimental effect on the load-carrying capacity of compound concrete 

columns if no sufficient confinement is provided. Figure 6.9d indicates that the 

FRP confinement in the present experimental program was effective to avoid 

the detrimental effect of the RCLs in the tested reinforced CCFFT columns. 

 

6.3.3 Axial Load-Axial Strain Curves 

 

The axial load-axial strain curves of all the test specimens are shown in Figure 

6.10. The axial strains were obtained from the readings of the LVDTs at the 

mid-height. LVDT 1 and LVDT 3 were attached at the tension side and 

compression side (referred to as the extreme tension fiber, ETF, and extreme 

compression fiber, ECF, respectively, hereafter) of an eccentrically-loaded 

column, respectively, while LVDT 2 and LVDT 4 were attached at the other 

two sides. The axial strains recorded by the strain gauges at the mid-height, 

however, were not reliable as most of the strain gauges were damaged when 

the white patches appeared on the surface of the GFRP tube. It can be seen that 

a large tensile strain (around -0.08) and a large compressive strain (around 0.04) 

were developed at the ETF and ECF, respectively, of all the eccentrically-

loaded FRP-confined slender columns as shown in Figures 6.10a-6.10e. The 

short column with a load eccentricity of 50 mm (R30-T6-E50-S) also had a 

large compressive strain of around 0.04 at the ECF, but the tensile strain at the 
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ETF was smaller (around -0.06). The short column R30-T6-E25-S with a 

smaller load eccentricity of 25 mm had smaller strains at both the ETF and 

ECF than R30-T6-E50-S. For all the test specimens, the strains obtained from 

LVDT 2 and LVDT 4 were close, which demonstrates the good one-directional 

bending condition. For all the FRP-confined specimens with an eccentricity of 

50 mm, the strains obtained from LVDT 2 and LVDT 4 changed from positive 

values to negative values, which means that the concretes at the two sides were 

under compression followed by tension after the peak load. This indicates that 

the neutral axis of the section at the mid-height moved towards the 

compression side during the loading process. Figure 6.10 also shows that the 

ultimate axial strains of the eccentrically-loaded specimens at the ECF were 

larger than that of the corresponding concentrically-loaded specimen (Table 

6.4). Many other studies on FRP-confined RC columns under eccentric loading 

have also reported this so-called axial strain enhancement phenomenon 

(Rodrigues and Silva 2001; Yu et al. 2010; Wu and Jiang 2013). This 

phenomenon is mainly caused by the strain gradient effect over the section of 

an eccentrically-loaded column (Lin and Teng 2017).  

 

6.3.4 Axial Load-Lateral Displacement Curves 

 

Figure 6.11 shows the axial load-lateral displacement curves of all the 

eccentrically-loaded columns. The lateral displacements were obtained from 

the readings of the horizontal LVDTs at different heights of the column (Figure 

6.4). In the figures, U600 and U300 represent the displacements recorded by 

the LVDT located at 600mm and 300mm above the mid-height, respectively, 
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and L600 and L300 represent the displacements at 600mm and 300mm below 

the mid-height, respectively. As expected, the lateral displacement at the mid-

height is larger than those at the other locations. Besides, at a given load, the 

displacements of U600 and U300 are very close to those of L600 and L300, 

respectively, indicating that good symmetry of deformation about the mid-

height of the column was achieved. Figure 6.12 shows the effects of different 

parameters (i.e., FRP thicknesses, load eccentricity, slenderness ratio and mix 

ratio of RCLs) on the axial load-lateral displacement responses. Figure 6.12a 

shows that FRP confinement significantly enhances both the ductility and the 

load-carrying capacity of eccentrically-loaded slender columns. However, the 

enhancements from 6-ply to 9-ply FRP confinement are very limited, which is 

the same as the observation made on the axial load-axial shortening curves as 

shown in Figure 6.9a. Figure 6.12b shows that the axial load-lateral 

displacement response was obviously affected by the load eccentricity. The 

axial load-carrying capacity decreases while the ultimate lateral displacement 

increases as the load eccentricity increases. Similarly, as the slenderness ratio 

increases, the axial load-carrying capacity decreases while the ultimate lateral 

displacement increases as shown in Figure 6.12c. The lateral displacement 

corresponding to the peak axial load also increases as the slenderness ratio 

increases. The axial load-lateral displacement curves of specimens with 

different RCL mix ratios are shown in Figure 6.12d. It can be seen again that 

the RCL mix ratio has little effect on the axial load-lateral displacement 

response. 
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6.3.5 Moment-Curvature Curves 

 

The moment-curvature curves of the mid-height section of all the test columns 

are shown in Figure 6.13. The bending moment M  was calculated using the 

following equation: 

 ( )lM P e=  +   (6.1) 

where P  is the axial load; e  and l  are the initial load eccentricity and the 

lateral displacement at the mid-height of the column. In this equation, P e  is 

the first-order moment induced by the initial load eccentricity, while lP   is 

the second-order moment induced by the lateral deformation of the column 

(i.e., second order effect).  

 

The curvature   was calculated based on the plane section assumption using 

the following equation: 

 
3 1=

l lD L


 − 
 (6.2) 

where 1  and 3  are the readings of LVDT 1 and LVDT 3 installed at the 

ETF and ECF, respectively (Figure 6.4); lD  is the distance between the tips 

of LVDT 1 and LVDT 3 which is slightly greater than the diameter of the 

column section (209mm); and lL  is the length covered by the LVDTs (i.e., 

300mm). 

 

It can be seen from Figure 6.13 that the second portion of the moment-
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curvature curve is little higher when the FRP tube increased from 6ply to 9ply. 

The RCL mix ratio has almost no effect on the moment-curvature response 

(Figure 6.13b). The column with a larger load eccentricity has a lower slope of 

the second portion but a larger ultimate curvature (Figure 6.13c). The slope of 

the second portion and ultimate moment of the moment-curvature curve 

decreases when the slenderness ratio increases (Figure 6.13d). 

 

6.3.6 Axial Strain Distribution over the Mid-Height Section 

 

Figure 6.14 shows the axial strain distributions over the mid-height section of 

all the specimens. The vertical axis represents the distance to the ECF. The 

axial strain values at vertical coordinates of 0mm, 100mm and 200mm were 

obtained from LVDTs. The values at 100mm were the average values of the 

reading of two LVDTs at the two sides of the column (LVDT2 and LVDT 4). 

The axial strain values at vertical coordinates of 32.5mm and 167.5mm were 

obtained from the strain gauges on the longitudinal bars at the mid-height of 

the column. Some strain gauges on the longitudinal bars were damaged before 

the peak axial load was reached, and thus, these data points from the strain 

gauges were abandoned. Each curve in Figure 6.14 represents the axial stain 

distribution under a specified axial load. The figure shows that the distribution 

curves are almost linear in the process of loading which implies that the plain 

section assumption is valid in these specimens. Furthermore, it can be derived 

that the neutral axis kept moving toward the compressive side as the axial 

shortening increased. 
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6.3.7 Hoop Strain at Ultimate Condition 

 

The maximum hoop strain of GFRP tube is also listed in the Table 6.4. The 

,maxh   of each specimen was located on the ECF at the middle height of 

column except the specimen R30-T6-E0 with a failure region outside the mid-

height show in the previous section. In addition, it can be found that the 

maximum hoop strain decreases when the column slenderness increases 

because the failure mode changed from FRP rupture to stability failure. In 

addition, the maximum hoop strain of slender specimens with different mix 

ratio of RCLs are similar.  

 

6.4 CONCLUSIONS 

 

This chapter has presented the results of an experimental program consisting 

of a series of reinforced CCFFT columns under eccentrical loading. The effects 

of FRP confinement, load eccentricity, mix ratio of RCLs and slenderness ratio 

were examined. The following conclusions can be drawn based on the 

experimental results and discussions presented in this chapter: 

(1) The failure of reinforced CCFFT slender columns under eccentrical 

loading was dominated by flexure without FRP rupture (i.e., stability 

failure), while the failure of reinforced CCFFT short columns was 

dominated by FRP rupture at the compression side near the mid-height 

(i.e., material failure). 
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(2) The provision of FRP confinement significantly enhances the load-

carrying capacity and the ductility of reinforced CCFFT columns under 

eccentrical loading. However, for reinforced CCFFT slender columns, as 

FRP thickness continues to increase, no significant further increase in the 

axial load-carrying capacity and ductility can be achieved. 

(3) The load eccentricity and the slenderness ratio have significant effects on 

the responses of reinforced CCFFT columns under eccentric loading: a 

larger load eccentricity leads to a lower axial load-carrying capacity, a 

larger ductility, and a smaller initial slope for the axial load-axial 

shortening curve; a larger slenderness ratio leads to a smaller axial load-

carrying capacity but a larger ultimate axial shortening and a larger mid-

height lateral displacement. 

(4) The ultimate axial strain of the extreme compressive fiber (ECF) of an 

eccentrically-loaded reinforced CCFFT columns is larger than that of the 

corresponding concentrically-loaded column due to the strain gradient 

effect. 

(5) The plain section assumption was found to be still valid for the reinforced 

CCFFT columns under eccentrical loading. 

(6) The RCLs were found to have little effect on the responses of reinforced 

CCFFT columns under eccentric loading, which implies that the 

detrimental effect of RCLs was largely eliminated through FRP 

confinement. 
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Table 6.1 Specimens details 

Column type Specimen Mix ratio 

GFRP 

(ply) 

Eccentricity 

(mm) 

Slender column 

R30-T6-E0 30 6 0 

R30-T6-E50 30 6 50 

R0-T6-E50 0 6 50 

R15-T6-E50 15 6 50 

R30-T0-E50 30 0 50 

R30-T9-E50 30 9 50 

Short column  

R30-T0-E0-S 30 0 0 

R30-T0-E25-S 30 0 25 

R30-T0-E50-S 30 0 50 

R30-T6-E0-S 30 6 0 

R30-T6-E25-S 30 6 25 

R30-T6-E50-S 30 6 50 
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Table 6.2 Material properties of fresh concrete 

 

Table 6.3 Material properties of longitudinal steel bars 

 Yield stress (MPa) 

Elastic modulus 

(MPa) 

Elongation 

L1 508.8 196860 15.36% 

L2 532.9 202702 15.42% 

L3 514.7 195624 15.67% 

Average 518.8 198395 15.48% 

 CY1 CY2 CY3 Average 

'

cf (MPa) 76.7 74.9 75.9 75.8 

co  0.0027 0.0026 0.0026 0.0026 

cE  (MPa) 35565 36005 37394 36321 
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Table 6.4 Test results 

Specimen maxP (kN) 
max

'

c c y s

P

f A f A+
 Moment at peak load ( kN m ) u  (mm) uP (kN) uM  ( kN m ) _cu ecf  ,maxh  Failure mode 

R30-T6-E0 3847.3 1.435 / / / / 0.0131 0.0132 FRP Rupture 

R30-T6-E50 1157.4 0.432 73.5 74.88 584.6 73.0 0.0405 0.0117 Stability Failure 

R0-T6-E50 1153.4 0.430 74.0 71.46 608.3 73.9 0.0471 0.0107 Stability Failure 

R15-T6-E50 1117.9 0.417 72.3 63.02 659.7 74.5 0.0389 0.0103 Stability Failure 

R30-T0-E50 837.4 0.312 49.7 7.20 / / 0.0040 / Concrete Crushing 

R30-T9-E50 1196.9 0.447 77.0 73.20 612.2 75.6 0.0420 0.0080 Stability Failure 

R30-T0-E0-S 2208.1 0.824 / / / / 0.0023 / Concrete Crushing 

R30-T0-E25-S 1192.9 0.445 60.3 0.58 / / 0.0033 / Concrete Crushing 

R30-T0-E50-S 1023.1 0.382 51.1 * / / 0.0026 / Concrete Crushing 

R30-T6-E0-S 4017.2 1.499 / / / / 0.0163 0.0161 FRP Rupture 

R30-T6-E25-S 2133.0 0.796 133.6 14.36 2065.9 133.0 0.0347 0.0163 FRP Rupture 

R30-T6-E50-S 1343.0 0.501 78.0 18.72 1271.9 87.4 0.0338 0.0127 FRP Rupture 

*Not available due to LVDT damage during the loading process 
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Figure 6.1. Reinforcement details of columns 
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Figure 6.2. Production of RCLs 

 

  

(a) Fixation of steel bars on bottom plate     (b) Top plate 
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(c) Welding and polish of top plate            (d)The fixation of GFRP tube 

  

(e) Strengthing of two ends of column         (f) Polishing of top surface 

Figure 6.3. Preparation of test specimens 
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(a) slender column 

 

(b) short column 

Figure 6.4. Lay-outs of LVDTs and strain gauges 
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Figure 6.5. Experimental set-up 

   

(a) R30-T6-E0                      (b) R30-T6-E0-S                                 
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(c) R30-T0-E0-S 

 Figure 6.6. Typical failure modes of concentrically-loaded specimens 

 

Figure 6.7. Failure region of specimen R30-T6-E0 after removal of GFRP 

tube 
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(a) R15-T6-E50 
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(b) R30-T6-E50-S 
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(c) R30-T0-E50-S 

Figure 6.8. Typical failure modes of eccentrically-loaded specimens 
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(a) Effect of FRP confinement  
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(b) Effect of load eccentricity 
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(c) Effect of slenderness ratio 

 

(d) Effect of RCL mix ratio 

Figure 6.9. Axial load-axial shortening curves  
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(a) R30-T0-E50   

 

(b) R30-T6-E50 

  

(c) R30-T9-E50 
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(d) R15-T6-E50 

 

(e) R0-T6-E50 

  

(f) R30-T6-E50-S   
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(g) R30-T6-E25-S 

  

(h) R30-T0-E50-S   

 

(i) R30-T0-E25-S 

Figure 6.10. Axial load-axial strain curves 



242 

 

(a) R30-T6-E50 

 

(b) R0-T6-E50 

 

(c) R15-T6-E50 
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(d) R30-T9-E50 

 

(e) R30-T6-E25-S 

 

(f) R30-T6-E50-S 

Figure 6.11. Axial load-lateral displacement curves  
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(a) Effect of FRP confinement 

 

(b) Effect of load eccentricity 

 

(c) Effect of different slenderness ratio 
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(d) Effect of RCL mix ratio 

Figure 6.12. Axial load-lateral displacement curves   
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(a) Effect of FRP confinement 

 

(b) Effect of RCL mix ratio 

 

(c) Effect of load eccentricity 
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(d) Effect of slenderness ratio 

Figure 6.13. Moment-curvature curves of the mid-height section  
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(a) R30-T0-E50 

 

(b) R0-T6-E50 

  

(c) R30-T9-E50   
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(d) R15-T6-E50 

  

(e) R30-T6-E50 

 

(f) R30-T6-E25 
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(g) R30-T6-E50-S 

 

(h) R30-T6-E25-S 

Figure 6.14. Axial strain distributions over the mid-height section 
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CHAPTER 7 

NUMERICAL ANALYSIS OF REINFORCED 

CCFFT COLUMNS UNDER ECCENTRIC 

LOADING 

7. 1 INTRODUCTION 

 

In Chapter 6, the test results of a test program on reinforced compound 

concrete-filled FRP tubular (CCFFT) columns under eccentric loading has 

been presented. The effects of FRP confinement, load eccentricity, mix ratio of 

RCLs, and slenderness ratio on the responses of these columns have been 

systematically investigated. The reinforced CCFFT columns have been found 

to behave in a similar manner to the corresponding normal concrete-filled FRP 

tubular columns despite the inclusion of RCLs. This indicates that the 

detrimental effect associated with the inclusion of RCLs has been largely 

eliminated by FRP confinement. 

 

In this chapter, the predictions of the test columns with the theoretical column 

model of Jiang and Teng (2012a) are presented. Jiang and Teng’s (2012a) 

model was originally proposed for predicting the behavior of eccentrically-

loaded FRP-confined normal concrete columns. In this model, a stress-strain 

model for FRP-confined concrete developed from concentrically-loaded 

columns (referred to as concentric loading stress-strain model) is adopted to 
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represent the behavior of FRP-confined concrete. The same treatment has been 

employed in many other theoretical models (e.g., Fam et al. 2003; Hu et al. 

2011; Jiang and Teng 2012a; Wu and Jiang 2013; Lin 2016). However, a strain 

gradient exists over the section of a column under eccentric loading. Recently, 

Lin (2016) from our research group investigated the strain gradient effect on 

eccentrically-loaded FRP-confined circular columns and found that the strain 

gradient has a significant effect on the ultimate deformation of the columns. A 

stress-strain model for FRP-confined concrete in columns under eccentric 

loading (referred to as an eccentricity-dependent or EccD stress-strain model 

hereafter) was therefore proposed by him. In the present PhD research project, 

the concentric-loading stress-strain model of Teng et al.’s (2009) as well as the 

EccD stress-strain model of Lin (2016) are both incorporated in the theoretical 

column model of Jiang and Teng (2012a) to predict the test columns presented 

in the previous chapter. The predicted axial load-bending moment (N-M) 

interaction curves are also compared with the experimental results. In addition, 

the design equations in the Chinese Code GB 50608 are also assessed in 

predicting the test columns. 

 

7.2 THEORETICAL COLUMN MODEL OF JIANG AND 

TENG (2012a) 

 

The theoretical column model proposed by Jiang and Teng (2012a) was 

adopted to predict the responses of the test columns presented in the previous 

chapter. In Jiang and Teng’s (2012a) model, the full-range axial load-



253 

deformation curve of an FRP-confined RC column under eccentric loading is 

generated using a numerical integration method. Jiang and Teng’s (2012a) 

model has been verified using many experiment results from the open literature 

(e.g., Ranger and Bisby 2007; Fitzwilliam and Bisby 2010; Tao et al. 2004). In 

this model, the column is equally divided into a number of segments and the 

section at the end of each segment is divided into a number of layers parallel 

to the neutral axis. Each segment of the column is allowed to develop lateral 

displacements, and therefore, the second-order effect of the column can be 

considered automatically during the calculation. There are two main contents 

in Jiang and Teng’s (2012a) model: (a) section analysis; and (b) generation of 

the full-range axial load-deformation curve. 

 

(a) Section analysis 

The layer method of section analysis is the basis for the integration method 

in Jiang and Teng (2012a). For a column section under a particular axial 

load, a unique moment-curvature curve exists. In the current section 

analysis, the column section is equally divided into 50 layers parallel to the 

neutral axis (Figure 7.1). The moment-curvature curve can be generated by 

specifying an incremental series of axial strain values for the extreme 

compression fiber (ECF) of concrete up to its ultimate axial strain. For each 

strain value, through a trial-and-error process, the location of the neutral 

axis is determined until the force equilibrium condition is met on the 

column section (i.e., the resultant axial force acting on the section equals 

to the applied axial load). The acceptable difference between the resultant 

force and the applied load is set to be N as the convergence criterion 610−
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in the present study. For each strain profile, the axial load and the moment 

of the section can be obtained via integrations of the axial stresses over the 

column section: 

 

 (7.1) 

where nx   is the position of the neutral axis; cb   and c   are the width 

and the stress of the concrete layer at a distance of c  from the reference 

axis, respectively; si , siA  and sid  are the tensile/compressive stress, the 

cross-section area and the distance of the i th longitudinal steel bar from 

the reference axis. 

 

In the current analysis, it is assumed that the concrete has no tensile 

resistance. In addition, the confinement from the transverse steel stirrup is 

ignored due to the limited transverse steel stirrup ratio in the columns tested 

in the present PhD research project (Chapter 6). The stress-strain curve of 

longitudinal steel bars in the column are assumed to be an elastic-perfectly 

plastic. 

 

(b) Generation of the full-range axial load-deformation curve 

The column is equally divided into 30 segments in the present study. The 

curvature of the column section at each grid point (the connection point 

between two segments) can be obtained from the second order derivative 

of its lateral deformation. The relationship between the curvature and the 
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lateral displacement is established using the central difference method as 

follows: 

  (7.2)  

where  and  are the lateral displacement and curvature at the ith 

grid point of the column, respectively. 

 

For a given axial load N, the total moment at each grid point consists of the 

first order moment N∙e and the second order moment N∙f(i): 

  (7.3) 

   where e  is the initial load eccentricity. 

 

In Jiang and Teng’s (2012a) method, the full-range load-deformation curve 

of a column is obtained via an incremental process. A force-control 

technique (i.e., increasing the axial load by small steps) and a displacement 

control technique (i.e., increasing the displacement of the mid-height grid 

point by small steps) are used for the ascending branch and the descending 

branch of the load-deformation curve, respectively. In the load-control 

technique, for a given axial load, a small value of  is first assumed, 

which is then used for calculating the lateral displacement of the third grid 

point . Given the assumed , the total moment of the second grid 

point  can be calculated using Eq. (7.3) and  then can be obtained 

via a linear interpolation of the exact moment-curvature curve under the 

applied axial load from the section analysis. Once the value of  and 
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 are obtained,  can be easily calculated using Eq. (7.2). Therefore, 

the displacements of the remaining grid points can be calculated one by 

one using the same process mentioned above. Finally, the displacement of 

the last grid point  needs to be equal to zero. If not, the assumed value 

of  at the beginning needs to be adjusted until  is equal to zero 

under an acceptable error criterion. In the present study, the accepted 

absolute value of  should be smaller than mm. The applied load 

is incremented until it is larger than the load-carrying capacity of the 

column (i.e. the moment of any grid exceeds the maximum moment under 

the current axial load) for which the increment of the applied load needs to 

be decreased for convergence. When the increment of the applied load is 

sufficiently small, e.g.,  of the load-carrying capacity of the column, 

the calculation for the ascending branch of the load-deformation curve is 

terminated and the corresponding value of   is chosen to be the 

reference displacement  for generating the descending branch. 

 

The descending branch of the load-deformation curve is generated using a 

displacement-control method. The prescribed initial value of  and the 

initial increment is 1.1   and 0.1  . The procedure starts with an 

initially assumed axial load which can be the load-carrying capacity of the 

column determined for the ascending branch. Under this axial load, a 

negative value of  will be obtained using the same procedure for the 

ascending branch. Then the assumed axial load should be reduced 
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gradually until a positive  is achieved. The correct axial load then can 

be obtained using the bisection method and is recorded as the initial value 

of the next incremental step. When the moment at any grid point is larger 

than the maximum moment of the section under the current axial load, the 

calculation should back to the previous step and the displacement 

increment should be decreased until its value reaches . The reader 

is referred to Jiang and Teng (2012a) and Jiang (2008) for more details 

about the procedures. 

 

7.3 STRESS-STRAIN MODELS FOR FRP-CONFINED 

CONCRETE 

 

As discussed in the preceding chapters, the stress-strain behavior of FRP-

confined compound concrete is almost identical to that of the corresponding 

FRP-confined normal concrete as long as a sufficient confinement is provided 

by the FRP tube. As a result, existing stress-strain models for FRP-confined 

normal concrete are directly adopted in Jiang and Teng’s (2012a) model in 

predicting the test results of the reinforced CCFFT columns. The CL stress-

strain model of Teng et al.’s (2009) and the EccD stress-strain model of Lin 

(2016) are both incorporated in Jiang and Teng’s (2012a) model and they are 

briefly reviewed in this section.  

 

Teng et al.’s (2009) model is an improved version of Lam and Teng’s (2003) 

(31)f

610−

(31)f
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model for FRP-confined concrete in circular columns under concentric 

compression. The stress-strain curve of FRP-confined concrete in both models 

is represented by a parabolic first portion and a linear second portion. Teng et 

al.’s (2009) model (Version 2) applies to FRP-confined concrete with both an 

ascending and a descending second branch for the stress-strain curve. Lin 

(2016) extended Teng et al.’s (2009) model to FRP-confined concrete in 

eccentrically-loaded circular columns by taking into account the strain gradient 

effect. The EccD stress-strain model of Lin (2016) also consists of a parabolic 

first portion and a linear second portion: 

 

 (7.4) 

 

 (7.5) 

where  and  are the elastic modulus of unconfined concrete and the 

slope of the linear second portion of confined concrete;  is the ultimate 

axial strain of confined concrete;  is the unconfined concrete strength;  

and  are the stress and strain at the transition point between the two portions 

of the stress-strain curve calculated as follows: 
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                    (7.7) 

 

Lin (2016) found that the slope of the linear second portion of the stress-strain 

curve of FRP-confined concrete in an eccentrically-loaded section decreases 

but the ultimate axial strain increases with the diameter-to-compression depth 

ratio (d/c): 
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where   and   are the ultimate axial strain and the slope of the 

second portion of FRP-confined concrete under concentric compression which 

can be calculated using Eqs. (2.6) and (2.5) of Teng et al.’s (2009) model; c  is 

the depth of the compression zone and d  is the column diameter. 

 

7.4 COMPARISON WITH TEST RESULTS 

 

In the analysis, the contribution of the GFRP tube in the axial direction was 

ignored because of its small cross-sectional area and axial stiffness (the 

winding angle between fibers and the longitudinal axis of the tube were 81°). 

The actual hoop strains of the FRP tube measured from the strain gauge at the 

ECF of the mid-height section were directly used in the analysis. As the loading 
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of the slender columns terminated without FRP tube rupture (stability failure), 

the obtained hoop strains were far below the rupture strains of the FRP tube of 

the short column (Chapter 6). The compound concrete of each reinforced 

CCFFT column was assumed to be homogenous with the same properties as 

those of the fresh concrete in the analysis, as the influence of RCLs on the 

stress-strain behavior of compound concrete is limited as discussed earlier. The 

effective length of each specimen is little than the clear height of specimens 

including the thickness of steel plates and rollers at two ends as mentioned in 

Chapter 6. However, each grid point along the whole height was assigned the 

same section property for simplicity due to the negligible section moments at 

two ends of column. 

 

The comparisons between the experimental and predicted axial load-axial 

strain curves for the test columns are shown in Figure 7.2. The axial strains 

were those of the concrete at the ECF. The experimental axial strains came 

from the readings of the mid-height LVDT at the ECF. For slender columns 

(Figures 7.2a and 7.2b), the theoretical analyses using both Teng et al.’s (2009) 

model and Lin’s (2016) EccD model provide close predictions for the peak 

axial load and the corresponding axial strain of the reinforced CCFFT columns. 

However, the ultimate axial strain at the ECF and thus the corresponding axial 

load at the ultimate condition are significant underestimated by both models. 

Compared with Teng et al.’s (2009) model, Lin’s (2016) EccD model performs 

better in terms of the ultimate axial strain. For short columns (Figures 7.2c and 

7.2d), it seems that Lin’s (2016) EccD stress-strain model which takes into 

account the strain gradient effect in eccentrically-loaded columns can provide 
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acceptable predictions for the ultimate axial strain at the ECF although the 

predicted ultimate axial strains are still smaller than the test results. The 

underestimation in the ultimate axial strain is believed to be caused by the 

possible slips between the FRP tube and the concrete especially for slender 

columns, which is not considered in the theoretical analysis (Xie 2018). 

Another possible reason is that the lateral confinement from the FRP tube is 

reduced due to its biaxial stress state and thus is overestimated by the 

theoretical model (Xie 2018). 

 

The comparisons between the experimental and predicted axial load-lateral 

displacement curves at the mid-height of the columns are shown in Figure 7.3. 

Similar to the observations made on the axial load-axial strain response, the 

ultimate mid-height lateral displacements of the tested columns are also 

underestimated by the theoretical column model, while the load-carrying 

capacities can be reasonably well predicted for both short and slender columns. 

This phenomenon was also reported by Xie (2018) for normal concrete-filled 

FRP tubular columns under eccentric loading. 

 

7.5 AXIAL LOAD-BENDING MOMENT INTERACTION 

DIAGRAMS  

 

The axial load-bending moment (N-M) curves for the tested CCFFT columns 

are shown in Figure 7.4. The bending moment consists of both the first-order 

moment and the second-order moment. The axial load-bending moment 
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interaction diagrams predicted with Teng et al.’s (2009) concentric-loading 

stress-strain model and Lin’s (2016) EccD stress-strain model were generated 

using section analysis and also shown in Figure 7.4. The actual strain of GFRP 

corresponding to failure point of each specimen is chosen to use in the 

generation process of N-M curves. Each point of the N-M interaction diagram 

represents the ultimate state of a specified section under combined axial 

compression and bending moment. It can be found that the N-M interaction 

diagram predicted with Teng et al.’s (2009) model is more conservative than 

that of Lin’s (2016) EccD model. Figure 7.4 shows that the N-M curve of each 

test column coincides with a straight line with a slope of 1/e   N/M at an early 

loading stage but deviates from the straight line afterwards. The straight line 

representing the N-M curve of a column section with a fixed load eccentricity 

(e   M/N). This indicates that the slenderness effect of the column is negligible 

at an early stage of loading but becomes significant as the deformation 

increases. It is evident that all the N-M curves of the reinforced eccentrically-

loaded CCFFT columns have a descending branch except that of R30-T6-E25-

S which was controlled by material failure. For all the slender columns, the N-

M curves have a segment where the moment decreases at the final loading 

stage. The ultimate points corresponding to the axial load-carrying capacity of 

the test columns are indicated in Figure 7.4 and it can be seen that they are 

located very closely to the predicted N-M interaction diagram. This implies 

that it is appropriate to directly use the properties of fresh concrete in predicting 

the global responses of reinforced CCFFT columns under eccentric loading. 

 

Figure 7.5 shows the effects of various factors (i.e., load eccentricity, 
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slenderness ratio, and FRP confinement) on the axial load-bending moment 

curves of reinforced CCFFT columns. Figure 7.5(a) shows the variation of the 

N-M curves with the initial load eccentricity. The N-M interaction curves 

predicted with Lin’s (2016) EccD stress-strain model are also drawn for 

comparison. The curve of Lin for T6-E25 is within that of Lin for T6-E50 due 

to the smaller value of experiential maximum hoop strain of GFRP. It is evident 

that the initial slope of the experimental N-M curve depends on the initial load 

eccentricity: a large initial load eccentricity leads to a smaller initial slope. In 

addition, it can be seen that the extent of deviation from the corresponding 

straight line at the ultimate condition of R30-T6-E25-S is larger than that of 

R30-T6-E50-S. The reason is that the axial load level of R30-T6-E25-S was 

much larger than that of R30-T6-E50-S and thus a larger second-order moment 

was induced in the former. 

 

Figure 7.5(b) examines the effect of slenderness ratio by comparing the N-M 

curves of two specimens (R30-T6-E50-S and R30-T6-E50). Note that 

specimen R30-T6-E50-S failed by the rupture of the FRP tube (i.e., material 

failure), while specimen R30-T6-E50 failed due to a too large deflection (i.e., 

stability failure). The experimental N-M curves of these two specimens had an 

identical initial slope due to the same initial load eccentricity for the two 

specimens. However, the N-M curve of R30-T6-E50 deviates from the initial 

straight line earlier than that of R30-T6-E50-S, indicating that the second-order 

effect is more serious in a slenderer column. As the slenderness ratio decreases, 

the deviation of the N-M curve from the initial straight line becomes smaller 

and the failure mode of the column changes from stability failure to material 
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failure. 

 

The effect of GFRP tube thickness on the N-M curve is shown in Figure 7.5(g) 

by comparing two specimens (R30-T6-E50 and R30-T9-E50). It can be seen 

that the section strength increases slightly when the thickness of the GFRP tube 

increases from 6-ply to 9-ply. The experimental N-M curves of the two 

specimens coincide with each other until the axial load-carrying capacity of 

specimen R30-T6-E50 is reached. The experimental section strength of 

specimen R30-T9-E50 is obviously larger than that of specimen R30-T6-E50. 

 

7.6 VERIFICATION OF DESIGN EQUATIONS 

7.6.1 Design Equations in GB 50608(2010)  

 

A design explicit design method for FRP-confined circular RC columns were 

established in Chinese Code GB 50608(2010) based on the research work of 

Jiang and Teng (2012b). The design method of Jiang and Teng (2012b) were 

developed based on the nominal curvature method and numerical results from 

the theoretical model (Jiang and Teng 2012a). In addition, the existing 

experimental data of FRP-confined circular RC columns were used to verify 

the accuracy and safety of this design method. The detailed equations in GB 

50608(2010) are introduced briefly as follows; 

The stress-strain model for FRP-confined concrete in circular column is 

modified based on the Lam and Teng’s (2003) model. The equations of ultimate 
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axial strain cu  and axial stress 
'

ccf  are modified as follows: 
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Where frpE , t  and ,h rup  is the elastic modulus, thickness and rupture strain 

of FRP; R is radius of column section; j  is the confinement stiffness ratio. 

 

The axial load capacity and the corresponding section moment capacity of FRP 

confined circular RC column under eccentric loading can be calculated as 

follows: 
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Where   is the ratio between the angle of compression zone of concrete and 

2 ; c is the cross-section area ratio of longitudinal steel reinforcement on 
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the compression zone and the total section; t is the cross-section area ratio of 

longitudinal steel reinforcement on the compression zone and the total section; 

A  is the cross-section of column; sA  and yf  is the total cross-section area 

and yield stress of longitudinal steel reinforcement; sr   is the distance 

between the center of longitudinal steel reinforcement and column section; ie  

is the initial load eccentricity; 1e   and 2e   are the load eccentricities at the 

two ends, respectively ( 2e   is the absolute value of the one with a larger 

absolute value); 0e  and ae  is the equivalent and additional load eccentricity. 

d  is the amplification factor for the initial load eccentricities which can be 

calculated using following equations: 
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Where 0l   is the effective length of the column; 1   and 2   are two 

adjustment coefficients of the curvature accounting the influence of the axial 

load level and the slenderness, respectively. 
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ae  in the Eq. 7.16 is an additional eccentricity considering the construction 

errors or geometric imperfections in practical engineers. Its value could be zero 

in this study because accurate control of fabrication of column in the laboratory. 

In this study, the situations without or with additional load eccentricity are 

compared with each other. 

 

7.6.2 Comparison Results 

 

The predictions of load-carrying capacity of reinforced CCFFT columns under 

eccentric loading using the design method of GB 50608 (2010) are compared 

with test results as shown in Figure 7.6 (a). The predicted value of load-

carrying capacity from GB 50608 (2010) without additional load eccentricity is 

very close to that of test results, indicating that the design equations of GB 

50608 (2010) are also applicable to the prediction of reinforced CCFFT 

columns using the strength of fresh concrete instead of compound concrete. In 

addition, the results from deign method with an additional load eccentricity 

(
30

a

D
e = ) are conservative compared with test results. In GB 50608 (2010), it 

is recommended that the larger value between the 20mm and 
30

a

D
e =  should 

be chosen to be the additional load eccentricity. In this study, the results will be 

more conservative if 20mm is chosen to be additional load eccentricity.  

    



268 

7.7 CONCLUSIONS 

 

This chapter has presented the numerical results of the theoretical column 

model proposed by Jiang and Teng (2012a) incorporating Teng et al.’s (2009) 

concentric-loading stress-strain model and Lin’s (2016) eccentricity-dependent 

(EccD) stress-strain model considering the strain gradient effect for FRP-

confined concrete. The predicted axial load-axial strain curves, axial load-

lateral displacement curves, and N-M interaction curves were compared with 

the experimental results presented in the previous chapter. In addition, the 

predictions of load-carrying capacity according to GB 50608 (2010) were also 

compared with test results. The following conclusions can be drawn based on 

the results and discussions presented in this chapter: 

 

(1) The theoretical column model of Jiang and Teng (2012a) incorporating 

Teng et al.’s (2009) stress-strain model and Lin’s (2016) EccD stress-strain 

model both can provide close predictions for the axial load-carrying 

capacities of the reinforced CCFFT columns under eccentric loading. 

(2) The ultimate lateral displacements and the ultimate axial strains at the ECF 

of the test reinforced CCFFT columns are significantly underestimated by 

the theoretical column model. The column model incorporating Lin’s 

(2016) EccD model perform better in predicting these two parameters than 

Jiang and Teng’s (2009) concentric loading stress-strain model. In addition, 

Lin’s EccD stress-strain model provides acceptable predictions for the 

ultimate axial strains at the ECF of the short reinforced CCFFT columns.  

(3) The experimental ultimate points of N-M curves of the reinforced CCFFT 
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columns under eccentric loading are distributed close to the N-M 

interaction diagrams predicted with the properties of fresh concrete. The 

section strength increases with the thickness of the FRP tube. The second 

order effect is more significant for a column with a larger slenderness ratio 

or a smaller initial load eccentricity. 

(4) GB 50608 (2010) can provide a close prediction of load-carrying capacity 

for the reinforced CCFFT column when the strength of fresh concrete is 

used instead of compound concrete directly. 
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Figure 7.1. Strain and stress profiles over the section of an FRP-confined 

circular RC column [extracted from Jiang and Teng (2012)] 

 

 

(a) R0-T6-E50, R15-T6-E50 and R30-T6-E50 
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(b) R30-T9-E50 

 

(c) R30-T6-E25-S 

 

(d) R30-T6-E50-S 

Figure 7.2. Experimental and predicted axial load-axial strain curves at the 

extreme compression fiber  
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(a) R0-T6-E50, R15-T6-E50 and R30-T6-E50 

 

(b) R30-T9-E50 
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(c) R30-T6-E25-S 

 

(d) R30-T6-E50-S 

Figure 7.3. Experimental and predicted axial load-lateral displacement curves 

at the mid-height 
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(a) R0-T6-E50, R15-T6-E50 and R30-T6-E50 

 

(b) R30-T9-E50  
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(c) R30-T6-E25-S 

 

(d) R30-T6-E50-S 

Figure 7.4. Axial load-bending moment (N-M) interaction curves 
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(a) Effect of eccentricity 

 

(b) Effect of slenderness ratio  
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(c) Effect of GRFP tube thickness 

Figure 7.5. Effects of different parameters on the axial load-bending moment 

(N-M) curves 
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(a) Load capacity without ae  

 

(b) Load capacity with 
30

a

D
e =  

Figure 7.6. Prediction of the axial load-carrying capacity using design 

method in GB 50608 (2010) 

  



282 

 

  



283 

CHAPTER 8 

CONCLUSIONS 

8.1 INTRODUCTION 

 

In this thesis, results from a systematic study carried out by the candidate on 

compound concrete-filled FRP tubular (CCFFT) columns have been presented. 

In this new form of columns originally proposed by Teng et al. (2012), an 

external FRP tube is filled with compound concrete containing recycled 

concrete lumps (RCLs). The RCLs are large pieces of concrete crushed 

coarsely from demolished concrete. These RCLs have a much larger size than 

recycled coarse aggregates; therefore, the recycling process is substantially 

simplified and the recycling ratio is enhanced. However, compound concrete 

is obviously more heterogeneous than normal concrete due to the inclusion of 

RCLs and the performance of compound concrete will be compromised by the 

relatively weak interfaces between RCLs and fresh concrete. This detrimental 

effect can be largely eliminated if the compound concrete is provided with a 

substantial amount of confinement, which can be supplied by an external FRP 

tube. 

 

This PhD research project aims to conduct an in-depth investigation into the 

behavior of CCFFT columns under various loading conditions, including: (1) 

behavior of CCFFT columns under concentric loading (i.e., behavior of FRP-
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confined compound concrete); (2) behavior of CCFFT columns under cyclic 

axial compression; and (3) behavior of reinforced CCFFT columns under 

eccentric axial compression. Experimental studies were conducted for each of 

the above behaviors followed by numerical simulations. The effects of 

important factors such as the mix ratio of RCLs, FRP confinement level, load 

eccentricity, and slenderness ratio on the behavior of CCFFT columns were 

particularly investigated. Three-dimensional (3D) FE modelling was 

conducted to deeply understand the behavior of FRP-confined compound 

concrete containing RCLs. The test results showed that the behavior of CCFFT 

columns with a sufficiently large FRP confinement was generally similar to 

that of columns made with the same fresh concrete. As a result, the 

applicability of existing stress-strain models and theoretical column models 

previously developed for FRP-confined normal concrete columns in predicting 

the behavior of the test CCFFT columns was examined. 

 

8.2 BEHAVIOR OF CCFFT COLUMNS UNDER 

MONOTONIC COMPRESSION 

 

Chapters 3 and 4 present the first part of this PhD research project focused on 

the behavior and modeling of CCFFT columns under monotonic axial 

compression. In Chapter 3, the results of a series of axial compression tests on 

CCFFT columns are presented. The effects of the CFRP thickness, mix ratio of 

RCLs, and compressive strength difference between the new and old concrete 

on the compressive behavior of FRP-confined compound concrete were 
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studied carefully. In addition, the test results were compared with Jiang and 

Teng’s (2007) analysis-oriented stress-strain model for FRP-confined normal 

concrete. The following conclusions were drawn in Chapter 3: 

(1) All the test CCFFT columns failed by FRP rupture due to hoop tension 

near the mid-height region. For those unconfined specimens containing 

RCLs, their failure mode was similar to that of normal concrete columns. 

(2) The inclusion of RCLs reduces the compressive strength and the initial 

elastic modulus of unconfined concrete and the reduction increases with 

the RCL mix ratio.  

(3) In both Series I and Series II of the tests, FRP confinement significantly 

enhanced the performance of compound concrete: the compressive 

strength and the ultimate axial strain of specimens containing RCLs were 

similar to those of specimens without RCLs under the same FRP 

confinement which indicates that FRP confinement significantly reduced 

the negative influence of RCLs. 

(4) RCL inclusion may lead to stress concentration and hence premature 

rutpure of the FRP tube at specific column areas; however, this influnence 

can be mitigated when the strength of fresh concrete is much larger than 

that of RCLs. 

(5) The inclusion of RCL increases the ultimate axial strain of FRP-confined 

compound concrete when the strength of fresh concrete is much larger than 

that of RCLs. When the strength difference is small, the above 

phenomenon is not obvious. 

(6) Jiang and Teng’s (2007) model provides acceptable predictions for the 

axial stress-lateral strain curves and the ultimate axial stresses of FRP-
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confined compound concrete in the test columns. However, this model 

overestimates the ultimate axial strain especially for columns with a 3-ply 

CFRP tube. 

(7) The differences between the predictions of Jiang and Teng’s (2007) model 

and the test results are much smaller than those reported in Teng et al. 

(2015), which indicates that the slip between the tube and the concrete may 

be much reduced in a column confined with an FRP tube fabricated using 

the wet lay-up process compared with that confined with a filament-wound 

FRP tube. 

 

Chapter 4 presents the three-dimensional (3D) FE modelling approach for the 

simulation of the test CCFFT columns under monotonic axial compression. 

Particularly, a dynamic explicit method with calibrated parameters was used to 

avoid the difficulty of convergence due to the complex interfacial behavior 

between concrete and RCLs in a CCFFT column. The following conclusions 

regarding the FE modeling were drawn: 

(1) The dynamic explicit method can provide identical predictions to those 

obtained from a static analysis for the stress-strain behavior of FRP-

confined concrete provided that the critical factors in the dynamic method 

are properly assigned. A loading time of 50   (   is the fundamental 

period of the column), a damping value of 0.00005, and the double 

precision format are recommended to be used. 

(2) The use of tie constraint between the RCLs and fresh concrete is 

reasonable, and the obtained results are consistent with the experimental 

observations; tetrahedron elements can be used to mesh the concrete and 

1T 1T
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RCLs in a CCFFT column provided that a suitable mesh size is chosen; 

the FE model with cubic RCLs provides more accurate predictions than 

that with spherical RCLs. 

(3) When the difference of strength between the fresh concrete and RCLs is 

relatively large, the FE model can provide reasonably accurate predictions 

for unconfined compound concrete; however, the compressive strength of 

compound concrete is overestimated by the FE model for those unconfined 

specimens with a smaller strength difference between the fresh concrete 

and RCLs.  

(4) For confined specimens, the ultimate strain from FE model is smaller than 

that from Jiang and Teng’s (2007) analysis model but relatively close to 

the that from test. The reason of the underestimation of ultimate stress 

from FE model may be that the direct use of material properties of 

corresponding cylinder before crushing may not reasonable for actual 

properties of RCLs. The ultimate load decreases with the increase of mix 

ratio. The failure region showed by FE model also located in the middle-

height of column which consists with experiment result. In addition, FE 

model can provide good prediction of axial strain-lateral strain 

relationship for CCFFT columns. 

 

8.3 BEHAVIOR OF CCFFT COLUMNS UNDER CYCLIC 

AXIAL COMPRESSION  

 

Chapter 5 presents the second part of the PhD research project which focuses 
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on the behavior of FRP-confined compound concrete under cyclic axial 

compression. The mix ratio of RCLs and the FRP confinement were studied as 

key parameters. In addition, three loading schemes including monontonic 

loading and two kinds of cyclic loading schemes were conducted and 

compared with each other. The test results were then compared with the 

numerical predictions from the envelope stress-strain model of Jiang and Teng 

(2007) and the cyclic stress-strain models of Lam and Teng (2009) and Yu et 

al.’s (2015). Based on the experimental and theoretical results, the following 

conclusion were drawn in Chapter 5: 

(1) The envelope curves of the cylcic stress-strain response of FRP-confined 

compound concrete in CCFFT columns were very close to the monotonic 

stress-strain curve. 

(2) When a CCFFT column is confined with a very strong FRP tube (C90-

R30-T9-M), the prediction of Jiang and Teng’s (2007) model using the 

compressive strength of the fresh concrete without RCLs is more accurate 

than that using the compressive strenght of the unconfined compound 

concrete. When the confinement is not large enough, the compressive 

strength of the unconfined compound concrete should be used for a more 

accurate prediction.  

(3) Yu et al.’s (2015) model can provide a better prediction of plastic strains 

of envelope cycle ,1pl  than Lam and Teng’s (2009) model for CCFFT 

columns except the specimen C90-R30-T9-C2 with relatively larger 

confinement. The prediction of envelope unloading path using Lam and 

Teng’s (2009) model is better than Yu et al.’s (2015) model under loading 

scheme C1 when the experimental plastic strain ,1pl  is used.  Both of 
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two models can provide an acceptable prediction of the internal unloading 

path for CCFFT columns. 

 

8.4 BEHAVIOR OF CCFFT COLUMNS UNDER 

ECCENTRIC LOADING  

 

Chapters 6 and 7 present the results of the final part of the PhD research project 

which is concerned with the behavior of reinforced CCFFT columns under 

eccentric loading. In Chapter 6, the first-ever test results of a series of 

eccentrically-loaded CCFFT columns are presented. The effects of mix ratio of 

RCLs, FRP tube thickness, load eccentricity, and slenderness ratio were 

investigated in detail. The following conclusions were drawn from the 

experimental studies presented in Chapter 6: 

 

(1) The failure of CCFFT slender columns under eccentrical loading was 

dominated by flexure without FRP rupture (i.e., stability failure), while the 

failure of CCFFT short columns was dominated by FRP rupture at the 

compression side near the mid-height (i.e., material failure). 

(2) The provision of FRP confinement significantly enhances the load-

carrying capacity and the ductility of CCFFT columns under eccentrical 

loading. However, for CCFFT slender columns, as FRP thickness 

continues to increase, no significant further increase in the axial load-

carrying capacity and ductility can be obtained. 

(3) The load eccentricity and the slenderness ratio have significant effects on 
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the responses of CCFFT columns under eccentric loading: a larger load 

eccentricity leads to a lower axial load-carrying capacity, a larger ductility, 

and a smaller initial slope for the axial load-axial shortening curve; a larger 

slenderness ratio leads to a smaller axial load-carrying capacity but a larger 

ultimate axial shortening and a larger mid-height lateral displacement. 

(4) The ultimate axial strain of the extreme compressive fiber (ECF) of an 

eccentrically-loaded CCFFT columns is larger than that of the 

corresponding concentrically-loaded column due to the strain gradient 

effect. 

(5) The plain section assumption was found to be still valid for the CCFFT 

columns under eccentrical loading. 

(6) The RCLs were found to have little effect on the responses of CCFFT 

columns under eccentric loading, which implies that the detrimental effect 

of RCLs was largely eliminated through FRP confinement. 

 

Jiang and Teng’s (2012) theoretical column model was then used to predict the 

test CCFFT columns under eccentric loading and the comparison results are 

presented in Chapter 7. The concentric-loading stress-strain model of Teng et 

al. (2009) as well as the eccentricity-dependent (EccD) stress-strain model of 

Lin (2016) were both incorporated in the theoretical column model. In addition, 

the design equations in the Chinese Code GB 50608 for the load-carrying 

capacity of eccentrically-loaded FRP-confined RC columns were also assessed 

in predicting the test CCFFT columns. The following conclusions were in this 

chapter: 

(1) Jiang and Teng’s (2012) theoretical column model incorporating Teng et 



291 

al.’s (2009) stress-strain model and Lin’s (2016) EccD stress-strain model 

both can provide close predictions for the axial load-carrying capacities of 

the CCFFT columns under eccentric loading. 

(2) The ultimate lateral displacements and the ultimate axial strains at the ECF 

of the test CCFFT columns are significantly underestimated by the 

theoretical column model. The column model incorporating Lin’s (2016) 

EccD model perform better in predicting these two parameters than Jiang 

and Teng’s (2009) concentric loading stress-strain model. In addition, Lin’s 

EccD stress-strain model provides acceptable predictions for the ultimate 

axial strains at the ECF of the short CCFFT columns.  

(3) The experimental ultimate points of N-M curves of the CCFFT columns 

under eccentric loading are distributed close to the N-M interaction 

diagrams predicted with the properties of fresh concrete. The section 

strength increases with the thickness of the FRP tube. The second order 

effect is more significant for a column with a larger slenderness ratio or a 

smaller initial load eccentricity. 

(4) GB 50608 (2010) can provide a close prediction of load-carrying capacity 

for the reinforced CCFFT column when the strength of fresh concrete is 

used instead of compound concrete directly. 

 

8.5 FUTURE RESEARCH 

 

The present PhD research project has led to a deep understanding of the 

behavior of FRP-confined compound concrete and reinforced CCFFT columns 
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under eccentric loading. However, there are still much further research need to 

be conducted on the new form of columns before sufficient confidence is 

achieved in the practical application of these columns. Some of the future 

works are outlined below: 

 

(1) Further research is needed to study the interfacial properties between the 

RCLs and fresh concrete in a micro-level to provide more detailed basis 

for the FE study.  

(2) In the 3D FE modelling approach presented in this thesis, the shape of 

RCLs are simplified as spheres or cubes, and the RCLs are placed in the 

column not in a strictly random manner. In the future, FE models with a 

more realistic representation of RCLs (e.g., RCLs with random shapes and 

random distributions) should be used. 

(3) The seismic performance of CCFFT columns needs to be investigated to 

assess the ductility and seismic resistance of these columns under 

seismic/cyclic loading.  

(4) The durability of CCFFT columns in normal or severe environments needs 

to be understood although the long-term performance of these columns is 

expected to be good due to the protection of the external FRP tube. 
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