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ABSTRACT 

 

Existing studies have demonstrated that fibre reinforced polymer (FRP) 

jacketing/wrapping is highly effective in retrofitting/strengthening reinforced 

circular concrete (RC) columns with, but it is much less effective for rectangular RC 

columns (including square columns as a special case) due to the non-uniform FRP 

confinement in the latter columns. While FRP confinement effectiveness in 

rectangular columns can be enhanced by rounding the sharp corners, its benefit is 

limited, particularly for large RC columns, as the corner radius is limited by the 

presence of internal steel reinforcement. The behavior of FRP-confined concrete in 

circular columns has been extensively studied over the last two decades and is now 

well understood. By contrast, much less is known about the behavior of 

FRP-confined concrete in rectangular columns. Existing studies on FRP-confined 

rectangular concrete columns have generally been limited to small-scale specimens 

subjected to concentric axial compression. A number of issues (e.g., the effects of 

column size, load eccentricity and column slenderness) concerning the behavior of 

large FRP-confined rectangular RC columns have not been properly addressed. 

 

Against this background, this thesis presents a systematic study, conducted both 

experimentally and theoretically, for the development of an in-depth understanding 

of the stress-strain behaviour of FRP-confined concrete in large rectangular RC 
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columns subjected to either concentric loading or eccentric loading. In addition, the 

thesis is concerned with a novel shape modification method named the section 

curvilinearization method (or simply the SC method) for large rectangular RC 

columns, in which the flat sides of a rectangular column are modified into 

slightly-curved sides before FRP wrapping. The behaviour and modelling of 

FRP-confined concrete in the resulting curvilinearized rectangular columns under 

either concentric or eccentric loading are also a main focus of this thesis. 

 

The first objective of the research programme was to investigate the stress-strain 

behaviour of FRP-confined concrete in large rectangular RC columns under either 

concentric loading or eccentric loading. Both laboratory testing and theoretical 

analysis were carried out. Various factors, including the section aspect ratio, strain 

gradient over the section (i.e., load eccentricity), column slenderness ratio, FRP 

confinement level, and loading direction, were systematically examined. In addition, 

the size effect in these columns was investigated through comparisons between the 

present test results and predictions using existing stress-strain models established 

based on small-scale columns. 

 

The second objective of the research programme was to investigate the stress-strain 

behaviour of FRP-confined concrete in large curvilinearized rectangular RC columns. 

Two experimental studies of such columns under concentric loading and eccentric 
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loading were carried out respectively. The effects of edge rise-to-span ratio and 

corner radius ratio of the curved edges were given particular attention; these two 

factors had not been properly investigated in the existing studies. The effects of 

section aspect ratio, load eccentricity, column slenderness ratio, and the column size 

were also systematically examined. A new design-oriented stress-strain model for 

FRP-confined concrete in curvilinearized rectangular columns under concentric 

loading was then proposed based on the test results. 

 

The final objective of the research programme was to verify the applicability and 

accuracy of the design equations in the Chinese Technical Code for Infrastructure 

Application of FRP Composites for large FRP-confined rectangular RC columns 

(including curvilinearized columns) using the test results presented in this thesis. 
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NOTATION 
 

𝑎𝑠  distance from the point of resultant force of longitudinal steel 

reinforcement at the tension side to the extreme tension fibre 

𝑎𝑠
′   distance from the point of resultant force of longitudinal steel 

reinforcement at the compression side to the extreme compression 

fibre 

𝐴𝑐 gross cross-sectional area of concrete 

𝐴𝑒 area of effectively confined concrete 

𝐴𝑔 gross cross-sectional area of column 

𝐴𝑠  total area of longitudinal steel reinforcement at the tension side (or the 

total area of longitudinal steel reinforcement) 
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′   total area of longitudinal steel reinforcement at the compression side 

𝑏 width of rectangular section 

𝐷 diameter of circular column or the equivalent circular column of a 

square/rectangular column 

𝐸𝑐 elastic modulus of unconfined concrete 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1. BACKGROUND 

 

Fibre reinforced polymer (FRP) composites have been commonly used in aerospace 

and automotive industries for many decades due to their excellent mechanical 

properties. Thanks to their rapidly decreased cost over the past two decades, FRP 

composites have become increasingly accepted and widely used in civil engineering 

(Bakis et al. 2002; Teng et al. 2002; Hollaway and Teng 2008). They have been widely 

used in upgrading and strengthening existing structures as well as construction of new 

structures (e.g., Berg et al. 2006; Awad et al. 2012). FRP composites are formed by 

embedding high strength fibres (e.g., carbon, glass, and aramid fibres) in a polymer 

matrix (e.g., epoxy, vinylester, and polyester resins) that binds the fibres together 

(Teng et al. 2002). The resulting composites using carbon, glass, and aramid fibres are 

called CFRP, GFRP and AFRP, respectively (Teng et al. 2002). The intrinsic 

advantages of FRP compared with traditional materials include its high strength-to-

weight ratio, excellent corrosion resistance, ease of installation, and tailorability of 

mechanical properties (Teng et al. 2002).  

 

Nowadays, there are various forms of FRP products that can be used in upgrading 
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structures, such as FRP bars, sheets, plates, and profiles (e.g., FRP tubes) (Teng et al. 

2002). FRP can be used in strengthening various types of concrete members, such as 

slabs, beams, columns, and beam-column joints, or to replace steel in the construction 

of new structures (Teng et al. 2002; Hollaway and Teng 2008). A particularly popular 

and promising application of FRP composites is in the strengthening of reinforced 

concrete (RC) columns. There are three primary methods to strengthen an RC column 

using FRP composites (Teng et al. 2002; fib 2006): (1) in-situ wrapping of FRP sheets 

via a wet lay-up process; (2) in-situ formation of an FRP jacket by filament winding; 

(3) use of a prefabricated FRP shell. Among the three methods, the wet lay-up method 

has been the most commonly used technique, which is also used in the experimental 

study in this PhD research project. In the wet lay-up process, fibre or woven fabric 

sheets are impregnated with epoxy resin and then wrapped around the column by hand, 

with the main fibres oriented in the hoop direction. Owing to the confinement provided 

by the FRP composite, both the compressive strength and ductility of the concrete can 

be substantially increased. Figure 1.1 shows two typical examples of using FRP 

composites to strengthen/retrofit a RC columns of an old RC building (Figure 1.1a) 

and a corrosion-damaged bridge column (Figure 1.1b). 

 

In order to properly design an FRP-confined RC column, the primary step is to 

understand the fundamental behaviour of FRP-confined concrete in such columns. The 

concrete in FRP-confined columns is subjected to either uniform confinement or non-

uniform confinement (Figure 1.2). Uniform confinement refers to the confinement 

state with equal lateral confining stresses. For example, concrete in FRP-confined 

circular concrete columns under concentric axial compression is subjected to uniform 

confinement. Existing research has demonstrated that FRP jacketing/wrapping is 
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highly effective in strengthening RC columns with a circular section in which the 

concrete is uniformly confined by the FRP jacket (Figure 1.3). The behaviour of FRP-

confined concrete in these columns has now been well understood as a result of studies 

published over the last two decades (e.g., Lam and Teng 2004; Ozbakkaloglu et al. 

2013). 

 

By contrast, much less is known about the behaviour of concrete non-uniformly 

confined with FRP, such as concrete in FRP-confined non-circular concrete columns 

(e.g., rectangular columns). However, rectangular RC columns are more commonly 

seen in practice than circular RC columns due to the ease of fabrication of rectangular 

formwork and the ease for designing different moment resistances in the two axis 

directions. Existing studies have shown that FRP jacketing/wrapping is much less 

effective when used on rectangular columns due to the flat sides and sharp corners of 

these columns (Lam and Teng 2003b). Rounding the column corners can enhance the 

effectiveness of FRP confinement, but its benefit is limited, particularly for large 

columns. This is because the rounded corner radius is limited by the thickness of 

concrete cover due to the presence of the internal steel reinforcement. 

 

A much more effective method for strengthening rectangular RC columns is to modify 

the column shape before FRP confinement. Modifying a square section into a circular 

section or a rectangular section to an elliptical/oval section has been examined to some 

extent by researchers (e.g., Saadatmanesh et al. 1997; Teng and Lam 2002; Pantelides 

et al. 2004; Yan and Pantelides 2011). One of the main disadvantages of this shape 

modification process is that it leads to a substantial change in the column shape. Such 

a substantial shape change is often undesirable in practice as it reduces the usable floor 
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area, increases the column weight and stiffness. The latter can be detrimental to the 

seismic performance of the structural system and requires significant space for 

installation. Additionally, the shape modification process is also more sophisticated 

than corner rounding as the former is generally realized by two complex approaches: 

(1) the pasting of precast concrete bolsters on the four sides of an existing column 

prior to FRP jacketing (e.g., Hadi et al. 2013); (2) the use of a pre-fabricated FRP shell 

with a vertical slip (or with the FRP shell provided in two halves) as a stay-in-place 

formwork for coasting concrete (e.g., Yan and Pantelides 2011). For both methods, the 

specific dimensions of the existing column need to be catered for by the dimensions 

of the bolsters or the FRP shell. 

 

1.2. FRP-CONFINED RECTANGULAR RC COLUMNS 

 

FRP-confined concrete in rectangular columns is non-uniformly confined, which has 

a number of consequences: (a) the FRP confinement is less effective than that in a 

circular column (uniform confinement); (b) the development of strictly analysis-

oriented models similar to those for uniformly confined concrete is difficult as both 

the axial stress and the confining pressure vary over the section for a rectangular 

column (Teng et al. 2007); (c) design-oriented stress-strain models generally relate the 

average axial stress to the axial strain of the column, so that such stress-strain models 

are more a property of the column than that of the concrete material (Lam and Teng 

2003a). 

 

Rounding the sharp corners (Figure 1.4) has been commonly recommended (e.g., ACI 

440.2R 2002, 2008; Concrete Society 2004; CNR-DT200; GB 50608 2010) to reduce 
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the detrimental effects of the sharp corners on the hoop tensile strength of the FRP 

jacket and to enhance confinement effectiveness. Existing tests (e.g., Lam and Teng 

2003b; Wang and Wu 2008) have shown that corner rounding can significantly 

improve the effectiveness of FRP confinement for relatively small rectangular 

columns (generally with a section width of 100 to 200 mm). By contrast, tests on large 

rectangular RC columns (e.g., with a section width not less than 300 mm) have shown 

that the benefit of corner rounding is limited. This is because the corner radius is 

limited by the thickness of the cover concrete due to the presence of internal steel 

reinforcement; hence, the corner radius-to-section width/depth ratio in a large-scale 

column becomes too small for the FRP jacket to provide significant confinement 

through diagonal compression within the section (Pantelides et al. 2004; Hassan and 

Chaallal 2007). In addition, even if the thickness (and thus the hoop membrane 

stiffness of the FRP jacket) is proportionally increased for a larger column, the bending 

stiffness of the FRP jacket does not increase proportionally; any attempt to increase 

the thickness of the jacket to achieve the desired bending rigidity means a large amount 

of FRP and is not cost-effective. 

 

At least partly due to these two factors of limited corner radius and small bending 

rigidity, a significant behaviour difference between small rectangular columns and 

large rectangular columns has been observed and has been referred to as the column 

size effect (Pessiki et al. 2001; Masia et al. 2004; Campione 2006; Rocca 2007; Rocca 

et al. 2008; Wang and Wu 2011; De Luca et al. 2011). Most of the existing studies on 

FRP-confined rectangular concrete columns, however, have been focused on the 

testing and modelling of small-scale specimens. The applicability of the existing 

stress-strain models for FRP-confined concrete derived from these studies in 
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predicting the behaviour of large-scale FRP-confined RC columns is therefore highly 

uncertain.  

 

A few studies have attempted to investigate the non-uniform stress distributions in 

FRP-confined rectangular concrete columns (e.g., Lam and Teng 2003b; Nisticò and 

Monti 2013; Lin 2016). The concrete near the flat sides of a rectangular column section 

receives the smallest confinement because of the small flexural rigidity of the FRP 

jacket and thus the concrete there has the lowest axial stress, while the concrete at the 

corners receives the largest confinement and subsequently has the largest axial stress 

(Lin 2016). Based on this consideration, many studies have employed the concept of 

either an “effective-confinement area” (e.g., Lam and Teng 2003b) or “stress patterns” 

(Lin 2016) when studying the confinement mechanism of FRP-confined concrete in 

rectangular columns. An experimental study has been conducted by the Teng et al. 

(2015) to verify these theoretical studies by measuring axial load distributions on an 

FRP-confined rectangular column. However, Teng et al. (2015) found that the 

measured axial stress results were susceptible to the contact surfaces.   

 

Apart from the size effect and non-uniform confinement mentioned above, several 

concerns, such as the effects of eccentric loading and column slenderness, have been 

overlooked by existing studies on FRP-confined rectangular RC columns. These 

issues need clarification before confident design methods can be established for the 

wider application of FRP composites in the retrofit/strengthening of columns in 

practice. 

 

1.3. SHAPE MODIFICATION OF RECTANGULAR COLUMNS FOR MORE 
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EFFECTIVE CONFINEMENT 

 

To improve the effectiveness of FRP jacketing in strengthening rectangular RC 

columns, shape modification of the column section has been explored. The idea of 

shape modification appears to have been first explored by Seible and Priestley (1993) 

and Priestley et al. (1994) who proposed to use an elliptical steel jacket to retrofit a 

rectangular RC column. Priestley and Seible (1995) later proposed to modify a 

rectangular section into an oval section followed by FRP jacketing/wrapping. 

Subsequently, shape modification of rectangular sections into elliptical or oval 

sections and shape modification of square sections into circular sections have been 

studied by many researchers. To achieve the desired shape, two approaches have 

generally been adopted by previous researchers: (1) the pasting of precast concrete 

bolsters on an existing column prior to FRP jacketing (e.g., Priestley and Seible 1995; 

Seible et al. 1997); (2) the use of a prefabricated FRP shell of the desired shape as a 

stay-in-place formwork for casting additional concrete (often with fast curing 

expansive cement) between the column and the FRP shell (e.g., Saadatmanesh et al. 

1997).  

 

The above two approaches, however, have proven to be both time- and labour-

consuming. For the first approach, precast concrete bolsters of specific dimensions 

need to be prefabricated, requiring additional formworks and time. For the second 

approach, the prefabricated FRP shell needs to have a vertical slit or to be formed from 

two half shells with appropriate vertical joints, followed by additional FRP wrapping 

to close the joint(s) to ensure circumferential continuity. Shrinkage compensated 

cement should be used to minimize concrete shrinkage. In addition, modification of a 
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rectangular section to an elliptical/oval section (or a square section into a circular 

section) would lead to a substantial increase in the cross-section area. In practice, this 

consequence is generally undesirable as it reduces the usable floor area, increases the 

column weight and stiffness (which can be detrimental to the seismic performance of 

the structural system), and requires significant installation space. 

 

Given the above issues, a more effective approach for strengthening rectangular RC 

columns has been proposed by some researchers (Jin 2002; Jin et al. 2002; Lai 2003; 

Lai et al. 2004). In this approach, the four sides of a rectangular column are modified 

to only slightly-curved sides (Figure 1.5). In the resulting column, which is referred to 

as the curvilinearized rectangular column (CRC), the FRP jacket is loaded primarily 

in hoop tension from the beginning. This section curvilinearization (SC) approach 

increases the section size only by a small degree (Figure 1.5), but has been found to 

substantially enhance the confinement effectiveness of the FRP jacket (Lai et al. 2004) 

as it converts the jacket from bending action to membrane action in confining the 

dilating concrete. However, this SC approach also requires precast concrete bolsters 

of specific dimensions or prefabricated formworks for the required sectional shape for 

casting the infilled concrete, which is time- and labour-consuming. To overcome this 

obstacle, a novel flexible formwork is proposed in this PhD research project to achieve 

a rapid and cost-effective shape modification process which will be introduced in 

detail in Chapter 2. 

 

Only a limited number of experimental studies (Jin 2002; Lai 2003) have been 

conducted on FRP-confined CRCs. Although these studies have demonstrated the 

effectiveness of the SC technique, they are limited to small-scale specimens (i.e., 133 
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mm wide square columns or rectangular columns with a similar cross-sectional area) 

of plain concrete (i.e., no steel reinforcement). The newly issued Chinese Technical 

Code for Infrastructure Application of FRP Composites (GB-50608 2010) (referred to 

as the Chinese FRP Code hereafter) specifies section curvilinearization with a 

minimum rise-to-span ratio (r/s ratio, see Figure 1.5) of 1/20 for large rectangular 

columns and includes design guidance based on the limited research conducted by Jin 

(2002) and Lai (2003). Therefore, a number of issues need further investigation for an 

in-depth understanding of the stress-strain behaviour of confined concrete in 

curvilinearized columns. These issues include the effect of column size, the optimal 

r/s ratio of the side arcs (only an r/s ratio of 1/20 was examined in the existing studies), 

the column slenderness effect, and the accuracy of the stress-strain model and design 

methods in the Chinses FRP code when applied to CRCs of larger sections. 

 

The present PhD research project aims to fill the knowledge gaps indicated above. A 

systematic experimental program consisting of several series of large-scale FRP-

confined rectangular RC columns (including CRCs) under both concentric loading and 

eccentric loading was completed. The column size, load eccentricity, and the column 

slenderness ratio were the main parameters to be examined. 

 

1.4. OBJECTIVES, SCOPE AND LAYOUT OF THIS THESIS  

 

The present PhD research project aims to significantly advance knowledge related to 

FRP-strengthened RC structures and enable a wider, safer, and more economical use 

of FRP composites in the retrofit/strengthening of rectangular RC columns. For the 

SC technique to be used in practice with confidence, the verification of the existing 
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design method is urgently needed as the method has been established based on limited 

research on small-scale specimens. This PhD research project thus aims to supplement 

current knowledge and verify existing design procedures for both FRP-confined 

rectangular RC columns and FRP-confined CRCs. 

 

It is anticipated that the outcomes of this PhD research project will meet an important 

socioeconomic need in Hong Kong, the rest of China and beyond, as deterioration, 

load increases, new code requirements, change of function and other causes have 

created a massive need for structural strengthening work around the world. The 

research project aims to enable the development of a better understanding of the 

behaviour of FRP-confined concrete in large-scale rectangular RC columns and large-

scale CRCs. The following specific objectives were designed to achieve the above aim: 

 

1. To conduct an experimental study on the behaviour of FRP-confined concrete in 

large-scale rectangular RC columns subjected to concentric axial compression and to 

compare test results with predictions of existing stress-strain models based on small-

scale specimens to identify the size effect in these columns; 

 

2. To conduct an experimental investigation into the behaviour of FRP-confined 

concrete in CRCs subjected to concentric axial compression and to compare test 

results with predictions of existing theoretical models; 

 

3. To develop a rational and accurate stress-strain model for FRP-confined concrete in 

CRCs subjected to concentric axial compression; 
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4. To investigate the slenderness effect of FRP-confined large-scale rectangular RC 

columns by testing a series of short and slender RC columns subjected to eccentric 

axial compression; 

 

5. To conduct an in-depth experimental investigation into the behaviour of short and 

slender FRP-confined large-scale CRCs subjected to eccentric axial compression;  

 

The content of each main chapter of this thesis is summarized as follows: 

 

Chapter 2 presents an extensive literature review of existing knowledge related to 

FRP-confined rectangular concrete columns and FRP-confined CRCs. A brief review 

of existing stress-strain models for FRP-confined concrete in rectangular columns is 

presented. Most of these models were developed based on the test results of small-

scale specimens under concentric axial compression. The suitability of these models 

for use in the analysis of large-scale FRP-confined rectangular RC columns or FRP-

confined CRCs subjected to eccentric axial compression is then discussed based on 

existing experimental and analytical evidence. Existing analytical methods as well as 

design methods for RC columns subjected to eccentric axial compression are also 

reviewed. The existing knowledge gaps are highlighted. 

 

Chapter 3 presents the results of an experimental study on the behaviour of FRP-

confined large-scale rectangular RC columns under concentric compression. In this 

experimental study, nine large-scale rectangular RC columns with a cross-section of 

435 mm × 290 mm were tested to failure. The effects of the FRP jacket thickness and 

the corner radius were examined. The test results are compared with theoretical 
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predictions from existing stress-strain models to show the limitations of these models. 

A new stress-strain model for FRP-confined concrete in rectangular columns is then 

proposed on the basis of a collected database. 

 

Chapter 4 examines the SC technique to enhance FRP confinement effectiveness for 

rectangular RC columns, in which four flat sides of a rectangular section are modified 

into slightly-curved sides before FRP jacketing. Twelve large-scale curvilinearized 

rectangular RC columns were tested to investigate the effects of the following 

parameters: r/s ratio, original sectional aspect ratio and the corner radius. The test 

results are presented in this chapter and compared with predictions of existing stress-

strain models. A new stress-strain model for FRP-confined concrete in CRCs is then 

proposed on the basis of the test data. In addition, a finite element (FE) modelling 

approach was used to predict responses of the test columns to further understand the 

confinement mechanism in these columns. 

 

Chapter 5 presents the results of an experimental study involving ten CFRP-confined 

large-scale rectangular RC columns under eccentric compression. The specimens had 

an identical cross-section of 435 mm × 290 mm. The following parameters were 

carefully examined: the FRP jacket thickness, the load eccentricity, and the direction 

of bending. Jiang and Teng’s (2012) theoretical column model was used with some 

modifications to predict the responses of the test columns. The accuracy of this column 

model is illustrated through comparisons between the predictions and the test results. 

The strain gradient effect is discussed by using several defined stress-strain models. 

 

Chapter 6 presents the results of an experimental study of slender CFRP-confined 
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large-scale rectangular RC columns subjected to eccentric compression. The 

slenderness ratio, FRP jacket thickness, and load eccentricity were investigated. The 

test results are carefully compared with predictions from the theoretical column model 

of Jiang and Teng (2012) and the design equations in GB 50608 (2010). 

 

Chapter 7 examines the responses of CFRP-confined large-scale CRCs subjected to 

eccentric compression. Twelves specimens were tested to investigate the effects of 

rise-to-span ratio, load eccentricity, slenderness ratio, and the corner radius. The test 

results are carefully compared with predictions from the theoretical column model 

(Jiang and Teng 2012) and design equations from GB 50608 (2010) to illustrate their 

accuracy. It is shown that the conventional section analysis is capable of providing 

reasonably accurate predictions for the axial load-lateral displacement and the 

moment-curvature responses for FRP-confined large-scale curvilinearized rectangular 

columns under eccentric compression. 

 

Finally, the thesis closes with Chapter 8 which gives a summary of the conclusions 

drawn from each of the previous chapters, with a focus on the new knowledge gained. 

The limitations of the present PhD research project and a series of problems needing 

further research are highlighted.  
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(b) Strengthening columns of an old building (from 

https://www.linkedin.com/pulse/frp-structural-column-strengthening-sdsu-brian-

armor, accessed on 05-02-2017) 

 

 

(b) Strengthening corrosion damaged bridge columns (from 

https://www.youtube.com/watch?v=YaAgxp8q3TM, accessed on 05-02-2017) 

Figure 1.1. Strengthening existing RC columns with FRP composites (wet lay-up 

method) 

 
 

https://www.linkedin.com/pulse/frp-structural-column-strengthening-sdsu-brian-armor
https://www.linkedin.com/pulse/frp-structural-column-strengthening-sdsu-brian-armor
https://www.youtube.com/watch?v=YaAgxp8q3TM


 

20 
 

 

 

Figure 1.2. Possibilities of shape modification for square and rectangular columns 
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Figure 1.3 Confining action of FRP to concrete in an axially loaded circular column 

[extracted from Lam and Teng (2003a)] 
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Figure 1.4. Corner rounding and effective confinement area 
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(a) Section curvilinearization process in the laboratory 

 
(b) Section curvilinearization process in practical applications 

Figure 1.5. Section curvilinearization of a rectangular column 
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  CHAPTER 2  

 

LITERATURE REVIEW 

 

 

2.1. INTRODUCTION 

 

This chapter presents a review of existing studies pertinent to FRP-confined 

rectangular or curvilinearized rectangular RC columns. The chapter starts with a 

review of existing studies on FRP-confined rectangular RC columns under concentric 

loading and eccentric loading. A critical review of existing stress-strain models for 

FRP-confined concrete in concentrically-loaded rectangular columns is given. 

Existing work on eccentrically-loaded FRP-confined rectangular RC columns is also 

examined, with appropriate attention given to the effect of load eccentricity on the 

stress-strain behaviour of FRP-confined concrete. Next, previous studies on FRP-

confined curvilinearized rectangular concrete columns are summarized, which have 

generally been limited to small-scale square concrete columns under concentric 

compression. Existing design methods of FRP jackets for FRP-confined rectangular 

and curvilinearized rectangular RC columns are then introduced. These design 

methods have been developed mainly based on existing studies on small-scale FRP-

confined (curvilinearized) rectangular concrete columns. The very limited existing 

work on large-scale FRP-confined rectangular RC columns has indicated the possible 

size effect in these columns. The existing work on size effect in FRP-confined 
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rectangular RC columns is also reviewed. Finally, a brief introduction is given to the 

three-dimensional (3D) finite element (FE) modelling of FRP-confined concrete 

columns, which is needed to obtain an in-depth understanding of the confining 

mechanism in FRP-confined (curvilinearized) rectangular concrete columns. 

 

2.2. FRP-CONFINED CONCRETE IN RECTANGULAR COLUMNS UNDER 

CONCENTRIC COMPRESSION 

 

2.2.1. General 

 

As introduced in Chapter 1, extensive research has been conducted on FRP-confined 

concrete columns aiming at gaining an in-depth understanding of the confining 

mechanism in FRP-confined concrete. While existing studies (Teng et al. 2002; Lam 

and Teng 2003a, Teng and Lam 2004) have demonstrated that FRP confinement can 

substantially enhance both the compressive strength and ductility of circular concrete 

columns, the same method has been found to be much less effective for rectangular 

concrete columns (e.g., Mirmiran et al. 1998; Rochette and Labossiere 2000; Lam and 

Teng 2003b; De Luca et al. 2011). Rectangular RC columns, however, are more 

commonly seen in practice due to the ease of fabrication of rectangular formwork and 

the ease to design for different moment resistances in the two axis directions. 

 

The lower FRP confinement effectiveness in a rectangular column is mainly attributed 

to the non-uniform FRP confinement in the column, whereas the concrete in an FRP-

confined circular column is nominally uniformly confined. Due to the flat sides and 

sharp corners of a rectangular section, only part of the section is effectively confined 
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by FRP (Lam and Teng 2003b). Corner rounding is generally recommended to both 

enhance the confinement effectiveness through a sectional shape change and reduce 

the detrimental effect of sharp corners on the hoop tensile strength of an FRP jacket. 

The FRP jacket on the flat sides of a rectangular section is subjected to bending to 

which the jacket has little resistance due to its negligible flexural rigidity. Therefore, 

the concrete along the flat sides of the column section receives the lowest confinement, 

while that in the four corner regions receives the largest (Lin and Teng 2013). It has 

been found that FRP rupture generally occurs at or near one of the rounded corners 

(Wang and Wu 2008; Wang et al. 2012) as shown in Figure 2.1. 

 

2.2.2. Stress-Strain Models for FRP-Confined Concrete 

 

A significant number of experimental studies have been conducted on FRP-confined 

concrete through axial compression tests on rectangular concrete columns confined 

with an FRP jacket (e.g., Rochette and Labossiere 2000; Lam and Teng 2003b; Xiao 

and Wu 2003; Ozbakkaloglu and Oehlers 2008; Touranji et al. 2010; Wei and Wu 

2012). On the basis of the test results, a number of stress-strain models have been 

proposed for FRP-confined concrete in rectangular columns (e.g., Lam and Teng 

2003b; Moran and Pantelides 2002; Xiao and Wu 2003; Chaallal et al. 2003; Maalej 

et al. 2003; Matthys et al. 2005; Wu et al. 2006; Wu et al. 2007; Youssef et al. 2007; 

Harajli 2006; Pantelides and Yan 2007; Monti and Nistico 2008; Ozbakkaloglu and 

Oehlers 2008; Touranji et al. 2010; Wei and Wu 2012; Monti and Nistico 2008; Nistico 

2014). Similar to circular columns, these stress-strain models also fall into two 

categories: design-oriented models in closed-form expressions and analysis-oriented 

models via an incremental process (Teng and Lam 2004). Note that the axial stress 
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here refers to the average axial stress of the cross-section (i.e., axial load divided by 

cross-sectional area) as the axial stress varies over a rectangular section due to the non-

uniform confinement. Some representative stress-strain models are reviewed and 

summarized in the following sub-sections. 

 

2.2.2.1. Design-oriented stress-strain models 

 

Lam and Teng (2003b) 

 

Lam and Teng’s (2003b) model is an extended version of the stress-strain model of 

Lam and Teng (2003a) for FRP-confined concrete in circular columns. The stress-

strain model consists of a parabolic first portion with an initial slope equal to the elastic 

modulus of unconfined concrete and a linear second portion which intercepts the stress 

axis at 𝑓𝑐𝑜
′  (compressive strength of unconfined concrete). The stress-strain curve is 

described by the following expression: 

 𝜎𝑐 = {
𝐸𝑐𝜀𝑐 −

(𝐸𝑐−𝐸2)2

4𝑓𝑐𝑜
′ 𝜀𝑐

2      (0 ≤ 𝜀𝑐 ≤ 𝜀𝑡)

𝑓𝑐𝑜
′ + 𝐸2𝜀𝑐             (𝜀𝑡 ≤ 𝜀𝑐 ≤ 𝜀𝑐𝑢)

 (2.1) 

where 𝜎𝑐  and 𝜀𝑐  are the axial stress and axial strain of confined concrete, 

respectively; 𝐸𝑐 is the elastic modulus of unconfined concrete; 𝜀𝑡 is the axial strain 

at the transition point between the two portions; 𝐸2 is the slope of the linear second 

portion; and 𝜀𝑐𝑢 is the ultimate axial strain. 𝜀𝑡 and 𝐸2 are defined by the following 

equations:  

 𝜀𝑡 =
2𝑓𝑐𝑐

′

𝐸𝑐−𝐸2
 (2.2) 

 𝐸2 =
𝑓𝑐𝑐

′ −𝑓𝑐𝑜
′

𝜀𝑐𝑢
 (2.3) 
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where 𝑓𝑐𝑐
′   is the compressive strength of FRP-confined concrete. The following 

equations are used to calculate 𝑓𝑐𝑐
′  and 𝜀𝑐𝑢, respectively: 

 
𝑓𝑐𝑐

′

𝑓𝑐𝑜
′ = 1 + 3.3𝑘𝑠1

𝑓𝑙

𝑓𝑐𝑜
′  (2.4) 
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 (2.5) 

where 𝜀ℎ,𝑟𝑢𝑝 is the actual FRP hoop strain at jacket rupture; 𝑘𝑠1 and 𝑘𝑠2 are the 

shape factors accounting for the effect of non-uniform confinement for the 

compressive strength and ultimate axial strain, respectively: 

 𝑘𝑠1 = (
𝑏

ℎ
)

2 𝐴𝑒

𝐴𝑐
 (2.6) 

 𝑘𝑠2 = (
ℎ

𝑏
)

0.5 𝐴𝑒

𝐴𝑐
 (2.7) 

where ℎ  and 𝑏  ( ℎ ≥ 𝑏 ) are the depth and width of the rectangular section, 

respectively; 𝐴𝑒 is the effective-confinement area in which the concrete is assumed 

to be fully confined; 𝐴𝑐  is the gross sectional area of concrete in the rectangular 

section (Figure 2.2).  

 

In Lam and Teng (2003b), the effective-confinement area is enclosed by four parabolas 

with the initial slopes being the same to those of the diagonal lines (Figure 2.2); 

therefore, the effective-confinement area ratio 𝐴𝑒 𝐴𝑐⁄  is defined as: 

 
       2 21 2 2 3

1
c c g sc

e

c sc

b h h r h b b r AA
A





    



 (2.8) 

where 𝜌𝑠𝑐 is the area ratio of longitudinal steel reinforcement; 𝑟𝑐 is the corner radius; 

and 𝐴𝑔 is gross cross-sectional area of the column. 
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The effective confining pressure, 𝑓𝑙, in Eqn 2.5 is defined by: 

 𝑓𝑙 =
2𝐸𝑓𝑡𝑓𝜀ℎ,𝑟𝑢𝑝

𝐷
 (2.9) 

where 𝐸𝑓 is the elastic modulus of the FRP jacket in the hoop direction (MPa); 𝑡𝑓 is 

the nominal thickness of the FRP jacket; and 𝐷 = √ℎ2 + 𝑏2 is the diameter of the 

equivalent circular section of the rectangular section (Figure 2.2). 

 

Harajli et al. (2006) 

 

Harajli et al. (2006) also proposed a two-portion stress-strain model for FRP-confined 

concrete in both circular and rectangular columns. The model consists of a parabolic 

first portion and a nonlinear second portion which is described by an incremental 

equation: 

 

 

2

2

2 0c c
c o c o
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f

k k k

 
  

 

   

   
           


    

 (2.10) 

where 

 𝑘𝑜 = 0.0031 ∙ 𝑘1𝐸𝑙𝑓 − 𝑓𝑐𝑜
′  (2.11) 

 𝑘 = 𝑓𝑐𝑜
′2 − 0.0032 ∙ 𝑘1𝐸𝑙𝑓𝑓𝑐𝑜

′ (
𝜀𝑐

𝜀𝑜
+ 0.9) (2.12) 

 𝐸𝑙𝑓 = 𝑘𝑒𝜌𝑓𝐸𝑓/2  (2.13) 

where 𝑓𝑜  and 𝜀𝑜  are the transition stress and strain between the two portions, 

respectively; 𝑘1 = 4.1  is the confinement effectiveness coefficient; 𝜌𝑓 =

2𝑡𝑓 (𝑏 + ℎ) 𝑏ℎ⁄  is the FRP volumetric ratio; 𝑘𝑒 is the shape factor: 

 𝑘𝑒 =
1−[

(𝑏−2𝑟𝑐)2+(ℎ−2𝑟𝑐)2

3ℎ𝑏
]−𝜌𝑠𝑐

1−𝜌𝑠𝑐
 (2.14) 
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where 𝜌𝑠𝑐 is the longitudinal steel reinforcement ratio. 

 

It can be seen that the two portions of the stress-strain model of Harajli et al. (2006) 

are not connected smoothly. 

 

Wu et al. (2007) 

 

Wu et al. (2007) proposed three stress-strain models (Model I, II, and III) for FRP-

confined concrete in rectangular columns. Model III, which consists of a parabolic 

first portion and a linear second portion, is recommended for practical use. This model 

is applicable to both hardening and softening stress-strain behaviors. The stress-strain 

curve of this model is described by the following expression: 
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 (2.15) 

where 𝑓𝑜
′ and 𝜀𝑜 are the axial stress and strain at the transition point between the 

first and second segments, respectively. The ultimate axial stress, 𝑓𝑐𝑐
′ , and ultimate 

axial strain, 𝜀𝑐𝑢, are calculated using the following equations, respectively: 

 𝑓𝑐𝑐
′

𝑓𝑐𝑜
′ = 𝑘3(1 + 2

𝑓𝑙

𝑓𝑐𝑜
′ )  (2.16) 

 𝜀𝑐𝑢

𝜀𝑐𝑜
= 𝑘4(2 + 15

𝑓𝑙

𝑓𝑐𝑜
′ )  (2.17) 

 

The confining pressure, 𝑓𝑙, is defined by: 

 𝑓𝑙 =
𝜌𝑓𝐸𝑓𝜀𝑗

2
 (2.18) 
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𝑘3 and 𝑘4 are reduction factors: 

 𝑘3 = {

(2 − 𝛼)
𝑟𝑐

ℎ
+ 0.5𝛼              𝐸𝑓 ≤ 250 GPa 

(2 − √
𝐸𝑓

250
𝛼)

𝑟𝑐

ℎ
+ 0.5√

𝐸𝑓

250
𝛼     𝐸𝑓 > 250 GPa

 (2.19) 

 𝑘4 = {

(2 − 1.6𝛼)
𝑟𝑐

ℎ
+ 0.8𝛼             𝐸𝑓 ≤ 250 GPa 

(2 − 1.6√
𝐸𝑓

250
𝛼)

𝑟𝑐

ℎ
+ 0.8√

𝐸𝑓

250
𝛼      𝐸𝑓 > 250 GPa

 (2.20) 

where 𝛼 = 𝑓𝑐30
′ 𝑓𝑐𝑐

′⁄ , 𝑓𝑐30
′  is the unconfined concrete strength of grade C30 concrete. 

 

The transition stress and strain are calculated by: 

 𝑓𝑜
′

𝑓𝑐𝑜
′ = 1 + 0.0008𝛼𝑘1𝛾1 (2.21) 

 𝜀𝑜

𝜀𝑐𝑜
= 1 + 0.0034𝛼𝑘2𝛾1 (2.22) 

 𝑘1 = {
1                     𝐸𝑓 ≤ 250 GPa

√250 𝐸𝑓⁄       𝐸𝑓 > 250 GPa 
 (2.23) 

 𝑘2 = {
1                     𝐸𝑓 ≤ 250 GPa

250 𝐸𝑓⁄          𝐸𝑓 > 250 GPa 
 (2.24) 

where 𝛾1  is the ratio of confinement stiffness of FRP and square root of the 

compressive strength of unconfined concrete: 

 𝛾1 =
𝜌𝑓𝐸𝑓

√𝑓𝑐𝑜
′

 (2.25) 

 

Youssef et al. (2007) 

 

Youssef et al.’s (2007) model consists of a four-parameter polynomial first portion 

and a linear second portion. The model is applicable to FRP-confined concrete in both 

circular and rectangular columns, with either an ascending or descending second 
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portion. The stress-strain curve is described by the following expression: 
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 (2.26) 

where 𝐸2 =
𝑓𝑐𝑐

′ −𝑓𝑜
′

𝜀𝑐𝑢−𝜀𝑜
 is the slope of the linear second portion; and n is a constant 

determined by the condition that the two portions are connected smoothly, which is 

calculated by: 
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 (2.27) 

𝑓𝑜
′ is the axial stress at the transition point between the first and second portions; and 

𝜀𝑜 is the axial strain corresponding to 𝑓𝑜
′: 

 𝑓𝑜
′ = 𝑓𝑐𝑜

′ (1 + 1.135 (
𝜌𝑓𝐸𝑓𝜀𝑗𝑜

𝑓𝑐𝑜
′ )

1.25

) (2.28) 

 𝜀𝑜 = 0.002 + 0.0775 (
𝜌𝑓𝐸𝑓𝜀𝑗0

𝑓𝑐𝑜
′ )

6

7
(

𝐸𝑓𝜀𝑓

𝑓𝑐𝑜
′ )

0.5

 (2.29) 

where 𝜀𝑓 is the FRP rupture strain determined from coupon tensile tests; 𝜀𝑗0 = 0.002 

is the FRP hoop strain at the transition between the first and second segments.  

 

The axial compressive strength and ultimate axial strain are calculated by: 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ (0.5 + 1.225 (
𝑘𝑒𝜌𝑓𝐸𝑓𝜀𝑓

2𝑓𝑐𝑜
′ )

0.6

) (2.30) 

 𝜀𝑐𝑢 = 0.004325 + 0.02625 (
𝑘𝑒𝜌𝑓𝐸𝑓𝜀𝑓

2𝑓𝑐𝑜
′ ) (

𝐸𝑓𝜀𝑓

𝑓𝑐𝑜
′ )

0.5

 (2.31) 
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where 𝑘𝑒 is the shape factor for confinement effectiveness calculated by Eqn 2.14. 

 

Wei and Wu (2012) 

 

Wei and Wu (2012) proposed a stress-strain model which also consists of a parabolic 

first portion and a linear second portion similar to Lam and Teng’s (2003a) model: 
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 (2.32) 

where 𝑓𝑜
′ and 𝜀𝑜 are the axial stress and strain at the transition point between the 

first and second segments, respectively. Different from Lam and Teng’s (2003a) model 

where the transition stress 𝑓𝑜
′ is determined by the condition that the two portions are 

connected smoothly, a predictive equation was proposed in Wei and Wu (2012) for the 

transition stress which is a function of the sectional shape and FRP confinement. The 

transition strain 𝜀0 and transition stress 𝑓𝑜
′ are then calculated by 

 
   

2 8
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  (2.33) 

 𝑓𝑜
′ = 𝑓𝑐𝑜

′ + 0.43 (
2𝑟𝑐

𝑏
)

0.68

(
ℎ

𝑏
)

−1

𝑓𝑙 (2.34) 

 

The confining pressure, 𝑓𝑙, is calculated by: 

 𝑓𝑙 =
2𝐸𝑓𝑡𝑓𝜀𝑓

𝑏
 (2.35) 

 

The compressive strength and ultimate axial strain are calculated by: 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ (0.5 + 2.7 (
2𝑟𝑐

𝑏
)

0.4

(
𝑓𝑙

𝑓𝑐𝑜
′ )

0.73

(
ℎ

𝑏
)

−1

) (2.36) 
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 𝜀𝑐𝑢 = 𝜀𝑐𝑜 (1.75 + 12 (
𝑓𝑙

𝑓𝑐𝑜
′ )

0.75

(
𝑓𝑐30

′

𝑓𝑐𝑜
′ )

0.62

(0.36
2𝑟𝑐

𝑏
+ 0.64) (

ℎ

𝑏
)

−0.3

) (2.37) 

 

Wei and Wu’s (2012) model is applicable to FRP-confined concrete in both circular 

and rectangular columns; it can also predict stress-strain curves with either an 

ascending or descending second portion. 

 

2.2.2.2. Analysis-oriented stress-strain models 

 

The complex confinement state in an FRP-confined rectangular column makes it 

difficult to explicitly account for the interaction between the concrete and confining 

FRP. Therefore, most of the analysis-oriented stress-strain models for FRP-confined 

concrete in rectangular columns were modified from corresponding models for FRP-

confined concrete in circular columns by including a reduction factor based on the 

effective-confinement area concept mentioned earlier (Figure 2.2) (e.g., Marques et al. 

2004). A typical analysis-oriented stress-strain for FRP-confined concrete in circular 

columns is the model of Jiang and Teng (2007) which is based on an active 

confinement model. These models are established based on the assumption that the 

axial stress and axial strain of concrete confined with FRP at a given hoop strain are 

the same as those of the same concrete actively confined with a constant confining 

pressure equal to that exerted by the FRP jacket (i.e., path-independency assumption) 

(Jiang and Teng 2007; Teng et al. 2007). A stress-strain model for actively-confined 

concrete (referred to as the active-confinement base model for brevity hereafter) and 

an axial strain-hoop strain relationship are the two essential elements for this type of 

analysis-oriented stress-strain models. Due to the highly complex stress state in a 
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rectangular column, some recent analytical stress-strain models based on more 

advanced approaches have also been developed (e.g., Monti and Nistico 2008; Lee et 

al. 2010; Nisticò 2013; Nistico 2014). These models are collectively referred to as 

analysis-oriented stress-strain models for ease of reference in this chapter. 

 

Marques et al. (2004) 

 

Marques et al.’s (2004) model is an analysis-oriented stress-strain model based on an 

active confinement model. It adopts the model of Mander et al. (1988) as the active-

confinement base model which was originally proposed for steel-confined concrete. 

The stress-strain curve of Mander et al.’s (1988) model is described by the equation 

of Popovics (1973): 
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where 𝑓𝑐𝑐
′∗ and 𝜀𝑐𝑐

∗  are the peak axial stress and the corresponding axial strain of 

actively confined concrete, respectively: 

  * 1 0.0572cc co lf f f    (2.41) 

  * 1 0.280cc co lf    (2.42) 
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The equivalent confining pressure in this model is calculated by the following equation: 

 ,max ,minl l
l

f b f h
f

b h





 (2.43) 

where ,maxlf  and ,minlf  are the two lateral confining pressures in the two directions 

of a rectangular section. 

 

The axial strain-hoop strain relationship of confined concrete is obtained using the 

following equation for the secant modulus of confined concrete (Pantazopoulou and 

Mills 1995): 
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where 2A l   is the area strain; 0.2   is the initial Poisson’s ratio; lim 0.001c   

is the limit strain representing the limit of the linear response of the concrete. 

 

Monti and Nistico (2008)  

 

Monti and Nistico (2008) proposed to divide a rectangular section into several small 

regions. The confining stresses in each small region were evaluated based on a 

confinement field. With the confinement state of each region available, the local axial 

stress of each region was calculated using the Ottosen (1977) failure criterion which 

is an analysis-oriented stress-strain model based on an active-confinement base model. 
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After the axial stress of each region has been obtained, the global axial stress of the 

entire rectangular section can be readily determined by: 

 1
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i i
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i n
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i

A
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 (2.47) 

where Ai and σi are the area and the stress of ith (i = 1, 2, … n) region, respectively. 

 

The well-known Popovics (1973) equation (Eqn 2.38) is also adopted in Monti and 

Nistico’s (2008) model for the stress-strain curve of the active-confinement base 

model. The peak axial stress and the corresponding axial strain of the active-

confinement base model are calculated using the following equations: 
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The Poisson’s ratio of Pantazopoulou and Mills (1995) is adopted to obtain the axial 

strain-hoop strain relationship of confined concrete: 

  1 2V c      if lim cr
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    (2.51) 

where 𝜀𝑣  is the volumetric strain; 𝜀𝑐  is the axial strain;   is a constant that 

depends on both the volume fraction of paste and the water-cement ratio;   is 

Poisson’s ratio, ranging from 0.5 to 0.25 for concrete; lim
c  is the limit axial strain 

representing the limit of linear behaviour of concrete (normally equal to 0.001); 𝜀𝑐
∗ =



 

39 
 

 

𝛼𝜀𝑜 is the axial strain at 𝜀𝑣=0 if 1b   which can be assumed equal to the strain at 

the peak stress 𝜀𝑐𝑐
∗ ; 𝛼 is a constant; and b and c are constants depending on both the 

concrete nominal strength and boundary conditions. To account for the section aspect 

ratio of a rectangular section on the axial strain-hoop strain relationship, the constants 

b and c are defined to be: 

 0.5 ,  2b S c   (2.52) 

where 𝑆 = ℎ 𝑏⁄  is the section aspect ratio. 

 

Lee et al. (2010) 

 

Lee et al. (2010) proposed an analysis-oriented stress-strain model for FRP-confined 

concrete in square columns by modifying their stress-strain model for circular columns 

of the same kind (i.e., Lee and Hegemier 2009). In this model, the square section is 

divided into an effective-confinement area and unconfined areas [the same as in the 

models of Wang and Restrepo (2001) and Marques et al. (2004)]. The key assumption 

of Lee et al.’s (2010) model lies in that at a given lateral strain ( l ), the secant modulus 

of confined concrete ( secE  ) is equal to that of the unconfined concrete (Lee and 

Hegemier 2009). The secant modulus of concrete of Eqn 2.44 is also adopted in this 

model; however, the material parameters β and limit axial strain lim
c  are calculated 

at c co   as follows (Lee and Hegemier 2009): 
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The constant C in Eqn 2.54 determines the slope of the strain-softening stress-strain 

curve of unconfined concrete: 

  0.00725 20 1.5 (in MPa)coC f       (2.55) 

 

The axial strain-hoop strain relationship was obtained based on the Poisson’s ratio 

equation of Pantazopoulou and Mills (1995): 
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where the MacAulay brackets 〈∙〉 equals 0 when its inside value is negative; cr  is 

the tensile cracking strain of concrete. The axial stress of FRP-confined concrete in 

the effective-confinement area is calculated using the following equation based on a 

regression analysis of test results: 

 
0.83

,

, ,

1 3.75cc e l

c u c u

f f
f f

 
    

 
  (2.58) 

where ,cc ef  is the axial stress of confined concrete in the effective-confinement area; 

,c uf  is the axial stress of the corresponding unconfined concrete at a secant modulus 

of secE  (Lee and Hegemier 2009). 

 

Lee et al. (2010) also proposed predictive equations for the hoop rupture strain of the 

FRP jacket in order to determine the ultimate condition of the column. The FRP hoop 

strains on the flat sides and the rounded corners due to the bending deformation of the 
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FRP jacket are calculated by: 
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where  ,l uc i  and  ,l e i  are the axial strain of the unconfined area and the axial strain 

of the effectively confined area, respectively. 

 

Therefore, the maximum FRP hoop strain due to the combination of tension and 

bending of the FRP jacket is: 
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 (2.61) 

 

FRP rupture occurs when  _ maxj i  exceeds the tensile strain of the FRP jacket. 

 

Nistico (2014) 

 

Nistico (2014) proposed a stress-strain model for FRP-confined concrete in square 

columns, which follows the same procedure in Monti and Nistico (2008), except that 

the peak axial stress and the corresponding axial strain of the active-confinement base 

model and the axial strain-hoop strain relationship are calculated using the following 

equations: 
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2.2.3. Ultimate Condition of FRP at Jacket Rupture 

 

It has been well-established that the hoop strain of an FRP jacket at rupture in an FRP-

confined column (εℎ,𝑟𝑢𝑝) is much smaller than the rupture strain obtained from flat 

coupon tests (ε𝑓) (Lam and Teng 2003a, 2004). The same observation has also been 

reported on FRP-confined rectangular RC columns (e.g., Wang and Wu 2012; Wang 

et al. 2012). For FRP-confined rectangular concrete columns, it has been found that 

the hoop strains on the flat sides are larger than those in/near the rounded corners; 

however, rupture of the FRP jacket generally occurs in/near one of the corners (Lam 

and Teng 2003b; Wang and Wu 2008; Chaallal et al. 2003). The FRP hoop rupture 

strain is needed to calculate the ultimate condition (including the ultimate axial stress 

and ultimate axial strain) of FRP-confined concrete. Some researchers, however, 

directly used the FRP rupture strain from coupon tests in their stress-strain models 

(e.g., Wu et al. 2007; Youssef 2007), while others proposed predictive equations or 

suggested values for the FRP strain efficiency factor (𝑘𝜀 = εℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) (e.g., Pessiki et 

al. 2001; Lai et al. 2004; Pellegrino and Modena 2010; Nistico and Monti 2013).  

 

In Lam and Teng (2003a), the FRP strain efficiency factor obtained from 

accompanying tests on FRP-confined standard circular concrete cylinders or deduced 
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from the test results of FRP-confined circular concrete columns is suggested to be used 

to calculate the ultimate condition of FRP-confined concrete in rectangular columns 

via an equivalent circular section. As FRP rupture generally occurs in/near one of the 

rounded corners, some researchers proposed to use the FRP hoop strains at jacket 

rupture at the centers of rounded corners (e.g., Wang et al. 2012; Pham and Hadi 2013). 

Based on their test results, Wang et al. (2012) proposed that 𝑘𝜀 = 0.4 for large-scale 

square RC columns with a section width larger than 300 mm and 𝑘𝜀 = 0.6  for 

medium- and small-scale square RC columns (150mm < b < 300mm). 

 

2.2.4. Size Effect 

 

It should be noted that most of the stress-strain models reviewed above were developed 

on the basis of experimental results of small-scale specimens. Only several studies 

have investigated the behaviour of large-scale rectangular RC columns (e.g., Pessiki 

et al. 2001; Rocca et al. 2006; Rocca 2007; Rocca et al. 2008; Wang and Wu 2011; De 

Luca et al. 2011; Wang et al. 2016). These studies have shown that a significant 

behavioural difference exists between small-scale and large-scale rectangular columns. 

Therefore, the suitability of applying these stress-strain models to large-scale 

rectangular RC columns remains unclear. Recently, a number of experimental studies 

have also been carried out on large-scale circular RC columns (e.g., Mirmiran et al. 

1998; Carey and Harries 2005; Mattys et al. 2005; Zhu et al. 2005; Gu et al. 2006; 

Silva and Rodrigues 2006). These studies, however, indicated that the stress-strain 

models developed based on small-scale columns could predict reasonably well 

behaviour of large-scale circular RC columns. These observations seem to suggest that 

the size effect does not exist in circular columns but may exist in rectangular columns. 
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The size effect in rectangular columns may be attributed to the following two factors: 

(1) the corner radius is limited by the thickness of the cover concrete due to the 

presence of internal steel reinforcement in large-scale rectangular columns; (2) the 

bending stiffness of the FRP jacket does not increase proportionally with the increase 

of the jacket thickness (and thus the hoop membrane stiffness). Although some studies 

have been conducted on the size effect of FRP-confined rectangular columns, no 

consensus has been reached on this issue. Further investigations are necessary to 

clarify this effect. 

 

2.3. FRP-CONFINED CONCRETE IN RECTANGULAR COLUMNS UNDER 

ECCENTRIC COMPRESSION 

 

The relevant studies reviewed so far are only concerned with FRP-confined concrete 

in rectangular columns under concentric compression. However, RC columns in 

practice are inevitably subjected to combined bending and axial compression (i.e., 

eccentric compression) even when the loading is nominally concentric due to the 

geometric imperfection and/or construction errors of the column. A significant number 

of studies have been conducted on FRP-confined circular concrete/RC columns 

subjected to eccentric loading over the past two decades (e.g., Nanni and Norris 1995; 

Pavin and Wang 2001; Mirmiran et al. 2001a; Fam et al. 2003; Tao et al. 2004; Hadi 

2006; Pan et al. 2007; Parvin and Schroeder 2008; Hadi 2006; Maaddawy 2008; Bisby 

and Ranger 2010; Fitzwilliam and Bisby 2010; Yu et al. 2010c; Jiang and Teng 2012a, 

b; Hadi and Widiarsa 2012; Wu and Jiang 2013; Zhang 2014; Lin 2016). One 

important difference discovered between eccentrically-loaded circular columns and 
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concentrically-loaded ones is that the ultimate axial strain of concrete at the extreme 

compression fibre (ECF) of an eccentrically-loaded column is much larger than the 

ultimate axial strain of the corresponding concentrically-loaded column (e.g., Fam et 

al. 2003; Fitzwilliam and Bisby 2006; Bisby and Ranger 2010; Zhang 2014). This 

phenomenon has also been supported by results of a recent finite element study (Lin 

2016). 

 

A much smaller number of studies can be found on rectangular columns under 

eccentric loading. Parvin and Wang (2001) tested four eccentrically-loaded FRP-

confined square concrete columns with a specimen dimension of 108 mm × 108 mm 

× 305 mm. The test results showed that FRP confinement can significantly enhance 

both the load-carrying capacity and ductility of columns under eccentric loading. They 

also found from their FE results that the strain gradient due to eccentric loading 

reduces the FRP confinement effectiveness. Tao and Yu (2008) tested a series of 

slender CFRP-confined square RC columns (150 mm × 150 mm × 3060 mm) under 

eccentric compression. They found that the ultimate axial strain decreased as the load 

eccentricity increased. Chaallal and Shahawy (2000) presented an experimental study 

on 12 rectangular RC columns (200 mm × 350 mm × 3500 mm) strengthened with a 

bidirectional FRP jacket. The test variables included the load eccentricity and the FRP 

jacket thickness. They also found that the ultimate axial strain of concrete at the ECF 

was larger than that from the corresponding concentrically-loaded column. Sadeghian 

et al. (2010) tested seven CFRP-confined rectangular RC columns (200 mm × 300 

mm × 2700 mm) under eccentric loading to investigate the effects of the load 

eccentricity, fibre orientation, and FRP confinement level. It was found that the 

longitudinal stiffness of the FRP jacket significantly improved the axial tangent 
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stiffness of the column. 

 

In analysis of FRP-confined RC columns under eccentric loading, most existing 

studies adopted the conventional section analysis approach with the assumption that 

the stress-strain behaviour of FRP-confined concrete in eccentrically-loaded columns 

can be directly depicted by a stress-strain model developed from concentrically-loaded 

columns (referred to as concentric-loading stress-strain model hereafter) (e.g., 

Mirmiran et al. 2001b; Cheng et al. 2002; Hu et al. 2011; Jiang and Teng 2012a). 

While this assumption has been shown by some researchers to be reasonable, its 

validity has not yet been properly established mainly due to limitations of 

measurement in laboratory tests.  

 

A recent FE study on FRP-confined circular columns has revealed that the strain 

gradient has a significant effect on the stress-strain behaviour of FRP-confined 

concrete and a stress-strain model for concrete at the ECF should be used in the 

analysis of columns under eccentric compression (Lin 2016; Lin and Teng 2017). 

However, these conclusions were drawn from an FE analysis of FRP-confined circular 

concrete columns. The strain gradient effect on the stress-strain behaviour of FRP-

confined concrete in rectangular columns is still highly uncertain. Particularly, a 

rectangular RC column subjected to eccentric loading may be bent about either the 

major axis or the minor axis. Whether an identical concentric-loading stress-strain 

model can be used for columns bent in both directions remains unclear. Indeed, such 

a stress-strain model may not be applicable to eccentric loading in either direction. 

 

2.4. FRP-CONFINED CURVILINEARIZED RECTANGULAR COLUMNS  
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2.4.1. Shape Modification 

 

As discussed in the preceding sections, FRP confinement is much less effective when 

used on rectangular columns than circular columns due to the flat sides and sharp 

corners of the former. Rounding the column corners can enhance the effectiveness of 

confinement, but its benefit is limited, particularly for large RC columns, as the corner 

radius is limited by the presence of the internal steel reinforcement. The FRP jacket 

on the flat sides of a rectangular section is subjected to bending to which the jacket 

has little resistance due to its negligible flexural rigidity. Any attempt to increase the 

jacket thickness to achieve the desired flexural rigidity means a large amount of FRP 

and is not cost-effective. 

 

A much more effective method for strengthening rectangular RC columns is to 

implement appropriate shape modification to the column before FRP 

jacketing/wrapping, so that the FRP jacket is loaded primarily in tension from the very 

beginning and offers much stronger confinement to the concrete. The idea of shape 

modification appears to have been first explored by Seible and Priestley (1993) and 

Priestley et al. (1994) who proposed to use an elliptical steel jacket to retrofit a 

rectangular RC column. Priestley and Seible (1995) later proposed to modify 

rectangular sections into oval sections before FRP jacketing/wrapping. After that, a 

number of studies have addressed shape modification of rectangular sections into 

elliptical or oval sections (e.g., Saadatmanesh et al. 1997; Teng and Lam 2002; 

Pantelides et al. 2004; Wu et al. 2006; Campione and Cucchiara 2007; Parvin and 

Schroeder 2008; Yan and Pantelides 2011), as well as square sections into circular 
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sections (e.g., Pantelides et al. 2004; El Maaddawy et al. 2010; Yan and Pantelides 

2011; Hadi et al. 2012; Pham et al. 2013). Two approaches have generally been 

adopted in the implementation of shape modification: (1) attaching precast concrete 

bolsters to an existing concrete column (e.g., Seible et al. 1997; Hadi et al. 2012; Pham 

et al. 2013); and (2) using a prefabricated FRP shell of the desired sectional shape as 

the stay-in-place formwork for casting additional concrete (often with expansive 

cement) between the column and the shell (e.g., Saadatmanesh et al. 1997; Wu et al. 

2006; Yan and Pantelides 2011). For both approaches, a precast concrete bolster or a 

prefabricated FRP shell needs to be tailor-made for the specific size of the existing 

column; the labour cost increases with the ranges of column sizes. Moreover, such 

shape modification leads to a substantial increase in the cross-sectional area and thus 

increases the column weight and stiffness (which can be detrimental for the seismic 

performance of the structural system), and requires significant space for the 

installation. 

 

2.4.2. Section Curvilinearization Method 

 

To overcome the above drawbacks, some researchers (Jin 2002; Jin et al. 2002; Lai 

2003; Lai et al.’s 2004) proposed to modify the four flat sides of a rectangular section 

into slightly-curved sides before FRP jacketing (Figure 2.3). This section modification 

method is referred to as section curvilinearization (SC) method. The method transfers 

a rectangular column into a curvilinearized rectangular column (CRC). It increases the 

section size only by a small degree, but has been found to substantially enhance the 

effectiveness of FRP confinement by converting the jacket from bending action to 

membrane action in confining the dilating concrete (Lai et al. 2004). However, this 



 

49 
 

 

SC approach also requires precast concrete bolsters of specific dimensions or 

prefabricated formworks for the required sectional shape for casting the infilled 

concrete, which is time- and labour-consuming. To overcome this obstacle, a novel 

flexible formwork is proposed in this PhD research project to achieve a rapid and cost-

effective shape modification process (Figure 2.4). This novel formwork system 

consists of a series of parallel wooden bars (or parallel bars made of other light-weight 

material) linked together by steel strips (Figure 2.4). The formwork will be wrapped 

around an existing column; a number of positioning wooden blocks between the 

existing column and the formwork help to control the shape of the formwork to 

achieve the desired sectional shape (see Figure 2.4). In addition, because of the 

flexibility of the formwork, the pressure from the filled wet concrete can automatically 

ensure the desired sectional shape for the given circumferential length of the formwork 

(i.e., the number of wooden bars), which can be easily adjusted to suit different column 

sizes. The gaps between the curved moulds and the existing column are filled with 

new concrete (or cement mortar if the column is small). The strength of the new 

concrete or cement mortar needs to be equal to or larger than that of the original 

concrete; self-compacting concrete with small-sized aggregate is preferred for the new 

concrete due to the acute angles between the moulds and the original column sides. 

 

Only limited experimental work has been conducted on FRP-confined CRCs (Jin 2002; 

Jin et al. 2002; Lai 2003; Lai et al. 2004; Pan et al. 2007; Zhao 2012). Jin (2002) tested 

one FRP-confined curvilinearized square column (CSC) with a single rise-to-span 

ratio (abbreviated as r/s ratio hereafter) of 1/16.6 under axial compression. Lai et al. 

(2004) tested seven FRP-confined CSCs with a single r/s ratio of 1/20. Pan et al. (2007) 

tested a total of six FRP-confined CSCs, with the only test variable being the column 
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effective length, to investigate the effect of column slenderness. Zhao (2012) 

conducted an experimental study consisting of eight FRP-confined CSCs covering 

three r/s ratios (i.e., 1/10, 1/15, and 1/20). The test results showed that the maximum 

enhancement in the compressive strength was 124% for the column with the largest 

r/s ratio (i.e., 1/10), and the minimum enhancement was 88% for the column with an 

r/s ratio of 1/20. Unfortunately, Zhao’s (2012) test results suffered significant scatters 

due to the manually rounded corners without good accuracy. Zhu (2015) carried out a 

systematic experimental study on FRP-confined CSCs, in which 16 small-scale and 

10 large-scale FRP-confined square concrete columns with or without section 

curvilinearization were tested under axial compression. The effects of r/s ratio, FRP 

confinement level, and column size were specifically investigated. The results 

presented by Zhu (2015) indicated that the size effect is very limited in FRP-confined 

CSCs. In both studies of Zhao (2012) and Zhu (2014), all the specimens were rounded 

with the same corner radius ratio (1/3) and thus the effect of corner radius ratio was 

not investigated. 

 

The above review indicates that the effect of r/s ratio on the response of FRP-confined 

CSCs has not yet been well-established. Moreover, the existing studies have been 

mainly concerned with small-scale (generally with a section width less than 150 mm) 

FRP-confined CSCs under axial compression; only Zhu (2015) has conducted an 

experimental study including large-scale FRP-confined CSCs (section width = 300 

mm). Consequently, the conclusions reached so far may not appropriately be 

applicable to large-scale FRP-confined CSCs. In addition, no studies have been 

conducted on FRP-confined CRCs where the sectional aspect ratio plays a significant 

effect. Moreover, the response of FRP-confined CRCs subjected to other loading 
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conditions (e.g., eccentric loading) has not been investigated, which is a prerequisite 

for developing a reliable design method for FRP-confined CRCs. 

 

2.4.3. Stress-Strain Models for FRP-Confined Concrete in CRCs  

 

Only two design-oriented stress-strain models have been developed so far for FRP-

confined concrete in CRCs based on a limit number of tests (i.e., Lai et al. 2004; GB 

50608 2010). Both models were developed based on experimental results of small-

scale FRP-confined CSCs. They are applicable only to columns with an r/s ratio equal 

to or larger than 1/20. The crucial parameters such as the r/s ratio are not included in 

the models. 

 

Lai et al. (2004) proposed their stress-strain model for FRP-confined concrete in CSCs 

based on their own test data. This model is applicable to FRP-confined concrete in 

CSCs with an r/s ratio equal to or larger than 1/20. The stress-strain model consists of 

a nonlinear first segment and a linear second segment, which is expressed by the 

following equation: 

 𝜎𝑐 = {

𝜀𝑐

𝐴+𝐵𝜀𝑐+𝐶𝜀𝑐
2                (0 ≤ 𝜀𝑐 ≤ 𝜀𝑡)

𝜎𝑐𝑏 + 𝐸2(𝜀𝑐 − 𝜀𝑐𝑏)  (𝜀𝑡 ≤ 𝜀𝑐 ≤ 𝜀𝑐𝑢)
 (2.65) 

where 𝜎𝑐𝑏 and 𝜀𝑐𝑏 are the axial stress and axial strain at the transition point between 

the two segments; the constants 𝐴, 𝐵 and 𝐶 are determined by the three boundary 

conditions: (1) the initial slope of the stress-strain curve is equal to the elastic modulus 

of unconfined concrete 𝐸𝑐; (2) the curve passes through the transition point (𝜀𝑐𝑏 , σ𝑐𝑏); 

(3) the slope of the stress-strain curve at the transition point is equal to the slope of the 

linear second segment (𝐸2) to ensure a smooth transition between the two segments. 
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The three constants are calculated by the following equations for stress-strain curves 

with an ascending and a descending second segment, respectively (Lat et al. 2004): 
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𝐸𝑝

𝐸2

𝐸𝑝
]

1

𝜀𝑐𝑏
, 𝐶 = [

1

𝐸0
−

1

𝐸𝑝

𝐸2

𝐸𝑝
]

1

𝜀𝑐𝑏
2       (2.66) 

 𝐴 =
1

𝐸0
, 𝐵 = [

1

𝐸𝑝
−

2

𝐸0
]

1

𝜀𝑐𝑏
, 𝐶 =

1

𝐸0

1

𝜀𝑐𝑏
2  (2.67) 

where 𝐸𝑝 = 𝜎𝑐𝑏 𝜀𝑐𝑏⁄  is the secant modulus of concrete. 

 

The slope of the linear second segment 𝐸2 is calculated using the following equations 

which were developed based mainly on the interpretation of their own test data: 

 𝐸2 𝐸0⁄ = 𝑘2𝑙𝑛(𝛽𝑗  ) − 𝑘3             (𝛽𝑗  > 𝛽𝑗0 ) (2.68) 

 𝐸2 𝐸0⁄ = 𝑘4𝑙𝑛(𝛽𝑗  ) − 𝑘5             (𝛽𝑗  < 𝛽𝑗0 ) (2.69) 

where 𝑘2, 𝑘3, 𝑘4 and 𝑘5 are constants determined using regression analysis; 𝛽𝑗 is 

the confinement stiffness ratio expressed as follows: 

 𝛽𝑗 =
𝐸𝑓∙𝑡𝑓

𝑓𝑐𝑜
′ 𝑅

 (2.70) 

where 𝑅  is the radius of the equivalent circular section of the curvilinearized 

rectangular section: 

 𝑅 =
𝑏+ℎ

𝜋
  (2.71) 

 

The predictive equations for the transition axial strain and stress are given by: 

 𝜀𝑐𝑏

𝜀𝑐𝑜
= 1 + 0.0110𝛽𝑗 (2.72) 

 σ𝑐𝑏

𝑓𝑐𝑜
′ =  1 + 0.0568𝛽𝑗

0.46 (2.73) 

 

The ultimate axial strain and ultimate axial stress are calculated by: 
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 𝜀𝑐𝑐 = 𝜀𝑐𝑜(1 + 178.9𝛽𝑗
0.75𝜀ℎ,𝑟𝑢𝑝

1.25 ) (2.74) 

  𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ (1 + 3.366𝛽𝑗𝜀ℎ,𝑟𝑢𝑝) (2.75) 

Lai et al. (2004) suggested that a reduction coefficient of 0.91 be used for 𝜀ℎ,𝑟𝑢𝑝  

(i.e., 𝜀ℎ,𝑟𝑢𝑝 = 0.91𝜀𝑓), but they provided no experimental or theoretical basis for this 

coefficient.  

 

The Chinese National Standard for Infrastructure Applications of FRP Composite (GB 

50608 2010) also specifies a stress-strain model for FRP-confined concrete in CRCs. 

It adopts the equations of Lam and Teng’s (2003a) model for the stress-strain curve 

which consists of a parabolic first segment and a linear second segment (Eqn 2.1). The 

ultimate axial stress and ultimate axial strain are calculated as follows: 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3
𝐸𝑓∙𝑡𝑓

𝑅
(1 −

12.7

𝛽𝑗
) ∙ 𝜀ℎ,𝑟𝑢𝑝    (2.76) 

 𝜀𝑐𝑢 = 0.0033 + 0.45 ∙ 𝛽𝑗
0.8𝜀ℎ,𝑟𝑢𝑝

1.45    (2.77) 

 

The confinement stiffness coefficient 𝛽𝑗 is defined by Eqn 2.70. In this model, 𝜀ℎ,𝑟𝑢𝑝 

is specified to be the FRP rupture strain obtained from standard circular concrete 

cylinders confined with the same FRP jacket under axial compression or 

conservatively taken to be 0.5𝜀𝑓  if no compression tests on standard concrete 

cylinders are available. In addition, this model is only applicable to stress-strain curve 

with an ascending second segment (i.e., 𝛽𝑗 ≥ 12.7). 

 

2.4.4. Size Effect 
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As discussed in Section 2.2.3, the size effect has been observed in FRP-confined 

rectangular concrete columns (e.g., Pessiki et al. 2001; Rocca et al. 2008; De Luca et 

al. 2011). It can be speculated that FRP-confined CRCs may also exhibit the size effect. 

The existing stress-strain models reviewed above have been established based on 

experimental results of small-scale specimens. No experimental studies, however, 

have been concerned with the behaviour of large-scale FRP-confined CRCs. The size 

effect in FRP-confined CRCs is yet to be clarified. 

 

2.5. ANALYTICAL METHODS FOR FRP-CONFINED RC COLUMNS 

 

Several analytical approaches have been proposed for the analysis of slender RC 

columns under eccentric loading (Chen and Atsuta 1976). Despite their differences in 

terms of numerical sophistication, they all aim to predict the lateral displacement of a 

slender column, which gives rise to the second-order effect.  

 

The first approach is only applicable to hinged columns with equal eccentricities at 

both ends. In this approach, the deflected shape of a column is assumed to be a half 

sine wave and equilibrium is only checked at the critical section (i.e., mid-height 

section) where the maximum lateral displacement is expected to take place. This 

approach has been widely adopted in the analysis of hinged RC columns with equal 

end eccentricities and has been demonstrated to provide satisfactory predictions (e.g., 

Bazant et al. 1991).  

 

Another approach is the well-known numerical integration method which is more 

sophisticated and more versatile than the first one. In this approach, a column is 
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divided into a number of segments by defining grid points. Subsequently, numerical 

integration is performed at each grid point to find the lateral displacement with the use 

of the axial load-bending moment-curvature relationships of the column (Figure 2.5). 

In this method, end eccentricities can be unequal and end restraints can be imposed. 

Note that this method was originally proposed by Newmark (1943) and has been 

widely adopted in the analysis of RC columns (e.g., Pfrang and Siess 1961; Cranston 

1972), steel columns (e.g., Shen and Lu 1983), and composite columns (e.g., Choo et 

al. 2006; Tikka and Mirza 2006; Jiang and Teng 2012a, b). 

 

2.6. DESIGN METHODS FOR FRP-CONFINED RECTANGULAR RC 

COLUMNS 

 

Although numerous studies have been conducted on FRP-confined rectangular RC 

columns, designers have been faced with difficulties in designing FRP jackets to 

strengthen such columns. One of the reasons is that the various effects (e.g., size effect, 

strain gradient effect, eccentric loading effect, and slenderness effect) on the response 

of FRP-confined rectangular RC columns (including CRCs) have not been fully 

understood as discussed in the preceding sections. The current design provisions have 

generally been developed based on a limited number of existing studies and their 

validation against test data for a wider range of column parameters is urgently needed.  

 

Furthermore, the difficulty in designing FRP jackets for rectangular RC columns is 

caused by the fact that the current design provisions in most of the design guidelines 

(fib 2001; ISIS 2001; ACI-440.2R 2002, 2008; CNR-DT 200 2004; Concrete Society 

2004) are restricted to the design of FRP jackets for short RC columns with the 
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slenderness effect being ignored (Jiang and Teng 2012b). It has been found that FRP 

confinement increases the slenderness effect of RC columns which means that an RC 

column originally classified as a short column may need to be considered as a slender 

column after FRP confinement (Jiang and Teng 2012b). Thus, the existing slenderness 

limit (i.e., the column slenderness that separates short columns from slender columns) 

expressions for conventional short RC columns in various design codes for RC 

structures cannot be directly adopted for FRP-confined RC columns. Only two FRP 

design guidelines (i.e., GB 50608 2010; Concrete Society 2012) offer a clear definition 

of short columns to differentiate them from slender columns. However, these 

specifications have been established mainly based on existing experimental and/or 

theoretical studies on FRP-confined circular RC columns (Jiang and Teng 2012b); the 

application of these specifications to FRP-confined rectangular RC columns 

(including CRCs) has not been properly verified. 

 

The design provisions in GB 50608 (2010) for FRP-confined rectangular RC columns 

(including CRCs) were established based on the study of Jiang and Teng (2013). Jiang 

and Teng (2013) originally formulated design provisions for FRP-confined circular 

RC columns based on extensive numerical results generated using the theoretical 

model of Jiang and Teng (2012b) as well as the simple theoretical slender column 

model for standard hinged RC columns (Jiang 2008; Jiang and Teng 2013). The design 

method was developed following the nominal curvature approach (Jiang 2008; Jiang 

and Teng 2013). The accuracy and safety of this design method was demonstrated 

through comparison with existing experimental results of FRP-confined circular RC 

columns. In GB 50608 (2010), the design method of Jiang and Teng (2013) was 

extended to FRP-confined rectangular RC columns (including CRCs) with slight 
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modifications. However, the applicability of this design method to large-scale FRP-

confined rectangular RC columns (including CRCs) remains somewhat uncertain. The 

design equations for the load-carrying capacity and the slenderness limit for FRP-

confined rectangular RC columns in GB 50608 (2010) are briefly introduced in the 

following sub-sections. 

 

2.6.1. Stress-Strain Model in GB 50608 (2010)  

 

In GB 50608 (2010), the stress-strain model for FRP-confined concrete in rectangular 

columns is a modified version of Lam and Teng’s (2003b) model. The stress-strain 

curve consists of a parabolic first portion and a linear section portion, which is depicted 

using Eqns 2.1-2.3 (Lam and Teng 2003a). The ultimate axial stress 𝑓𝑐𝑐
′  and axial 

strain 𝜀𝑐𝑢 are calculated using the following equations (GB 50608 2010): 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3.5
𝐸𝑓𝑟𝑝𝑡𝑓𝑟𝑝

𝑅
(𝑘𝑠𝜎 −

6.5

𝛽𝑗
) 𝜀ℎ,𝑟𝑢𝑝 (2.78) 

 𝑘𝑠𝜎 = (
𝑟𝑐

𝑏
+ 1.5

𝑟𝑐

ℎ
+ 0.3) (

𝑏

ℎ
)

2

 (2.79) 

 𝜀𝑐𝑢 = 0.0033 + 0.6𝑘𝑠𝜀𝛽𝑗
0.8𝜀ℎ,𝑟𝑢𝑝

1.45  (2.80) 

 𝑘𝑠𝜀 = (
𝑟𝑐

𝑏
+ 1.5

𝑟𝑐

ℎ
+ 0.3) (

ℎ

𝑏
)

2

 (2.81) 

where 𝑟𝑐 is the radius of the rounded corners; 𝑘𝑠𝜎 and 𝑘𝑠𝜀 are the shape factors for 

the ultimate axial stress and strain, respectively; 𝛽𝑗  is the confinement stiffness 

coefficient defined in Eqn 2.70. 

 

2.6.2. Load-Carrying Capacity of FRP-Confined Rectangular RC Columns 
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The axial load-carrying capacity and the corresponding section moment capacity of an 

eccentrically-loaded FRP-confined rectangular RC column are calculated using (GB 

50608 2010): 

 {
𝑁 ≤ 𝛼1𝑓𝑐𝑐

′ 𝑏𝑥 + 𝜎𝑠
′𝐴𝑠

′ − 𝜎𝑠𝐴𝑠

𝑁𝑒𝑚𝑎𝑥 ≤ 𝛼1𝑓𝑐𝑐
′ 𝑏𝑥 (

ℎ

2
−

𝑥

2
) + 𝜎𝑠

′𝐴𝑠
′ (

ℎ

2
− 𝑎𝑠

′ ) + 𝜎𝑠𝐴𝑠 (
ℎ

2
− 𝑎𝑠)

 (2.82) 

 𝑒𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝜂𝑒𝑖, 𝑒2 + 𝑒𝑎) (2.83) 

 𝑒𝑖 = 𝑒0 + 𝑒𝑎 (2.84) 

 𝑒0 = 0.6𝑒2 + 0.4𝑒1 ≤ 0.4𝑒2 (2.85) 

where ℎ is the dimension of the cross-section in the direction of eccentric loading; 𝑏 

is the dimension of the cross-section in the direction perpendicular to the eccentric 

loading direction; 𝑥 is the depth of the compression zone; 𝐴𝑠
′  and 𝜎𝑠

′ are the total 

area and stress of the longitudinal steel reinforcement on the compression side or more 

compressive side; 𝐴𝑠 and 𝜎𝑠 are the total area and stress of the longitudinal steel 

reinforcement on the tension side or less compressive side; 𝑎𝑠
′  is the distance between 

the point of the resultant force of the longitudinal steel reinforcement on the more 

compressive side and the extreme compression edge; 𝑎𝑠 is the distance between the 

point of the resultant force of the longitudinal steel reinforcement at the tension side 

or less compressive side and the extreme tension (or less compressive) edge; 𝑒𝑖 is the 

initial load eccentricity; 𝑒0 is the equivalent load eccentricity; 𝑒𝑎 is the additional 

load eccentricity; 𝜂 is the amplification coefficient for the initial load eccentricity to 

account for the slenderness effect; 𝑒1 and 𝑒2 are the load eccentricities at the two 

ends of the column, respectively. It should be noted that 𝑒2 is designated as the one 

with a larger absolute value and is always assigned a non-negative value. This means 

that 𝑒1 has a negative value when the column is bent in double curvature. 
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The stress of the longitudinal steel reinforcement on the compression side or more 

compressive side 𝜎𝑠
′ is calculated by: 

 𝜎𝑠
′ = 𝜀𝑐𝑢 (1 −

𝛽1𝑎𝑠
′

𝑥
) 𝐸𝑠 ≤ 𝑓𝑦

′ (2.86) 

where 𝑓𝑦
′ is the compressive yield stress of the longitudinal steel reinforcement.  

 

The stress of the longitudinal steel reinforcement on the tension side or less 

compressive side 𝜎𝑠 is determined by the following provisions: 

(1) when 𝜉 ≤ 𝜉𝑏, 𝜎𝑠 = 𝑓𝑦; 

(2) when 𝜉 > 𝜉𝑏, 𝜎𝑠 should be calculated from: 

 𝜎𝑠 = 𝜀𝑐𝑢 (
𝛽1ℎ0

𝑥
− 1) 𝐸𝑠 (2.87) 

where 𝜉 = 𝑥 ℎ0⁄  is the relative depth of the compression zone; ℎ0 is the effective 

depth of the cross-section (= ℎ − 𝑐 where c is the distance between the resultant force 

of the steel bars on the tension side and the extreme tension fibre); 𝜉𝑏 is the limit 

relative depth of compression zone at balanced failure; and 𝑓𝑦  is the tensile yield 

stress of the longitudinal steel reinforcement. 

 

The additional load eccentricity 𝑒𝑎 in Eqn 2.84 is introduced to account for the effect 

of unintended load eccentricity that may exist in a real column. It is taken to be the 

larger value of 20 mm and 1/30 of the section dimension in the direction of load 

eccentricity (or in the direction where the additional load eccentricity is considered). 

Therefore, an RC column nominally subjected to concentric loading should be treated 

as an eccentrically-loaded column in design. The load-carrying capacity of such 

columns is also calculated using Eqn 2.82. 

 



 

60 
 

 

The amplification coefficient 𝜂 in Eqn 2.83 is calculated by: 

 𝜂 = 1 +
1.25𝜀𝑐𝑢+0.0017

8.3𝑒𝑖 ℎ0⁄
(

𝑙0

ℎ
)

2

𝜁1𝜁2   (2.88) 

 𝑒𝑖 = 𝑒0 + 𝑒𝑎 (2.89) 

 𝜁1 =
0.8𝑓𝑐𝑐

′ 𝐴

𝑁
≤ 1 (2.90) 

 𝜁2 = (1.15 + 30𝜀ℎ,𝑟𝑢𝑝) − (0.01 + 6𝜀ℎ,𝑟𝑢𝑝)
𝑙0

ℎ
≤ 1 (2.91) 

where 𝑙0 is effective length of the column; 𝜁1 and 𝜁2 are two factors which adjust 

the curvature at balanced failure by accounting for the effects of the axial load level 

and the slenderness, respectively (Jiang and Teng 2013); and 𝐴 is the cross-sectional 

area of the column.  

 

2.6.3. Slenderness Limit for FRP-Confined Rectangular RC Columns 

 

In Jiang and Teng (2012b), a short column is defined as a column in which the 

slenderness effect causes no more than a 5% reduction in the axial load-carrying 

capacity. A comprehensive parametric study using the theoretical column model of 

Jiang and Teng (2012a) was carried out by Jiang and Teng (2012b) for FRP-confined 

circular RC columns; on the basis of the parametric study results, the following 

equation was proposed for the slenderness limit of FRP-confined circular RC columns: 

 𝜆𝑐𝑟𝑖𝑡 ≤
60

𝑒2
𝐷

(1−
𝑒1
𝑒2

)+20

𝑓𝑐𝑐
′

𝑓𝑐𝑜
′ (1+0.06

𝜀𝑟𝑢
𝜀𝑐𝑜

)
 (2.92) 

where 𝜆𝑐𝑟𝑖𝑡 is the limit of the slenderness ratio of the column. The slenderness ratio 

of a column is defined as 𝜆 = 𝑙0 𝑟𝑔⁄ ; 𝑙0 is the effective length of the column between 

two pinned ends; 𝑟𝑔 is the radius of gyration of the columns cross section and = 𝐷 4⁄  

for circular columns (𝐷 is the diameter of the cross section). The radius of gyration 
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of the column cross section is calculated by 𝑟𝑔 = √𝐼𝑔 𝐴𝑔⁄ , where 𝐼𝑔 is the moment 

of inertia of the column cross section; 𝐴𝑔 is the gross sectional area of the column. 

 

The slenderness limit equation of Eqn 2.92 is directly adopted by GB-50608 (2010) 

and Concrete Society (2012) for FRP-confined rectangular RC columns (including 

CRCs). The radius of gyration of a rectangular section is approximately equal to ℎ 4⁄ ; 

therefore, Eqn 2.92 becomes (GB-50608 2010): 

 
𝑙0

ℎ
=

15(
𝑒2−𝑒1

ℎ
)+5

𝑓𝑐𝑐
′

𝑓𝑐𝑜
′ (1+30𝜀𝑟𝑢)

 (2.93) 

 

Eqn 2.93 was originally proposed for FRP-confined circular RC columns. Whether the 

equation can be directly applicable to FRP-confined rectangular RC columns remains 

uncertain. The verification of this equation is urgently needed. 

 

To calculate the load-carrying capacity and the slenderness limit of FRP-confined 

CRCs, GB 50608 (2010) specifies that the original rectangular section of a 

curvilinearized rectangular section can be conservatively used in the above design 

equations (Eqns 2.78 to 2.87). However, as mentioned earlier, these equations have 

been developed based only on FRP-confined circular RC columns, which casts doubt 

on the applicability of these equations to FRP-confined CRCs. The verification of this 

issue is also urgently needed. 

 

2.6.4. Design of FRP-Confined Rectangular RC Columns in ACI-440.2R (2008) and 

Concrete Society (2012) 
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Similar to GB 50608 (2010), ACI-440.2R (2008) and Concrete Society (2012) adopt 

Lam and Teng’s (2003b) stress-strain model for FRP-confined concrete in rectangular 

columns. However, neither of the two design procedures includes a stress-strain model 

for FRP-confined concrete in CRCs. Both ACI-440.2R (2008) and Concrete Society 

(2012) suggest that the design of FRP-confined rectangular RC columns under 

combined axial compression and bending be conducted by developing axial load-

moment (N-M) interaction curves. To simplify the design process, both ACI-440.2R 

(2008) and Concrete Society (2012) provide a simple method for establishing the N-

M interaction curve for an FRP-confined rectangular RC column under eccentric 

loading following the study of Rocca et al. (2009). In this simplified method, only four 

points on an N-M interaction curve need to be determined (Rocca et al. 2009): 1) the 

point on the axial load axis corresponding to concentric compression; 2) the point 

corresponding to the situation that the neutral axis depth equals the section depth; 3) 

the balance point where the extreme compression fibre of concrete reaches the ultimate 

axial strain when the most tensioned steel bar(s) yields at the same time; 4) the point 

on the moment axis corresponding to pure bending. The four points are then connected 

to form an approximate N-M interaction curve for design use. For the slenderness limit 

for FRP-confined rectangular short RC columns, Concrete Society (2012) offers an 

identical expression to that in GB-50608 (2010) (i.e., Eqn 2.93). 

 

If a column is deemed to be slender, the column should be designed by considering 

the effect of column slenderness (i.e., the second-order effect). Concrete Society (2012) 

adopts the moment magnifier method in which the column shall be designed with an 

additional nominal second-order moment due to the second-order effect. ACI-440.2R 

(2008), however, provides no design provisions for slender FRP-confined RC columns 
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(i.e., the second-order effect is not included in ACI-440.2R). 

 

2.7. FINITE ELEMENT MODELLING OF FRP-CONFINED CONCRETE IN 

RECTANGULAR COLUMNS 

 

Due to the highly complex stress state in an FRP-confined rectangular concrete 

column, one may resort to a robust three-dimensional (3D) finite element (FE) 

approach which can capture closely the stress-strain behaviour of FRP-confined 

concrete under a general state of multiaxial compression. Yu et al. (2010a, b) recently 

developed an improved plastic-damage model for confined concrete under both 

uniform and non-uniform confinement based on a Drucker-Prager (D-P) type 

plasticity model. To eliminate the deficiencies of previous D-P type plasticity models 

in modelling FRP-confined concrete, the confinement-dependent characteristics of 

FRP-confined concrete were explicitly included into the critical elements (i.e., yield 

surface, the hardening rule, the flow rule, and the damage variable) of the plastic-

damage model. Yu et al.’s (2010b) model is the first constitutive model which can 

capture all the key features of FRP-confined concrete. This model has been 

successfully implemented within the theoretical framework of the CDPM (Concrete 

Damaged Plasticity Model) in ABAQUS (v6.10) for the analysis of FRP-confined 

circular and square concrete columns as well as hybrid FRP-concrete-steel double-

skin tubular columns (Yu et al. 2010b).  

 

In Yu et al.’s (2010b) model, the yield function F, the hardening rule, the potential 

function G, and the damage parameter d are all made confinement-dependent. The 

yield function proposed by Lubliner et al. (1989) and modified by Lee and Fenves 
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(1998) was adopted in the CDPM in ABAQUS: 

 𝐹 =
1

1−𝐴
(√3𝐽2̅ − 𝐴𝐼1̅ + 𝐵(𝜀�̃�)〈−�̅�𝑚𝑖𝑛〉 − 𝐶〈−𝜎𝑚𝑖𝑛〉) − 𝜎𝑐𝑛(𝜀�̃�𝑐)=0  (2.94) 

with 

 𝐴 =

𝑓𝑏
′

𝑓𝑐𝑜
′ −1

2
𝑓𝑏

′

𝑓𝑐𝑜
′ −1

; 0 ≤ 𝐴 ≤ 0.5 (2.95) 

 𝐵 =
�̅�𝑐𝑛(�̃�𝑝𝑐)

�̅�𝑡𝑛(�̃�𝑝𝑡)
(1 − 𝐴) − (1 + 𝐴) (2.96) 

 𝐶 =
3(1−𝐾)

2𝐾−1
 (2.97) 

where 𝐼1̅ is the first invariant of the effective stress; 𝐽2̅ is the second invariant of the 

effective stress; 𝑓𝑏
′ is the biaxial concrete strength; 𝜎𝑚𝑖𝑛 is the minimum principal 

effective stress; 𝜀�̃�𝑐  is the equivalent compressive plastic strain; 𝜀�̃�𝑡  is the 

equivalent tensile plastic strain; 𝜎𝑐𝑛 is the effective compressive cohesive strength; 

𝜎𝑡𝑛 is the effective tensile cohesive strength; 𝐾 is the ratio of biaxial compressive 

strength to triaxial compression strength of concrete; and the Macaulay bracket 〈∙〉 is 

defined by 〈𝑥〉 = (|𝑥| + 𝑥) 2⁄ . The 𝐾 value in Eqn 2.97 was found to be 0.725 based 

on experimental results of concrete under biaxial compression (Kupfer et al. 1969) 

and tri-axial compression (Teng et al. 2007). 

 

A non-associated flow rule is assumed in the CDPM. The flow potential function G 

adopted in the CDPM is the Drucker-Prager hyperbolic function as follows: 

 𝐺 = √(∋ 𝜎𝑡𝑜𝑡𝑎𝑛𝜓) + 𝐽2̅ − 𝐼1̅𝑡𝑎𝑛𝜓  (2.98) 

where 𝛹 is the dilation angle; 𝜎𝑡𝑜 is the uniaxial tensile stress at failure; ∋ is the 

eccentricity; when the eccentricity ∋ is zero, Eqn 2.98 degenerates to: 

 G = √J2̅ − I1̅tanψ (2.99) 
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For concrete under uniform confining pressure, the value of 𝑡𝑎𝑛𝜓 can be obtained 

using the following equation: 

 𝑡𝑎𝑛𝜓 =
√3

6

𝑑𝜀𝑐
𝑝

+2𝑑𝜀𝑙
𝑝

𝑑𝜀𝑐
𝑝

−𝑑𝜀𝑙
𝑝  (2.100) 

where 𝑑𝜀𝑙
𝑝 is the plastic strain increment in the lateral direction. 

 

Yu et al. (2010b) assumed that the damage variable is equal to zero before the peak 

stress and is given by the equations below after the peak stress. For concrete under 

uniaxial compression, the damage variable is given by:  

 𝑑 = 1 −
𝜎𝑐

𝑓𝑐𝑜
′  (2.101) 

where 𝑓𝑐𝑜
′  is peak stress of concrete under uniaxial compression; 𝜎𝑐  is the axial 

stress on the descending branch of the stress-strain curve. For concrete under a 

constant confining pressure, the expression of the damage variable needs to be revised 

to: 

 𝑑 = 1 −
𝜎𝑐−

1+𝐶+2𝐴

1−𝐴
𝜎𝑙

𝑓𝑐𝑐
′∗−−

1+𝐶+2𝐴

1−𝐴
𝜎𝑙

 (2.102) 

where 𝑓𝑐𝑐
′∗ is the peak stress of concrete under a constant confining pressure 𝜎𝑙. 

 

An effective confining pressure needs to be defined for concrete under non-uniform 

confinement where the two principal lateral stresses are not equal. The following 

equation is employed to calculate the effective confining pressure in Yu et al. (2010b): 

 𝜎𝑙,𝑒𝑓𝑓 =
2(𝜎2+0.039𝑓𝑐𝑜

′ )(𝜎3+0.039𝑓𝑐𝑜
′ )

𝜎2+𝜎3+0.078𝑓𝑐𝑜
′ − 0.039𝑓𝑐𝑜

′  (2.99) 

where σ𝑙,𝑒𝑓𝑓 is the effective confining pressure; σ2, σ3 are the two principal lateral 

stresses.  
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2.8. CONCLUDING REMARKS 

 

This chapter has presented a review of existing knowledge on FRP-confined 

rectangular concrete/RC columns (including curvilinearized rectangular columns, 

CRCs). The review has indicated that the conclusions in existing studies on FRP-

confined rectangular concrete/RC columns have been drawn mainly based on small-

scale columns. Whether these conclusions are still valid for large-scale rectangular RC 

columns remains highly uncertain. Apart from the size effect, the effects of many other 

critical factors, such as the section aspect ratio, load eccentricity, and slenderness ratio, 

on the responses of FRP-confined rectangular RC columns, especially large columns, 

have not been properly investigated and remain unclear. The review has also shown 

that the section curvilinearization method significantly improves the effectiveness of 

FRP confinement in rectangular columns. However, the amount of existing test data 

is extremely limited and the design equations for such columns need further 

verification. Against this background, a systemic research program involving both 

experiments and theoretical analysis of large-scale FRP-confined rectangular RC 

columns (including CRCs) was conducted in the present PhD research project, and the 

results and discussions are presented in this thesis. 
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(a) Square column                (b) Rectangular column 

Figure 2.1. Typical failure of FRP-confined square and rectangular RC columns 

under concentric axial compression 
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Figure 2.2. Effective confinement area of an FRP-confined rectangular section 
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Figure 2.3. Rectangular column with section curvilinearization 
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(a) Linking parallel wooden bars with steel strips 

 

 
(b) Wrapping the flexible formwork around an existing column  

Figure 2.4. Novel flexible formwork system 
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(a) Strain and stress profiles over an FRP-confined circular RC section 

 

 
(b) Schematic of the theoretical model 

Figure 2.5. Theoretical model for slender FRP-confined concrete column [extracted 

from Jiang and Teng (2012a)] 
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CHAPTER 3 

 

BEHAVIOUR OF LARGE-SCALE FRP-CONFINED 

RECTANGULAR RC COLUMNS UNDER AXIAL 

COMPRESSION 

 

 

3.1. INTRODUCTION 

 

As indicated by the review presented in Chapter 2, extensive experimental studies have 

been conducted to enable a clear understanding of the behavior of FRP-confined 

concrete in rectangular columns (e.g., Rochette and Labossiere 2000; Lam and Teng 

2003b; Chaallal et al. 2003; Maalej et al. 2003; Wu et al. 2007; Pantelides and Yan 

2007; Youssef et al. 2007; Ilki et al. 2008; Ozbakkaloglu and Oehlers 2008; Wang et 

al. 2012; Wei and Wu 2012), leading to many stress-strain models (e.g., Lam and Teng 

2003b; Wu et al. 2006, 2007; Youssef et al. 2007; Harajli 2006; Wei and Wu 2012; 

Lim and Ozbakkaloglu 2014). However, these experimental studies have mainly been 

focused on small-scale rectangular concrete columns; only a limited number of these 

studies have been concerned with large-scale FRP-confined rectangular reinforced 

concrete (RC) columns (e.g., Wang and Restrepo 2001; Rocca et al. 2006; Toutanji et 

al. 2010; De Luca et al. 2011). This limitation could be due to a lack of high-capacity 

testing equipment and the high testing cost for large-scale specimens (Rocca et al. 

2006; Toutanji et al. 2010). 
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The limited experimental results have indicated a significant behavioral difference 

between small-scale rectangular columns and large-scale rectangular columns, which 

has been referred to as the column size effect (e.g., Pessiki et al. 2001; Masia et al. 

2004; Campione 2006; Rocca 2007; Rocca et al. 2008; Wang and Wu 2011; De Luca 

et al. 2011). This size effect has been found to be negligible for circular RC columns 

(Mirmiran et al. 1998; Carey and Harries 2005; Matthys et al. 2005; Zhu et al. 2005; 

Silva and Rodrigues 2006) but may become very significant for rectangular RC 

columns (Pessiki et al. 2001; Rocca 2007; Rocca et al. 2008). Nevertheless, some 

researchers have found that the size effect is insignificant even for rectangular RC 

columns (e.g., Wang et al. 2016). The discrepancy in the existing studies indicates that 

the size effect in FRP-confined rectangular RC columns has not been properly clarified 

and is worthy of urgent investigation.  

 

Against this background, this chapter presents the test results of an experimental study 

involving nine large-scale rectangular RC columns, including eight FRP-confined RC 

columns and one un-confined RC column. Four existing design-oriented stress-strain 

models for FRP-confined concrete in rectangular columns are used to predict the 

column responses to examine their applicability to large RC columns. “Axial stress-

axial strain” is simply referred to as “stress-strain”, unless otherwise specified in the 

thesis. 

 

3.2. EXPERIMENTAL PROGRAMME 
 

3.2.1. Test Specimens 
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Nine rectangular RC columns were cast in two batches and tested. Each column had a 

cross section of 435 mm in depth and 290 mm in width and a column length of 1300 

mm. The sharp corners of each column were rounded with a corner radius (𝑟𝑐) of 25 

mm, 45 mm or 65 mm before FRP jacketing, leading to three corner radius ratios 

(2𝑟𝑐 ℎ⁄ ) of around 1/9, 1/5 and 2/7. The detailed information of the columns is 

presented in Table 3.1. 

 

The columns were longitudinally reinforced with 20-mm-diameter steel bars and 8-

mm-diameter steel bars in the form of ties in the transverse direction. Ten longitudinal 

steel bars were used in columns in Batch 1, while six were used in columns in Batch 

2, corresponding to a longitudinal steel ratio of around 2.49% and 1.49%, respectively. 

Each column was designed with a test portion of 700 mm in length in the middle region 

of the column where failure was expected to occur, and a loading portion of 300 mm 

in length at each end (Figure 3.1). The spacing of steel ties in the loading portions was 

100 mm, and that in the test portion was 300 mm. The ends of each steel tie were bent 

to 135° hooks (Figure 3.1). The concrete cover thickness, measured from the centre of 

the longitudinal steel bars to the concrete surface, was 35 mm. All the columns were 

cast in wooden moulds, demoulded on Day 2 and then cured for 28 days or more in 

the laboratory environment before FRP jacketing. 

 

Eight of the nine columns (see Table 3.1) were wrapped with a carbon FRP (CFRP) 

jacket with fibres oriented only in the hoop direction. The jacket was formed in a wet 

lay-up process in which the carbon fibre sheets were impregnated with an epoxy resin 

and then wrapped around the column. The FRP-wrapped columns were further cured 
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in the laboratory environment. A 300-mm-long overlapping zone in the hoop direction 

was adopted in wrapping the FRP sheet to avoid debonding at the wrapping end. The 

vertical centreline of the overlapping zone was ensured to be at the centre of one of 

the longer sides of the column section. 

 

Each specimen was given a name which starts with a letter representing the cross 

section shape (i.e., “R” for rectangular), followed by a number and the letter “L” 

afterwards representing the number of layers of FRP. This is then followed by the 

letter “r” plus a number representing the radius of the rounded corners. For example, 

“R1Lr25” refers to a rectangular column wrapped with a one-layer CFRP jacket with 

a radius of 25 mm for the rounded corners, and “R0Lr25” refers to the control column 

without FRP wrapping. To avoid unexpected failure beyond the testing portion, an 

additional layer of CFRP (200 mm in width) was wrapped near each end of the column. 

 

3.2.2. Material Properties 

 

Ready-mixed concrete from a local supplier was used in casting the columns. Crushed 

granite with a maximum nominal size of 20 mm was used as the coarse aggregate. The 

concrete slump was around 150 mm at column casting. Several standard circular 

cylinders (150 mm in diameter and 300 mm in height) were cast and tested under axial 

compression at the time of each column test to determine the concrete properties (e.g., 

compressive strength 𝑓𝑐
′ and axial strain at peak axial stress 𝜀𝑐𝑜 in Table 3.1), based 

on ASTM C469 (2002). The top and bottom ends of each cylinder were ground with 

a grinding machine before testing to ensure that both the loading faces were 

perpendicular to the longitudinal axis of the cylinder. The compression tests on the 
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cylinders were performed using a 5,000 kN capacity testing machine, with a 

displacement control rate of 0.18 mm per minute. Tensile tests on three steel bar 

specimens were conducted to determine the properties of each type of steel bars 

according to BS 18 (1987). The yield stress, tensile strength, and elastic modulus of 

the steel bars are listed in Table 3.2. 

 

The CFRP jacket was comprised of unidirectional high tensile strength carbon fiber 

sheets impregnated in a two-component epoxy resin. The carbon fiber sheet had a 

nominal thickness of 0.334 mm (one layer). Flat coupon tensile tests were carried out 

following ASTM D3039 (2008) to obtain the properties of the CFRP jacket. The 

average modulus of elasticity, tensile strength and ultimate strain of single-layer CFRP 

jackets were 245.6 GPa, 3993.3 MPa and 1.71%, respectively, based on the tensile test 

results of three coupons with FRP rupture occurring near the middle region (Figure 

3.2). The modulus of elasticity was obtained from the stress-strain response in the 

tensile strain range from 0.001 to 0.003 based on ASTM D3039 (2008). Detailed test 

results of the CFRP coupons are given in Table 3.3. Note that the stress-strain curve 

of the FRP coupon was not strictly linear up to rupture, but featured a nonlinear 

behavior especially near the rupture point; as a result, the tangent modulus at the 

rupture point is slightly smaller than those obtained based on ASTM D3039 (2008) 

(Table 3.3).  

 

It has been well established that the average FRP hoop rupture strain (𝜀ℎ,𝑟𝑢𝑝) in an 

FRP-confined concrete column is lower than the rupture strain determined from the 

standard FRP coupon tensile test (𝜀𝑓) (Lam and Teng 2004). Lam and Teng (2003a) 

found an average value of 0.586 for the FRP strain efficiency factor (𝜀ℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) in 
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circular concrete columns confined with a CFRP jacket. For FRP-confined rectangular 

columns, accompanying compression tests on circular concrete cylinders wrapped 

with the same FRP jacket are suggested to be conducted to evaluate the FRP strain 

efficiency (Lam and Teng 2003b; Lam and Teng 2004). This method has been adopted 

by the Chinese Technical Code for Infrastructure Application of FRP Composites (GB 

50608 2010). Therefore, in the present study, six standard concrete cylinders (152.5 

mm × 305 mm) were wrapped with the same FRP jacket as those used in the 

rectangular columns via the wet lay-up process (three of them were wrapped with a 

one-layer CFRP jacket and the other three were wrapped with a three-layer CFRP 

jacket) and tested under axial compression. For each specimen, eight strain gauges 

were installed on the FRP jacket surface at the mid-height (Figure 3.3): six of them 

were evenly distributed to measure hoop strains, and the other two were used to 

measure axial strains. An overlap length of 150 mm was adopted for all the cylinders. 

An additional 20-mm-wide FRP strip was also wrapped near each end of the cylinder. 

The concrete used for casting the cylinders had an average compressive strength of 

38.6 MPa and an average strain at peak axial stress of 0.0027, determined from 

compression tests on three unconfined concrete cylinders. The stress-strain curves of 

the test CFRP-confined concrete cylinders are shown in Figure 3.4 and the FRP hoop 

strains recorded by the strain gauges at FRP rupture are listed in Table 3.4. The average 

FRP hoop strain at FRP rupture was found to be 1.13%, leading to an FRP strain 

efficiency factor (𝜀ℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) of 0.661. Figure 3.4 also shows the stress-strain curves 

predicted with the design-oriented stress-strain model of Lam and Teng (2003a) for 

FRP-confined concrete. It can be seen that the model predicts reasonably well the 

stress-strain behaviour of FRP-confined concrete in the test cylinders.  
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3.2.3. Experimental Set-up and Instrumentation 

 

Six linear variable differential transformers (LVDTs) were used to monitor the axial 

shortening of each column (Figure 3.5): four of them were mounted at the centers of 

the four sides covering a mid-height length of 300 mm; the other two were mounted 

at the centers of the two opposite sides of the column between the end loading platens 

to monitor the full-height axial shortening. 

 

For each FRP-confined RC column, a large number of strain gauges were installed to 

monitor the strains in the FRP jacket. The strain gauges were installed at: (1) the mid-

height section of the column (i.e., Level 1-1 in Figure 3.5); and (2) 300 mm below the 

mid-height section (i.e., Level 2-2 in Figure 3.5). For each level, strain gauges were 

installed at the centers of the flat sides, the centers of the rounded corners, and the 

corner edges between the flat sides and the rounded corners with a curvature change 

(Figure 3.5). At the center of each flat side, two strain gauges were installed to measure 

both hoop strains and axial strains (Figure 3.5). Totally 20 strain gauges were installed 

at each level. One longitudinal strain gauge was installed on each longitudinal steel 

bar (at Level 1-1) where a smooth surface had previously been provided by grinding. 

Waterproof coating was applied before concrete casting to protect the strain gauges on 

the steel bars. An automatic data acquisition system was used to collect the test data, 

including axial loads, displacements and strains. 

 

The columns were tested under axial compression using a testing machine with a load 

capacity of 10000 kN (Figure 3.6). The specimens were carefully centered and 

preloaded with an axial load of around 20% of the estimated load-carrying capacity of 
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the corresponding unconfined RC column. The columns were first loaded with a load 

control rate of 5 kN/s until around 80% of the estimated load-carrying capacity of the 

corresponding unconfined RC column; after that, the displacement control mode was 

adopted with a loading rate of 0.72 mm/min until the failure of the column.  

 

3.3. TEST RESULTS AND DISSCUSSIONS 

 

3.3.1. Failure Modes  

 

All FRP-confined RC columns failed by the rupture of the CFRP jacket due to hoop 

tension near the mid-height (Figure 3.7). The FRP rupture occurred at or near one of 

the transition points between each rounded corner and the two adjacent flat sides for 

all the test columns. The failure was more explosive for the columns with a thinner 

FRP jacket. Buckling of longitudinal steel bars could be observed at failure after 

removal of the ruptured FRP jacket. It often occurred near a longer side of the 

rectangular section where the confinement provided by the FRP jacket is very small 

due to the small flexural rigidity of the FRP jacket. 

 

3.3.2. Stress-Strain Responses of Confined Concrete 

 

The axial stress of concrete over the rectangular section was obtained by dividing the 

applied axial load it takes by the gross sectional area of concrete. Due to the non-

uniform confinement in an FRP-confined rectangular concrete column, the axial stress 

of confined concrete varies over the section. As a result, the axial stress here implicitly 

refers to the average axial stress of the whole section. The axial load taken by the 

concrete was obtained by deducing the load taken by the longitudinal steel bars from 
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the axial load taken by the whole column. In calculating the axial load taken by the 

longitudinal steel bars at a certain axial strain, an elastic-perfectly plastic stress-strain 

response was assumed for the steel bars. The axial strains were obtained from readings 

of the four LVDTs for the mid-height region. The axial strains based on the average 

reading of the full-height LVDTs were not used, as the axial shortenings recorded by 

these LVDTs included movements of various components of the loading system into 

tight contact with the column. The axial strains obtained from strain gauges were 

found to be much smaller than those from LVDTs due to the local wrinkling of the 

FRP jacket and thus they were not used either (Vincent and Ozbakkaloglu 2013; Zhu 

2014). 

 

The stress-strain curves of FRP-confined concrete in the test columns are shown in 

Figure 3.8. All the stress-strain curves terminate at FRP rupture. It can be seen that, 

except for specimens R1Lr25 and R2Lr25, the stress-strain curves all have a typically 

bilinear shape with an ascending second portion. The axial stresses for specimens 

R1Lr25 and R2Lr25 decrease slightly and then increase monotonically after the 

transition region; however, the overall stress-strain curves still feature a bilinear shape. 

This is due to the fact that FRP confinement is relatively low in these two columns, 

which led to a descending portion right after the transition region. However, as the 

dilation of concrete continued to increase, the deformation of concrete was able to 

activate a larger FRP confinement by converting the FRP jacket on the flat sides from 

bending action to membrane action, which led to an ascending stress-strain response 

afterwards. 

 

Figure 3.9 shows a comparison of the stress-strain curves of FRP-confined concrete in 
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columns with different corner radii. In order to eliminate the effect of different 

concrete strengths, the axial stresses and the strains are normalized by the unconfined 

concrete strength 𝑓𝑐𝑜
′  and the corresponding axial strain 𝜀𝑐𝑜 , respectively. The 

unconfined concrete strength 𝑓𝑐𝑜
′  refers to the compressive strength of concrete in 

large-scale unconfined columns, which is discussed in detail in the next section. It can 

be seen that the stress-strain curves of FRP-confined concrete in columns with 

different corner radii generally have the same shape. Figure 3.9(a) shows that the 

stress-strain curves of FRP-confined concrete in columns R2Lr45 and R2Lr65 which 

have a corner radius of 45 mm and 65 mm respectively are much longer than that of 

column R2Lr25 with a corner radius of 25 mm. Column R2Lr45 has a slightly larger 

ultimate axial strain but a slightly lower ultimate axial stress than those of column 

R2Lr65. Figures 3.9(b) and 3.9(c) also show that the columns with a corner radius of 

45 mm and 65 mm perform very similarly with the latter performs slightly better in 

terms of the ultimate axial stress and ultimate axial strain. This indicates that a corner 

radius of 25 mm may not be sufficient to fully activate the effectiveness of FRP 

confinement for a rectangular RC column similar to those tested in the present study. 

 

Figure 3.9 shows a comparison of the normalized stress-strain curves of FRP-confined 

concrete in columns confined with different numbers of layers of FRP. It is obvious 

that both the ultimate axial stress and the ultimate axial strain increase with the number 

of FRP layers (i.e., FRP confinement levels). 

 

3.3.3. Ultimate Axial Stresses and Ultimate Axial Strains 

 

The ultimate axial stresses (namely the compressive strength, 𝑓𝑐𝑐
′ ) and ultimate axial 
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strains (𝜀𝑐𝑢) of concrete in all the test columns are listed in Table 3.1. The concrete in 

the unconfined control column R0Lr25 had a compressive strength (𝑓𝑐𝑜
′ ) of 39.62 MPa 

at an axial strain ( ε𝑐𝑜 ) of 0.0025. This compressive strength is lower than the 

unconfined concrete strength determined from the standard cylinder tests (𝑓𝑐
′ = 42.15 

MPa). The reasons for the lower compressive strength in R0Lr25 may include: (1) the 

large-scale column and the standard cylinder have different shapes and sizes; and (2) 

the non-uniform concrete property distribution along the column height has a greater 

impact in the large-scale column. The lower compressive strength in large-scale 

columns has also been widely reported by other researchers, although the difference 

between 𝑓𝑐𝑜
′  and 𝑓𝑐

′  varies and is somewhat uncertain (e.g., Ozbakkaloglu and 

Oehlers 2008; De Luca et al. 2011; Zhang 2013; Zhu 2014). A ratio of 0.85 between 

𝑓𝑐𝑜
′  and 𝑓𝑐

′ is specified in ACI 318 (2008) for real RC columns, while in the present 

study, a ratio of 0.94 was found between 𝑓𝑐𝑜
′  and 𝑓𝑐

′. This relatively high ratio of 0.94 

might be a result of the good control of the specimen quality (including specimen 

preparation and testing) in the laboratory. Moreover, the ratio of 0.85 in ACI 318 (2008) 

covers many other negative factors in real RC columns. In the present study, the ratio 

of 0.94 was adopted to obtain 𝑓𝑐𝑜
′  for all the test FRP-confined RC columns unless 

otherwise specified (Table 3.1). 

 

Figure 3.10 shows the stress-strain curves of columns with different numbers of FRP 

layers. As expected, FRP confinement significantly enhances the ultimate axial stress 

and ultimate axial strain of confined concrete in FRP-confined RC columns (Table 

3.1). The strength enhancement ratio (𝑓𝑐𝑐
′ /𝑓𝑐𝑜

′  ) ranges from 1.14 to 2.13, and the 

ultimate strain enhancement ratio (𝜀𝑐𝑢/𝜀𝑐𝑜) ranges from 3.76 to 17.48 for the test FRP-

confined RC columns. These values for the strength enhancement ratio and the strain 
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enhancement ratio are plotted versus the FRP volumetric ratio [i.e., 𝜌𝑓 =

2𝑡 (𝑏 + ℎ) 𝑏ℎ⁄ ] in Figure 3.11. It clearly shows that the strength enhancement ratio 

and the strain enhancement ratio increase with the FRP volumetric ratio, and for a 

given FRP volumetric ratio, an increase in the corner radius ratio leads to an increase 

in both the strength enhancement ratio and the strain enhancement ratio. 

 

3.3.4. FRP Hoop Strains at Ultimate Condition 

 

Figure 3.12 shows the distribution of FRP hoop strains around the perimeter of the test 

columns at the ultimate condition (i.e., FRP rupture). The hoop strains were obtained 

from strain gauges on the FRP jacket at the mid-height of the column. The crosses in 

the figure indicate the locations of FRP rupture. As expected, the distributions of FRP 

hoop strains are highly non-uniform around the perimeter of the rectangular section. 

It was found that the maximum FRP hoop strain measured at the ultimate condition 

was generally from the strain gauge either at one of the centers of the flat sides or at 

one of the transition points between each rounded corner and the two adjacent flat 

sides (see numbers in boxes in Figure 3.12). However, FRP rupture generally did not 

occur at the location with the maximum FRP hoop strain, but occurred at or near one 

of the transition points for all the test columns (Figure 3.12). The same observation 

has been reported by many researchers on FRP-confined rectangular concrete columns 

under axial compression (e.g., Wang and Wu 2008; Wang et al. 2012). This 

phenomenon is mainly caused by the non-uniform dilation of confined concrete in 

rectangular columns. The dilation of concrete near the flat sides is the largest due to 

the small flexural rigidity of the FRP jacket, while that at the rounded corners is the 

lowest (Lin and Teng 2013). This non-uniform dilation of concrete causes a bending 
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strain in the FRP jacket with its largest value at the transition points (with a jacket 

curvature change) (Lin and Teng 2013). This bending strain has a detrimental effect 

on the tensile rupture of the FRP jacket in the hoop direction. Therefore, FRP rupture 

generally occurs at one of the transition points in an FRP-confined rectangular 

concrete column. 

 

The average FRP hoop strains at different section locations of the test columns at the 

ultimate condition are listed in Table 3.5 in which 𝜀ℎ,𝑙 and 𝜀ℎ,𝑠 refer to the average 

hoop strains at the centers of the longer sides and the shorter sides of the rectangular 

section, respectively; 𝜀ℎ,𝑡𝑙 (𝜀ℎ,𝑡𝑠) refers to the average hoop strain at the transition 

points between each rounded corner and each longer (shorter) side of the rectangular 

section; 𝜀ℎ,𝑐𝑜𝑟𝑛𝑒𝑟 is the average hoop strain at the centers of four rounded corners; 

and 𝜀ℎ,𝑚𝑎𝑥  is the maximum FRP hoop strain captured by the strain gauges at the 

ultimate condition. The strain gauges in the overlapping zone were excluded in 

calculating the above average strains. The last two rows of Table 3.5 list the ratios of 

the average FRP hoop strains and the FRP rupture strain obtained from coupon tests 

(𝜀𝑓 = 1.71%), and the ratios of the average FRP hoop strains and the FRP rupture strain 

obtained from FRP-confined concrete cylinder tests (𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙 = 1.13%). Table 3.5 

provides the following information: (1) the maximum hoop strains at FRP rupture in 

column tests are lower than the rupture strain obtained from coupon tests; (2) the 

average FRP hoop strain on the flat sides (Column (3) in Table 3.5) is the largest, while 

that at the corner centers (Column (7) in Table 3.5) is the lowest, with that at the 

transition points in between (Column (6) in Table 3.5); (3) the average hoop strain on 

the flat sides is very close to the rupture strain obtained from FRP-confined concrete 

cylinder tests ( 𝜀ℎ 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙⁄   = 0.943); (4) the average maximum hoop strains are 
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generally larger than the rupture strain obtained from FRP-confined concrete cylinder 

tests (Column (8) in Table 3.5). 

 

3.4. STRESS-STRAIN MODELS FOR FRP-CONFINED CONCRETE IN 

RECTANGULAR COLUMNS 

 

As mentioned in the introductory section, a number of stress-strain models for FRP-

confined concrete in rectangular columns have been proposed (e.g., Lam and Teng 

2003b; Wu et al. 2007; Youssef et al. 2007; Harajli 2006; Wei and Wu 2012). However, 

most of these models have been developed on the basis of test results of small-scale 

columns. Their applicability to large-scale FRP-confined rectangular RC columns is 

uncertain. In this study, four typical stress-strain models (i.e., Lam and Teng 2003b; 

Youssel et al. 2006; Wu et al. 2007; Wei and Wu 2012) were used to predict the stress-

strain behavior of FRP-confined concrete in the large-scale test columns. The test 

results presented in this chapter have not been used in the development of any of the 

above four stress-strain models; as a result, the test results can provide an independent 

assessment of the performance of each model. A brief introduction of the four models 

is first presented. Table 3.6 lists the key equations for each model. The reader can refer 

to Chapter 2 of this thesis or the original papers for more details of these models. 

 

3.4.1. Existing Stress-Strain Models 

 

Lam and Teng’s (2003b) model is one of the most famous stress-strain models for 

FRP-confined concrete in rectangular columns; it has been adopted by standards of 

several countries due to its simplicity in form and high accuracy (e.g., GB 50608 2010; 
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ACI-440.2R 2008). This model is an extension of Lam and Teng’s (2003a) stress-

strain model for FRP-confined concrete in circular columns by taking into account the 

shape effect of the rectangular section. The stress-strain model consists of a parabolic 

first segment and a linear second segment with a smooth connection between the two 

segments. The equations for the ultimate axial stress and ultimate axial strain can be 

found in Chapter 2. In this model, the FRP rupture strain obtained from accompanying 

compression tests on circular concrete cylinders confined with the same FRP jacket is 

suggested to be used (i.e., 𝜀ℎ,𝑟𝑢𝑝 = 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙 ). With the absence of accompanying 

tests on concrete cylinders, an FRP strain efficiency factor (𝜀ℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) of 0.586, which 

was obtained based on a large test database of CFRP-confined circular concrete 

columns (Lam and Teng 2003a), can be used for CFRP-confined rectangular concrete 

columns. In the present study, an FRP strain efficiency factor (𝜀ℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) of 0.661 was 

used based on the accompanying tests on FRP-confined circular concrete cylinders. 

 

Wu et al. (2007) proposed three stress-strain models (Model I, II, and III) for FRP-

confined concrete in rectangular columns. Model III was used here due to its bilinear 

feature of the stress-strain curve which consists of a parabolic first segment and a 

linear second segment. Youssef et al.’s (2007) model consists of a polynomial first 

segment and a linear second segment. This model is a unified stress-strain model 

applicable to both circular and rectangular columns. Wei and Wu (2012) also proposed 

a unified stress-strain model for FRP-confined concrete in both circular and 

rectangular columns. The model also consists of a parabolic first segment and a linear 

second segment. In all the three models, the FRP rupture strain from coupon tests was 

directly used to calculate the ultimate condition of FRP-confined concrete (i.e., 

𝜀ℎ,𝑟𝑢𝑝 = 𝜀𝑓). Detailed equations of the three models can be found in Chapter 2. 
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In the evaluation of the existing stress-strain models, the compressive strength of 

unconfined concrete was taken to be 0.94 times the compressive strength obtained 

from the standard concrete cylinders (i.e., 𝑓𝑐𝑜
′ = 0.94𝑓𝑐

′). In addition, the confinement 

effect from the transverse steel reinforcement was ignored as a result of the low 

transverse steel ratio within the test portion of the columns. 

 

3.4.2. Comparison with Test Results 

 

The predictions from the above four models are compared with the present test results 

in Figure 3.8. It can be seen that for columns with a relatively low FRP confinement 

level (i.e., R1Lr25, R2Lr25, R2Lr45, and R2Lr65), the models of Youssel et al. (2006) 

and Wu et al. (2007) predict a descending second branch for the stress-strain curves, 

while the test curves have an ascending second branch. The model of Wei and Wu 

(2012) predicts a descending second branch for the stress-strain curves of R1Lr25 and 

R2Lr25 but predicts reasonably well the stress-strain curves of R2Lr45 and R2Lr65. 

Lam and Teng’s (2003b) model can predict well all the four columns in terms of the 

shape of the second branch; however, the ultimate axial stresses and strains are 

generally underestimated. For columns with a relatively high FRP confinement level 

(i.e., R4Lr45, R4Lr65, R6Lr45, and R6Lr65), Lam and Teng’s (2003b) model 

underestimates the slopes of the second segment as well as the ultimate axial stresses. 

This also applies to Youssel et al.’s (2006) model. Wu et al.’s (2007) model and Wei 

and Wu’s (2012) model, however, overestimate the slopes of the second branch for all 

the four columns.  
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Figure 3.13 shows comparisons of ultimate axial stresses and ultimate axial strains 

between the predictions of Lam and Teng’s (2003b) model and the test results. As 

mentioned earlier, in Lam and Teng’s (2003b) model, the FRP rupture strain from the 

accompanying compression tests on FRP-confined circular cylinders ( 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙 ) 

should be used. When accompanying tests on ciruclar cylinders are not available, an 

FRP strain efficiency factor of 0.586 (𝜀ℎ,𝑟𝑢𝑝 = 0.586𝜀𝑓) can be used. The predictions 

using both methods are compared with the test results in Figure 3.13. Obviously, as 

the accompanying compression tests lead to an FRP strain efficiency factor larger than 

0.586, the ultimate axial stresses and the ultimate axial strains predicted with 

𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙  are both larger than those with 0.586𝜀𝑓  as shown in Figure 3.13. The 

results predicted with 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙  are more accurate, although the ultimate axial 

stresses are still significantly underestimated by both methods. 

 

The comparisons for the other three models are shown in Figures 3.14 to 3.16. The 

mean value (M), average absolute error (AAE), and standard deviation (SD) between 

the theoretical value and the experimental value (𝑡ℎ𝑒𝑜𝑖 𝑒𝑥𝑝𝑖⁄ ) for each model are also 

given in the figures, which are defined by the following equations: 
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where n is the number of data points; 𝑒𝑥𝑝𝑖 and 𝑡ℎ𝑒𝑜𝑖 are the ith experimental value 
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and theoretical value, respectively. The AAE measures the average error magnitude of 

the model prediction; the SD shows the degree of variation or the magnitude of the 

associated scatter of the prediction. 

 

Figures 3.13 to 3.16 show that Lam and Teng’s (2003b) model (predicted with 

𝜀ℎ,𝑟𝑢𝑝 = 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙) performs better than other models in terms of the mean values and 

the average absolute errors. Wu et al.’s (2007) model provides satisfactory predictions 

for the ultimate axial stress but significantly underestimates the ultimate axial strains 

(Figure 3.14b). Youssef et al.’s (2007) model predicts both ultimate axial stresses and 

strains that are significantly lower than the test results. The ultimate axial strains are 

also significantly underestimated by Wei and Wu’s (2012) model, while the ultimate 

axial stresses are overestimated by Wei and Wu’s (2012) model, which is unsafe for 

application. 

 

3.5. PROPOSED STRESS-STRAIN MODEL FOR FRP-CONFINED 

CONCRETE IN RECTANGULAR COLUMNS 

 

The above discussions demonstrate that none of the four stress-strain models is 

capable of accurate predictions for all the test columns. A new stress-strain model for 

FRP-confined concrete in rectangular columns is thus proposed in this study. The 

proposed model is an improved version of the design-oriented model of Lam and Teng 

(2003b) (Chapter 2), which has been adopted in GB 50608 (2010). The stress-strain 

model consists of a parabolic first segment and a linear second segment (Eqn 2.1). The 

ultimate axial stress and the ultimate axial strain are calculated by the following 

equations: 
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 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3.5 ∙
𝐸𝑓∙𝑡𝑓

𝑅
∙ (𝑘𝑠𝜎 −

6.5

𝛽𝑗
) ∙ 𝜀ℎ,𝑟𝑢𝑝  (3.4) 

 𝜀𝑐𝑢 = 0.0033 + 0.6 ∙ 𝑘𝑠𝜀 ∙ 𝛽𝑗
0.8 ∙ 𝜀ℎ,𝑟𝑢𝑝

1.45  (3.5) 

where 𝐸𝑓 and 𝑡𝑓 are the elastic modulus and the thickness of the FRP jacket; 𝑘𝑠𝜎 

and 𝑘𝑠𝜀  are the shape factors for the compressive strength and the ultimate axial 

strain, respectively; 𝜀ℎ,𝑟𝑢𝑝  is the FRP hoop rupture strain; 𝛽𝑗  is the confinement 

stiffness coefficient defined by: 

 𝛽𝑗 =
𝐸𝑓∙𝑡𝑓

𝑓𝑐𝑜
′ 𝑅

   (3.6) 

where 𝑅 = 0.5√𝑏2 + ℎ2  is the radius of the equivalent circular section of the 

rectangular section. 

 

The shape factors 𝑘𝑠𝜎 and 𝑘𝑠𝜀 in Eqns 3.4 and 3.5 are expressed as follows: 

 𝑘𝑠𝜎 = (1.25
𝑟𝑐

𝑏
+

𝑟𝑐

ℎ
+ 0.33) ∙ (

𝑏

ℎ
)

𝑎1

∙ (
2𝑟𝑐

ℎ
)

𝑏1

 (3.7) 

 𝑘𝑠𝜀 = (1.25
𝑟𝑐

𝑏
+

𝑟𝑐

ℎ
+ 0.33) ∙ (

ℎ

𝑏
)

𝑎2

∙ (
2𝑟𝑐

ℎ
)

𝑏2

 (3.8) 

where 𝑟𝑐 is of the corner radius; 𝑎1, 𝑏1, and 𝑎2, 𝑏2 are constants to be determined. 

Note that the Eqns 3.7 and 3.8 of the shape factors are obtained by introducing the 

corner radius ratio 2𝑟𝑐 ℎ⁄  in the original equations of Lam and Teng (2003b) (Eqns 

2.6 and 2.7), as it has been found that the corner radius ratio is one of the most 

significant factors in the stress-strain response of rectangular columns. Moreover, in 

Lam and Teng (2003b), 𝑎1  and 𝑎2  are fixed to 2 and 0.5 respectively. However, 

these two constants were determined very empirically based on a limited number of 

test results on FRP-confined rectangular concrete columns (Lam and Teng 2003b). 

Therefore, in the present study, these two constants were released and obtained from 

a new regression analysis. 
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A new and comprehensive test database of axial compression tests on large-scale FRP-

confined rectangular columns (including square columns as a special case) was 

assembled from the published literature in addition to the test results in the present 

study. Inclusion of a test into the database meets the following requirements: (1) the 

FRP jacket was formed via the manual wet lay-up process; (2) the FRP jacket had 

fibres oriented in the hoop direction of the column only; (3) both the section depth and 

width are not smaller than 200 mm; (4) the specimen was provided with sufficient 

FRP confinement (i.e., with a monotonic ascending second branch of the stress-strain 

curve); (5) the section aspect ratio is not greater than 3.0; (6) the specimen was tested 

under monotonic axial compression; (7) the specimen failed by FRP jacket rupture in 

the hoop direction; (8) all the important parameters (e.g., FRP jacket properties and 

unconfined concrete strength) were clearly reported in the original source. In addition 

to the data collected based on above requirements, the test results from two other 

studies (Ilki et al. 2004; Wu and Wei 2010) were also included to enlarge the database. 

The database consists of axial compression tests on 25 large-scale FRP-confined 

rectangular RC columns (including 8 columns tested in the present study) and 36 

small-scale FRP-confined rectangular columns (Table 3.6). The regression analysis 

using the database led to the following values for the constants: 𝑎1 = 0.1, 𝑏1 = 0.1, 

𝑎2 = 0.5, 𝑏2 = −0.4. 

 

Figures 3.17 shows the comparison between the predictions of Eqns 3.4 and 3.5 and 

the test results in the database for the ultimate axial stress and the ultimate axial strain. 

Good agreement between the predictions and the test results is achieved by the two 

equations, suggesting the accuracy of the proposed stress-strain model. The proposed 
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stress-strain model is used to predict the stress-strain curves of the large-scale columns 

in the present study and the comparison results are shown in Figure 3.8. It can be seen 

that the proposed model predicts the stress-strain behaviour of all the test columns 

reasonably well and is superior to the other four existing models.  

 

3.6. CONCLUSIONS 

 

This chapter has presented the results of axial compression tests on a series of large-

scale rectangular RC columns. Nine specimens (including eight FRP-confined RC 

columns and one un-confined RC column) were prepared and tested. The test results 

have been presented and compared with predictions from four existing stress-strain 

models for FRP-confined concrete in rectangular columns. The results and discussions 

presented in this chapter allow the following conclusions to be drawn: 

1. The stress-strain curves of FRP-confined concrete in the tested large-scale 

FRP-confined rectangular RC columns feature approximately a typical bilinear 

stress-strain shape. 

2. The compressive strength of concrete in a large-scale unconfined concrete 

column was found to be lower than that of a standard concrete cylinder; a ratio 

between the two was identified to be 0.94 for the columns tested in the present 

study. 

3. The FRP hoop strains at ultimate condition on the flat sides are generally larger 

than those at the corner centers, with those at the transition points in between; 

the FRP hoop strains on the flat sides are very close to the rupture strain 

obtained from FRP-confined concrete cylinder tests. 

4. The corner radius ratio and the FRP jacket thickness both have a significant 
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effect on the stress-strain response of FRP-confined concrete in rectangular 

columns; both the compressive strength and the ultimate axial strain increase 

with the increase of corner radius ratio or the FRP jacket thickness. 

5. Lam and Teng’s (2003b) model performs better than the other models in 

predicting the stress-strain curves; it predicts very well the stress-strain curves 

of columns with a relatively low FRP confinement but significantly 

underestimates the slopes of the second segment and thus the ultimate axial 

stresses for columns with a relatively high FRP confinement. 

6. The proposed model predicts the stress-strain behaviour of all the test large-

scale FRP-confined rectangular RC columns reasonably well and is superior 

to the other four representative existing models.  
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Table 3.1. Key information of test columns and test results 

Specimen Corner 
radius 

𝑓𝑐
′ 

(MPa) 
𝑓𝑐𝑜

′  
(MPa) 

𝐸𝑐 
(GPa) 𝜀𝑐𝑜 𝜌𝑙 

(%) 𝑡𝑓(mm) 
𝑃𝑚𝑎𝑥 
 (kN) 

𝑓𝑐𝑐
′  

(MPa) 𝑓𝑐𝑐
′ 𝑓𝑐𝑜

′⁄  𝜀𝑐𝑐 𝜀𝑐𝑐 𝜀𝑐𝑜⁄  𝜀ℎ,𝑚𝑎𝑥 Batch 

R1Lr25 25 43.44 40.83 32.0 0.00248 2.50 0.334 6897.9 46.51 1.14 0.0094 3.76 0.0164 

I R2Lr25 25 37.44 35.19 28.0 0.00249 2.50 0.668 6416.6 42.12 1.20 0.0143 5.72 0.0120 

R0Lr25 25 42.15 39.62 30.7 0.00248 2.50 0 6111.5 39.62 1.00 0.0025 1.00 / 

R2Lr45 45 34.11 32.06 26.9 0.00249 1.52 0.668 5894.9 42.23 1.32 0.0216 8.64 0.0130 

II 

R2Lr65 65 34.11 32.06 26.9 0.00249 1.54 0.668 6336.3 44.85 1.40 0.0230 9.20 0.0133 

R4Lr45 45 30.79 28.94 26.3 0.00252 1.52 1.336 6457.6 45.15 1.56 0.0248 9.92 0.0137 

R4Lr65 65 30.79 28.94 26.3 0.00252 1.54 1.336 7092.5 51.12 1.77 0.0262 10.48 0.0107 

R6Lr45 45 34.11 32.06 26.9 0.00249 1.52 2.004 8749.2 63.85 1.99 0.0387 15.48 0.0162 

R6Lr65 65 34.11 32.06 26.9 0.00249 1.54 2.004 9179.5 68.42 2.13 0.0437 17.48 0.0108 
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Table 3.2. Results of tensile tests of steel bars 

Bar type No. 
Yield stress 

(MPa) 

Tensile strength 

(MPa) 

Elastic modulus 

(GPa) 

20 mm 

steel bar 

1 484.5 599.9 195.3 

2 497.7 601.9 203.5 

3 491.9 606.5 199.7 

Average  491.4 602.8 199.5 

8 mm 

steel bar 

1 366.4 445.1 185.0 

2 391.3 447.1 194.1 

3 384.7 452.9 182.8 

Average  380.8 448.4 187.3 
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Table 3.3. Results of FRP flat coupon tests 

Specimen Tensile strength 
(MPa) 

Tensile modulus of 
elasticity (GPa) 

Rupture 
strain (%) 

Nominal 
thickness 

1 3989.9 240.0 1.675 0.334 
2 3968.1 248.9 1.783 0.334 
3 4021.9 247.8 1.670 0.334 

Average 3993.3 245.6 1.709 0.334 
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Table 3.4. FRP hoop rupture strains obtained from FRP-confined concrete cylinders 

Specimen 𝑓𝑐𝑜
′  (MPa) 𝑓𝑐𝑐

′  (MPa) SG1 SG2 SG3 SG4 SG5* SG6 Average 
C1-1  

38.6 
71.6 11772 11989 11922 10222 9007 11295 11440 

C1-2 70.4 12532 9365 / 11185 8101 12219 11325 
C1-3 68.0 12414 11655 11145 11412 8774 / 11657 

  Average rupture strain 11474 
Specimen   SG1 SG2 SG3 SG4 SG5* SG6  

C2-1  
38.6 

116.4 / 11844 11193 11701 10306 12419 11789 
C2-2 107.5 9442 9515 9749 9588 8944 11219 9903 
C2-3 106.0 12549 10950 9715 11010 8682 12743 11393 

  Average rupture strain 11028 
Note: “/” —— strain gauge failed before FRP rupture; 

      * —— Rupture strains in the overlapping zone (SG5) were excluded in calculating the average rupture strains. 
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 Table 3.5. FRP hoop strains at the ultimate condition 

Specimen 
𝜀ℎ,𝑙 

(1) 

𝜀ℎ,𝑠 

(2) 

Average 

(3) =
(1) + (2)

2
 

𝜀ℎ,𝑡𝑙 

(4) 

𝜀ℎ,𝑡𝑠 

(5) 

Average 

(6) =
(4) + (5)

2
 

𝜀ℎ,𝑐𝑜𝑟𝑛𝑒𝑟 

(7) 

𝜀ℎ,𝑚𝑎𝑥 

(8) 

R1Lr25 0.0119 0.0154 0.0137 0.0096 0.0094 0.0095 0.0025 0.0164 

R2Lr25 0.0042 0.0086 0.0064 0.0070 0.0074 0.0072 0.0025 0.0120 

R2Lr45 0.0129 0.0096 0.0113 0.0098 0.0072 0.0085 0.0055 0.0130 

R2Lr65 0.0133 0.0106 0.0120 0.0080 0.0116 0.0098 0.0082 0.0133 

R4Lr45 0.0112 0.0098 0.0105 0.0107 0.0097 0.0102 0.0066 0.0137 

R4Lr65 0.0107 0.0075 0.0091 0.0072 0.0065 0.0069 0.0017 0.0107 

R6Lr45 0.0123 0.014 0.0132 0.0092 0.0106 0.0099 0.0033 0.0162 

R6Lr65 0.0088 0.0097 0.0093 0.0073 0.0074 0.0074 0.0031 0.0108 

Average FRP 

strain ratio 

𝜀ℎ 𝜀𝑓⁄  0.625 0.625 0.625 0.503 0.511 0.508 0.244 0.776 

𝜀ℎ 𝜀ℎ,𝑟𝑢𝑝_𝑐𝑦𝑙⁄  0.946 0.947 0.946 0.761 0.772 0.764 0.368 1.174 
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Table 3.6. Database of axial compression tests on FRP-confined rectangular concrete columns  

 

Source ℎ 
(mm) 

𝑏 
(mm) 

𝐻 
(mm) 

𝐸𝑓𝑟𝑝 
(GPa) 

𝑓𝑓𝑟𝑝 
(MPa) 

𝜀𝑓 𝑡 
(mm) 

𝑟𝑐 
(mm) 

𝑓𝑐
′ 

(MPa) 
𝑓𝑐𝑜

′  
(MPa) 

𝑓𝑐𝑐
′  

(MPa) 𝜀𝑐𝑢 𝜀ℎ,𝑟𝑢𝑝 

Ilki and 
Kumbasar 

2003 

250 250 500 230.0 3430.0 0.0150 0.495 40 27.8 32.80 41.40 0.0190 0.0061 
250 250 500 230.0 3430.0 0.0150 0.495 40 27.8 32.8 40.60 0.0180 0.0061 
250 250 500 230.0 3430.0 0.0150 0.825 40 27.8 32.80 56.70 0.0290 0.0061 
250 250 500 230.0 3430.0 0.0150 0.825 40 27.8 32.80 53.60 0.0240 0.0061 

Rousakis 
et al. 
2007 

200 200 320 240.0 - 0.0155 0.585 30 33.0 33.04 55.36 0.0111 0.0091 
200 200 320 65.0 - 0.0280 1.242 30 33.0 33.04 50.98 0.0112 0.0175 
200 200 320 240.0 - 0.0155 0.117 30 34.0 34.20 40.05 0.0040 0.0091 
200 200 320 240.0 - 0.0155 0.351 30 34.0 34.20 45.20 0.0096 0.0091 
200 200 320 240.0 - 0.0155 0.585 30 34.0 34.20 54.57 0.0140 0.0091 
200 200 320 65.0 - 0.0280 0.828 30 38.0 37.97 52.49 0.0094 0.0175 
200 200 320 65.0 - 0.0280 1.242 30 38.0 37.97 58.00 0.0221 0.0175 
200 200 320 65.0 - 0.0280 1.242 30 40.0 39.91 55.13 0.0167 0.0175 

Youssef 
(2003) 

381 381 762 18.5 424.7 0.0216 7.820 38.1 - 38.05 41.98 0.0144 0.0187 
381 254 762 103.8 749.5 0.0125 2.921 38.1 - 34.48 43.23 0.0165 0.0105 
381 254 762 18.5 424.7 0.0216 6.147 38.1 - 35.85 40.77 0.0158 0.0187 

Yan and 
Pantelides 

(2011) 

381 203 914 87.0 1220.0 0.0171 2.000 19 15.17 15.169 24.13 0.0094 0.0113 

381 203 914 17.0 228.0 0.0171 9.600 19 15.17 15.169 21.44 0.0143 0.0113 

Wu and 
Wei 

(2010) 

188 150 300 229.5 4192.0 0.0171 0.167 30 - 34.23 37.98 0.0216 0.0113 
188 150 300 229.5 4192.0 0.0171 0.167 30 - 32.91 38.89 0.0230 0.0113 
225 150 300 229.5 4192.0 0.0171 0.167 30 - 36.56 35.62 0.0248 0.0113 
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263 150 300 229.5 4192.0 0.0171 0.167 30 - 38.12 37.79 0.0262 0.0113 
300 150 300 229.5 4192.0 0.0171 0.167 30 - 36.78 37.66 0.0387 0.0113 
188 150 300 229.5 4192.0 0.0171 0.167 30 - 39.91 39.44 0.0437 0.0113 
225 150 300 229.5 4192.0 0.0140 0.167 30 - 39.74 39.23 0.0230 0.0068 
263 150 300 229.5 4192.0 0.0140 0.167 30 - 38.93 37.58 0.0210 0.0011 
300 150 300 229.5 4192.0 0.0166 0.167 30 - 39.94 38.02 0.0077 0.0097 
188 150 300 229.5 4192.0 0.0166 0.334 30 - 34.23 48.84 0.0093 0.0097 
225 150 300 229.5 4192.0 0.0166 0.334 30 - 35.77 43.02 0.0086 0.0097 
188 150 300 229.5 4192.0 0.0166 0.334 30 - 32.91 51.9 0.0084 0.0097 
225 150 300 229.5 4192.0 0.0166 0.334 30 - 36.56 45.23 0.0082 0.0097 
263 150 300 229.5 4192.0 0.0166 0.334 30 - 38.12 41.38 0.0118 0.0097 
300 150 300 229.5 4192.0 0.0166 0.334 30 - 36.78 39.06 0.0116 0.0097 
188 150 300 229.5 4192.0 0.0166 0.334 30 - 39.91 53.33 0.0095 0.0097 
225 150 300 229.5 4192.0 0.0166 0.334 30 - 39.74 43.35 0.0088 0.0097 
263 150 300 229.5 4192.0 0.0166 0.334 30 - 38.93 41.28 0.0122 0.0097 
300 150 300 229.5 4192.0 0.0166 0.334 30 - 39.94 39.26 0.0146 0.0097 

Ilki et al. 
(2004) 

225 150 500 230.0 3430.0 0.0166 0.495 10 10.5 9.50 18.60 0.0112 0.0097 
225 150 500 230.0 3430.0 0.0166 0.495 10 10.5 9.50 20.20 0.0155 0.0097 
225 150 500 230.0 3430.0 0.0166 0.495 20 10.5 9.50 27.10 0.0132 0.0097 
225 150 500 230.0 3430.0 0.0166 0.495 20 10.5 9.50 27.30 0.0119 0.0097 
225 150 500 230.0 3430.0 0.0166 0.495 40 10.5 9.50 37.90 0.0223 0.0097 
225 150 500 230.0 3430.0 0.0166 0.495 40 10.5 9.50 36.20 0.0146 0.0097 
300 150 500 230.0 3430.0 0.0166 0.165 40 6.2 7.20 13.20 0.0092 0.0097 
300 150 500 230.0 3430.0 0.0166 0.165 40 6.2 7.20 11.50 0.0146 0.0097 
300 150 500 230.0 3430.0 0.0150 0.495 40 6.2 7.20 23.60 0.0660 0.0120 
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300 150 500 230.0 3430.0 0.0150 0.495 40 6.2 7.20 21.10 0.0760 0.0120 
300 150 500 230 3430.0 0.0150 0.825 40 6.2 7.20 32.80 0.0560 0.0120 
300 150 500 230 3430.0 0.0150 0.825 40 6.2 7.20 31.30 0.0710 0.0120 
450 150 500 230 3430.0 0.0150 0.165 40 10.5 9.80 7.17 0.0500 0.0120 
450 150 500 230 3430.0 0.0150 0.165 40 10.5 9.80 10.06 0.0450 0.0120 
450 150 500 230 3430.0 0.0150 0.495 40 10.5 9.80 15.10 0.0320 0.0120 
450 150 500 230 3430.0 0.0150 0.495 40 10.5 9.80 16.60 0.0230 0.0120 
450 150 500 230 3430.0 0.0150 0.825 40 10.5 9.80 20.10 0.0770 0.0120 
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(a) Batch 1 

  
(b) Batch 2 

Figure 3.1. Geometry and reinforcement details of test columns 

1 1

1 1



 

125 
 

 

 
Figure 3.2. Typical failure of FRP flat coupons 
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Figure 3.3. Layout of strain gauges on an FRP-confined concrete cylinder 
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(a) One layer of FRP 

 

 
(b) Two layers of FRP 

Figure 3.4. Stress-strain curves of FRP-confined concrete cylinders  
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               Figure 3.5. Locations of strain gauges and LVDTs 
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Figure 3.6. Test setup 
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(a) R0Lr25    (b) R1Lr25      (c) R2Lr25     (d) R2Lr45      (e) R2Lr65      

    

(f) R4Lr45         (g) R4Lr65         (h) R6Lr45        (i) R6Lr65 

Figure 3.7. Failure of test columns 
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(a) R1Lr25 

 

 
(b) R2Lr25 
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(c) R2Lr45 

 

 
(d) R2Lr65 
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(e) R4Lr45 

 

 
(f) R4Lr65 
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(g) R6Lr45 

 

 
(h) R6Lr65 

Figure 3.8. Axial stress-strain curves 
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(a) R0Lr25, R2Lr25, R2Lr45 and R2Lr65 

        

   

(b) R4Lr45 and R4Lr65 
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(c) R6Lr45 and R6Lr65 

Figure 3.9. Normalized axial stress-strain curves of columns with different corner 

radii 
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(a) R2Lr45, R4Lr45 and R6Lr45 (2𝑟𝑐 ℎ⁄ =1/5) 

 

 

(b) R2Lr65, R4Lr65 and R6Lr65 (2𝑟𝑐 ℎ⁄ =2/7) 

Figure 3.10. Normalized axial stress-strain curves of columns with different FRP 

thicknesses  
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(a) Ultimate axial stress  

 

 
(b) Ultimate axial strain 

Figure 3.11. Effects of FRP volumetric ratio on the ultimate condition of test 

columns 
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(a) R1Lr25                      (b) R2Lr25 

    
(c) R2Lr45                       (d) R2Lr65 

         
               (e) R4Lr45                        (f) R4Lr65 

  
               (g) R6Lr45                        (h) R6Lr65 

Figure 3.12. FRP hoop strain distributions around the section perimeter at ultimate 

condition (in microstrain) 
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(a) Ultimate axial stresses  

 

 

(b) Ultimate axial strains 

Figure 3.13. Performance of Lam and Teng’s (2003b) model in predicting ultimate 

condition of test columns 
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(a) Ultimate axial stresses 

 

 
(b) Ultimate axial strains  

Figure 3.14. Performance of Wu et al.’s (2007) model in predicting ultimate 

condition of test columns 
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(a) Ultimate axial stresses 

 

 
(b) Ultimate axial strains  

Figure 3.15. Performance of Youssef et al.’s (2007) model in predicting ultimate 

condition of test columns 
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(a) Ultimate axial stresses 

 

 
(b) Ultimate axial strains  

Figure 3.16. Performance of Wei and Wu’s (2012) model in predicting ultimate 

condition of test columns 
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(a) Ultimate axial stress 

  

 
(b) Ultimate axial strain 

Figure 3.17. Performance of the proposed model in predicting ultimate condition of 

test columns 
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CHAPTER 4 

 

BEHAVIOUR OF LARGE-SCALE FRP-CONFINED 

RECTANGULAR RC COLUMNS WITH SECTION 

CURVILINEARIZATION UNDER AXIAL 

COMPRESSION 

 

 

4.1. INTRODUCTION 

 

As discussed in the previous chapter, FRP jacketing/wrapping in rectangular columns 

(including square concrete columns as a special case) is not as effective as in circular 

columns due to the flat sides and sharp corners in the former. Rounding the sharp 

corners of a rectangular column is commonly recommended to improve FRP 

confinement efficiency by reducing the detrimental effect of sharp corners on the hoop 

rupture strain of the FRP jacket, but its benefit in large-scale reinforced concrete (RC) 

columns is limited, as the corner radius is limited by the thickness of concrete cover 

due to the presence of internal steel reinforcement. A much more effective method to 

strengthen a rectangular concrete column is to implement appropriate shape 

modification before FRP jacketing/wrapping. The idea of shape modification appears 
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to have been first explored by Seible and Priestley (1993) and Priestley et al. (1994) 

who proposed to use an elliptical steel jacket to retrofit a rectangular RC column. 

Priestley and Seible (1995) later proposed to modify rectangular sections into oval 

sections before FRP jacketing/wrapping. The flexural ductility of the columns was 

found to be significantly improved after the implementation of shape modification 

(Priestley and Seible 1995; Saadatmanesh et al. 1997). 

 

After Priestley et al. (1994a, b), a number of studies have addressed shape 

modification of rectangular sections to elliptical/oval sections (e.g., Teng and Lam 

2002; Pantelides et al. 2004; Parvin and Schroeder 2008; Yan and Pantelides 2006; 

Yan and Pantelides 2011), as well as shape modification of square sections to circular 

sections (e.g., Yan and Pantelides 2006; Yan and Pantelides 2011; Hadi et al. 2012; 

Pham et al. 2013). The main disadvantages of such shape modification include: (1) 

precast concrete bolsters or FRP shells need to be tailor-made for the specific size of 

the existing column; the labour cost increases with the range of column sizes; (2) 

modifying a rectangular section into an elliptical/oval section (or a square section into 

a circular section) causes a substantial increase in the cross-sectional area and thus 

increases the column weight and stiffness (which can be detrimental for the seismic 

performance of the structural system), and requires significant space for the 

installation. 

 

To solve the above problems, some researchers have proposed a novel strengthening 
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technique in which the flat sides of a rectangular section are modified to become only 

slightly curved sides (Figure 4.1) before FRP jacketing/wrapping (e.g., Jin et al. 2002; 

Lai et al. 2004; Pan et al. 2007). This section curvilinearization (SC) method, which 

transforms a rectangular column into a curvilinearized rectangular column (CRC), 

increases the column section size only by a small degree, but has been found to 

substantially enhance the effectiveness of FRP confinement (Jin et al. 2002; Lai et al. 

2004; Pan et al. 2007; Zhao 2012; Zhu 2014). However, this SC approach also requires 

precast concrete bolsters of specific dimensions or prefabricated formworks of the 

required sectional shape for casting the infilled concrete, which is time- and labour-

consuming. To overcome this obstacle, a novel flexible formwork is proposed in this 

PhD research project to achieve a rapid and cost-effective shape modification process 

as mentioned in Chapter 2. 

 

Only very limited experimental studies have been conducted on FRP-confined CRCs 

under axial compression. Jin et al. (2002) tested only one FRP-confined 

curvilinearized square column (CSC) with a single rise-to-span ratio (abbreviated as 

𝑟 𝑠⁄  ratio hereafter; see Figure 4.1) of 1/16.6 under axial compression. Lai et al. (2004) 

tested seven small-scale FRP-confined CSCs with an 𝑟 𝑠⁄  ratio of 1/20. Pan et al. 

(2007) tested six FRP-confined CSCs, with the only test variable being the column 

effective length, to investigate the column slenderness effect. Zhao (2012) examined 

the effect of 𝑟 𝑠⁄  ratio by testing eight small-scale FRP-confined CSCs with three 

𝑟 𝑠⁄  ratios (i.e., 1/10, 1/15, 1/20). Zhu (2014) carried out a systematic experimental 
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study involving 16 small-scale (150 mm × 150 mm) and 12 large-scale (300 mm × 

300 mm) CSCs to investigate the effects of 𝑟 𝑠⁄  ratio, FRP confinement level, and 

column size. In both studies of Zhao (2012) and Zhu (2014), all the specimens were 

rounded with the same corner radius ratio (1/3) and thus the effect of corner radius 

ratio was not investigated. 

 

On the theoretical side, Lai et al. (2004) proposed an axial stress-axial strain model 

(abbreviated as “stress-strain model” hereafter) for FRP-confined concrete in CSCs. 

The model, however, was developed based on their own test results in which the 

effects of varying the 𝑟 𝑠⁄  ratio and corner radius ratio were not investigated. The 

Chinese Technical Code for the Infrastructure Application of FRP Composites (GB-

50608 2010) includes some provisions on FRP-confined CRCs and a design-oriented 

stress-strain model for FRP-confined concrete in these columns. However, these 

outcomes were established on the basis of the studies carried out by Jin et al. (2002) 

and Lai et al. (2004), in which only small-scale CSCs (with a section width less than 

150 mm) were tested. Indeed, a significant difference in behavioural aspects has been 

observed between small- and large-scale FRP-strengthened rectangular concrete 

columns (referred to as the column size effect) (e.g., Pessiki et al. 2001; Rocca et al. 

2008; De Luca et al. 2011). Zhu (2014) found that the existing stress-strain models 

fail to predict the stress-strain behaviour of FRP-confined CSCs tested by him, 

especially for large-scale CSCs. A new stress-strain model for FRP-confined concrete 

in CSCs was therefore proposed by Zhu (2014) based on his own test results of CSCs. 
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Zhu’s (2014) model was proposed only for CSCs and it does not include the r/s ratio 

and the corner radius ratio as parameters due to the lack of experimental results 

covering a wider range of the two parameters (i.e., the model was proposed only for 

columns with a fixed r/s ratio of 1/15 and a corner radius ratio of 1/3). 

 

The above review has indicated that no studies have been conducted on large-scale 

FRP-confined CRCs. Such studies are urgently needed for a wider and more confident 

implementation of the SC technique in strengthening/retrofitting rectangular RC 

columns with FRP composites. Therefore, in the present PhD research project, an 

experimental programme consisting of eight large-scale CRCs was carried out and the 

test results are presented in this chapter. The experimental programme covered the 

𝑟 𝑠⁄  ratio, sectional aspect ratio (ℎ 𝑏⁄ , where h and b are the lengths of the longer and 

shorter sides of a rectangular section, respectively), and corner radius ratio (2 𝑟𝑐 ℎ⁄ , 

where 𝑟𝑐 is the corner radius) as the key variables. On the basis of the test results, a 

new design-oriented stress-strain model for FRP-confined concrete in CRCs is 

proposed and its accuracy is demonstrated through comparison with test results. 

Finally, a three-dimensional (3D) finite element (FE) modelling approach is described 

for simulating the responses of these columns.  

 

4.2. EXPERIMENTAL PROGRAMME 

 

4.2.1. Test Specimens 
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Eight large-scale CRCs were prepared and tested. Three 𝑟 𝑠⁄  ratios (i.e., 1/10, 1/15 

and 1/20), three corner radii (i.e., 25, 45 and 65 mm) leading to three corner radius 

ratios of around 1/9, 1/5 and 2/7, and two sectional aspect ratios (ℎ 𝑏⁄  = 1.0 and 1.5) 

were examined. The details of the test columns (including the column length, section 

dimensions, FRP jacket thickness and unconfined concrete strength) are given in Table 

4.1. It should be noted that the section dimensions (i.e., h  b) here are for the original 

rectangular section before SC. Each column was longitudinally reinforced with ten 

(eight for square columns) 20-mm-diameter steel bars, and transversely reinforced 

with 8-mm-diameter steel bars in the form of ties (Figure 4.2). All the rectangular 

columns had a total length of 1300 mm. Each column was designed with a test portion 

of 700 mm in length in the middle portion where failure was expected to occur. A 300-

mm-long region was designed at each end as the loading portion to ensure uniform 

loading in the test portion; the loading portions were heavily reinforced with transverse 

steel ties at a centre-to-centre spacing of 100 mm, while the 700-mm-long test portion 

was reinforced with the same steel ties at a larger spacing of 300 mm (Figure 4.2). 

 

Each column was given a name (Table 4.1), which starts with letters “S” and “R” to 

represent “square column” and “rectangular column”, respectively, followed by a 

number indicating the number of layers of FRP, together with letter “L” to represent 

“layer”. This is then followed by letter ‘r’ representing the radius of the rounded corner 

followed by the value of corner radius (in mm). The name ends with letter “C” 



151 
 

representing “section curvilinearization” followed by the reciprocal value of 𝑟 𝑠⁄  

ratio of the column. In Table 4.1, column R2Lr45 is a rectangular column without SC 

from Chapter 3, which is used here as a reference column. 

 

In the present study, all the curvilinearized columns were directly cast using wooden 

moulds with the desired curvilinearized cross-sectional shape (Figure 4.1). The direct 

casting of curvilinearized columns allows the critical parameters (e.g., 𝑟 𝑠⁄  ratio, 

corner radius ratio, and section aspect ratio) to be investigated and provides better 

control of the quality of columns. In practical applications, however, SC needs to be 

implemented on columns in situ. The proposed novel flexible formwork can be used 

to achieve a rapid and cost-effective section curvilinearization process (Figure 2.4). 

The gaps between the flexible moulds and the existing column are then filled with new 

concrete (or cement mortar if the column is small). The strength of the new concrete 

or cement mortar needs to be equal to or larger than that of the original concrete; self-

compacting concrete with small-sized aggregate is preferred for the new concrete due 

to the acute angles between the moulds and the original column sides (Figure 4.3). 

 

4.2.2. Preparation of Specimens 

 

A novel manufacturing process of the wooden moulds for casting curvilinearized 

columns was developed as shown in Figure 4.4. The process consists of the following 

key steps (Figure 4.4): (1) design of curvilinearized sections; (2) fabrication of section 
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plates with the desired section shape; (3) setup of the inner frame by connecting the 

section plates with wooden bars; (4) gluing of veneer sheets around the inner frame 

and fixing the veneer sheets with temporary bandages; (5) curing of the epoxy for 

bonding together the veneer sheets; (6) fabrication of external wooden stiffeners; (7) 

removing of the inner frame and installing of the external wooden stiffeners. 

 

The steel ties were fixed with the longitudinal steel bars using tying wires to form a 

steel cage. Strain gauges were installed on the steel bars at the designated locations, 

where a smooth surface had previously been produced by grinding. Waterproofed 

coating was applied to each strain gauge to protect it from damage. Commercial 

concrete from a local supplier was used to cast the columns. Standard concrete 

cylinders were also cast in the same batch to determine the properties of unconfined 

concrete. After the concrete columns had been cured at room temperature for 28 days, 

seven of the eight columns were fully wrapped with a carbon FRP (CFRP) jacket using 

a wet layup process, with fibres oriented only in the hoop direction. A 300-mm-long 

overlapping zone between the starting end and the finishing end of the fibre sheet was 

adopted to ensure the full development of the tensile strength of the FRP jacket. The 

vertical centreline of the overlapping zone was designed to be at the centre of one of 

the longer sides of the column section. An additional 100-mm-width FRP strip was 

wrapped near each end of the column to avoid unexpected failure there. 

 

4.2.3. Material Properties 
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The same CFRP product as that in Chapter 3 was used in the experimental programme; 

the CFRP material properties can be found in Chapter 3. The properties of unconfined 

concrete were obtained from compression tests on three standard circular concrete 

cylinders in accordance with ASTM C469 (2002) and the results (including 

compressive strength 𝑓𝑐
′, axial strain at peak axial stress 𝜀𝑐𝑜, and elastic modulus Ec) 

are given in Table 4.1. The properties of steel bars were obtained from tensile tests on 

steel coupons in accordance with BS 18 (1987). The yield stress, tensile strength and 

yield strain of the steel bars are listed in Table 4.2. 

 

4.2.4. Experimental Setup and Instrumentation 

 

Four linear variable differential transformers (LVDTs) were used to measure the axial 

shortening of the column in the mid-height region, covering a gauge range of 300 mm 

(Figure 4.5a). These LVDTs were installed at the centres of the four sides of the 

column (Figure 4.5a). Another two LVDTs were used to measure the full-height axial 

shortening of the column (Figure 4.5a). Twenty (20) uni-directional strain gauges (SGs) 

were installed on each FRP-wrapped column to monitor the strains in the FRP jacket 

at the mid-height section (Level 1 in Figure 4.5a). Among the 20 SGs, eight were 

installed at the centres of the four sides for both axial and hoop strains, four horizontal 

SGs were installed at the centres of four rounded corners, and eight horizontal SGs 

were installed at the transition points between the rounded corner and the adjacent 
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curved/flat sides (Figure 4.5a). One vertical strain gauge was installed on each 

longitudinal steel bar at the mid-height section to monitor the strains in the steel bar 

(Level 1 in Figure 4.5a). Another 20 SGs were installed on the FRP jacket at Level 2 

of the column (i.e., 200 mm below the mid-height section) (Figure 4.5a) in case of 

premature failure of strain gauges at Level 1. The specimens were carefully centered 

and preloaded with an axial load of around 20% of the estimated load-carrying 

capacity of the corresponding unconfined RC column. All specimens were tested 

under concentric compression using an MTS machine with a load-carrying capacity 

of 10000 kN (Figure 4.5b). Load control at a loading rate of 5 kN/s was first adopted 

until the estimated peak load of the control column (i.e., R0Lr45C15) was reached; 

after that, displacement control with a rate of 0.72 mm/min was used. All test data, 

including the loads, displacements, and strains were recorded simultaneously by a data 

logger. 

 

 

4.3. TEST RESULTS AND DISSCUSSION 

 

4.3.1. Failure Modes 

 

All FRP-confined columns failed by explosive rupture of the CFRP jacket due to hoop 

tension at or near the mid-height section (Figure 4.6). Some cracking sounds of epoxy 

rupture were first heard, followed by a sudden explosive sound of FRP rupture. FRP 
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rupture occurred at or near one of the rounded corners, which is consistent with the 

observations of other researchers on FRP-confined rectangular concrete columns as 

discussed in the preceding sections (e.g., Wang and Wu 2008; Wang et al. 2012; Zhu 

2014).  

 

Buckling of longitudinal steel bars were observed after removal of the ruptured FRP 

jacket (Figure 4.6). The buckling of longitudianl steel bars is believed to have occurred 

after FRP rupture as FRP confinement was found to be very effective in 

restricting/delaying buckling of longitudianl steel bars in RC columns (Ilki et al. 2008; 

Chastre and Silva 2010).  

 

4.3.2. Stress-Strain Responses 

 

The stress-strain responses of concrete in the test columns are shown in Figure 4.7. In 

order to eliminate the effect of different concrete strengths, the axial stresses and 

strains are normalized by the unconfined concrete strength 𝑓𝑐𝑜
′  and the corresponding 

axial strain 𝜀𝑐𝑜, respectively. In Figure 4.7, the following sign convention is adopted: 

in concrete, compressive stresses and strains are taken to be positive, while in FRP 

jackets, tensile stresses and strains are taken to be positive. The axial stresses of 

concrete were calculated by dividing the axial load it takes by its area. The axial load 

taken by the concrete was obtained by deducting the load taken by the longitudinal 

steel reinforcement from the load taken by the whole column. In calculating the axial 
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load carried by the longitudinal steel bars at a certain axial strain, an elastic-perfectly 

plastic stress-strain behaviour was assumed for the steel bars. The axial strains were 

obtained from readings of the four LVDTs at the mid-height section. The axial strains 

from strain gauges were found to be much smaller than those from LVDTs due to the 

local wrinkling of FRP jackets and thus they were not used in the subsequent 

discussions (Vincent and Ozbakkaloglu 2013; Zhu 2014). The hoop strains here were 

obtained from the strain gauge on the FRP jacket with the largest hoop strain at rupture 

(𝜀ℎ,𝑚𝑎𝑥) around the perimeter of the mid-height section. It is worth noting that the 

confinement from the transverse steel ties was ignored due to the relatively low 

transverse steel reinforcement ratio in the test portion. 

 

It can be seen from Figure 4.7 that all the stress-strain curves of FRP-confined concrete 

in the test columns feature a bilinear shape with two segments. By comparing the 

stress-strain curves of the curvilinearized columns with those of the columns without 

SC (i.e., R2Lr45 and S2Lr45), it is obvious that SC significantly increases the axial 

stress of FRP-confined concrete at a given axial strain (Figures 4.7a and 4.7b). 

Specifically, the slope of the linear second segment of the stress-strain curve (referred 

to as the second-segment slope hereafter) is substantially increased by SC. It is known 

that the second-segment slope generally reflects the FRP confinement effectiveness, 

which indicates that SC can substantially increase the FRP confinement effectiveness 

in rectangular concrete columns. 
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Figure 4.7b compares the stress-strain curves of columns with different 𝑟 𝑠⁄  ratios. It 

clearly shows that the stress-strain curves of columns with SC are much higher than 

those of the column without SC (i.e., column R2Lr45). However, the stress-strain 

curves of the CRCs with different 𝑟 𝑠⁄  ratios are very close to each other in terms of 

the stress-strain shape (including the second-segment slope). This indicates that even 

a small 𝑟 𝑠⁄   ratio (e.g., 1/20) can significantly enhance the FRP confinement 

effectiveness in rectangular RC columns, and the FRP confinement effectiveness can 

barely continue to increase with a larger 𝑟 𝑠⁄  ratio. Nevertheless, it can be seen from 

Figure 4.7b that the maximum FRP hoop rupture strain (𝜀ℎ,𝑚𝑎𝑥 ) increases almost 

linearly with the 𝑟 𝑠⁄  ratio, leading to an increase in the ultimate stress/strain with the 

increase of 𝑟 𝑠⁄  ratio. 

 

Figure 4.7c compares the stress-strain curves of CRCs with different corner radii. 

Obviously, the corner radius ratio has a significant effect on the stress-strain response: 

with the increase of the corner radii, the axial stress generally increases for a given 

axial/hoop strain (i.e., the second-segment slope increases with the corner radius) and 

the ultimate axial stress also increases with the corner radius. However, the maximum 

FRP hoop rupture strains (𝜀ℎ,𝑚𝑎𝑥 ) are almost the same for the three columns with 

different corner radii. Figure 4.7(c) also shows that the increase of axial stress for a 

given strain is significant when the corner radius increases from 25 mm to 45 mm, but 

the increase is only slight when the corner radius increases from 45 mm to 65 mm. 

This indicates that an optimal value of corner radius ratio may exist for FRP-confined 
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CRCs, beyond which the benefits provided by rounding corners with different corner 

radius ratios are similar. 

 

4.3.3. Ultimate Condition 

 

The ultimate axial stresses (𝑓𝑐𝑐
′ ), ultimate axial strains (𝜀𝑐𝑢 ), normalized second-

segment slopes (𝐸2
′ ), and FRP hoop strains at ultimate condition (𝜀ℎ) (corresponding 

to FRP rupture) (at the mid-height section) for the test columns are listed in Table 4.3. 

The normalized second-segment slope was calculated by 𝐸2
′ =

(𝑓𝑐𝑐
′ 𝑓𝑐𝑜

′⁄ − 1) (𝜀𝑐𝑢 𝜀𝑐𝑜⁄ )⁄ . In Table 4.3, 𝜀ℎ,𝑐 refers to the average FRP hoop strain at 

the centres of the rounded corners at ultimate condition,  𝜀ℎ,𝑙 refers to the average 

FRP hoop strain at the centres of the longer section sides, 𝜀ℎ,𝑠 refers to the average 

FRP hoop strain at the centres of the shorter section sides, 𝜀ℎ,𝑡𝑟𝑎𝑛𝑠  refers to the 

average FRP hoop strain at the transition points between the rounded corner and the 

adjacent flat/curved sides where the jacket curvature changes, 𝜀ℎ,𝑚𝑎𝑥  is the 

maximum FRP hoop strain captured by the strain gauges at the ultimate condition.  

 

The concrete in the unconfined control column R0Lr45C15 had a compressive 

strength (𝑓𝑐𝑜
′ ) of 32.80 MPa at an axial strain (ε𝑐𝑜 ) of 0.0025. This compressive 

strength is lower than the unconfined concrete strength determined from the standard 

cylinder tests (𝑓𝑐
′ = 35.80 MPa). The reasons for the lower compressive strength of 

concrete in large-scale RC columns have been discussed in Chapter 3. Therefore, the 
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ratio of 𝑓𝑐𝑜
′ 𝑓𝑐

′⁄ = 35.80 32.8⁄ = 0.92  was adopted in the analysis of all the test 

columns in the subsequent sections. 

 

Figure 4.8 shows the effects of 𝑟 𝑠⁄  ratio and corner radius ratio on FRP hoop strain 

at ultimate condition for the test columns in Figures 4.7b and 4.7c respectively. It can 

be seen that the FRP hoop strains at the centres of the rounded corners (𝜀ℎ,𝑐 ) are 

generally smaller than those at the centres of the sides (𝜀ℎ,𝑙 , 𝜀ℎ,𝑠 ) and those at the 

transition points (𝜀ℎ,𝑡𝑟𝑎𝑛𝑠). This is consistent with the experimental observations made 

by many other researchers on FRP-confined rectangular concrete columns (e.g., Zhang 

2013; Wang and Wu 2008; Wang et al. 2012). Figure 4.8(a) also shows that the 

difference between 𝜀ℎ,𝑐  and 𝜀ℎ,𝑙  (𝜀ℎ,𝑠 ) is the most significant for the rectangular 

specimen (𝑟 𝑠⁄  = 0), but it reduces as the 𝑟 𝑠⁄  ratio increases. This is because the 

implementation of SC leads to a more uniform FRP hoop strain distribution around 

the perimeter of the column section and consequently a more effective confinement to 

the concrete than that in the column without SC. 

 

Figure 4.9 plots the experimental results (including the normalized second-segment 

slopes, ultimate stresses, and ultimate axial strains) versus 𝑟 𝑠⁄  ratio for the test 

columns. It can be seen that the second-segment slope increases significantly as a 

result of SC; however, the second-segment slopes of columns with 𝑟 𝑠⁄  ratios of 1/20, 

1/15, and, 1/10 are relatively close to each other (Figure 4.9a), which is consistent with 

the results in Figure 4.7b. An approximate linear relationship between the ultimate 
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axial stress and the 𝑟 𝑠⁄  ratio can be identified in Figure 4.9b. Compared with the 

rectangular specimen without SC, the specimens with 𝑟 𝑠⁄  ratios of 1/20, 1/15, and 

1/10 achieved an increase of 20 %, 40 %, and 73 % in the strength enhancement, 

respectively. No obvious relationship between the ultimate axial strain and the 𝑟 𝑠⁄  

ratio was identified as can be seen in Figure 4.9c. 

 

Figure 4.10 plots the experimental results (including the normalized second-segment 

slopes, ultimate axial stresses, and ultimate axial strains) versus corner radius ratio 

2𝑟𝑐 ℎ⁄  for the test columns. It can be seen that all the three variables increase almost 

linearly with the corner radius ratio, indicating that the corner radius ratio has a 

significant effect on the stress-strain response of FRP-confined concrete in rectangular 

columns (e.g., Mirmiran et al. 1998; Lam and Teng 2003b). The ultimate axial strain 

is shown to be approximately proportional to the corner radius ratio. 

 

 

4.4. DESIGN-ORIENTED STRESS-STRAIN MODEL FOR FRP-CONFINED 

CONCRETE IN CRCS 

 

4.4.1. Stress-Strain Model 

 

As reviewed in Chapter 2, only two design-oriented stress-strain models have been 

developed so far for FRP-confined concrete in curvilinearized columns (i.e., Lai et al. 
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2004; GB 50608 2010). Lai et al.’s (2004) model is only applicable to FRP-confined 

CSCs with an r/s ratio larger than 1/20. GB 50608’s (2010) model can be applicable 

to FRP-confined CRCs, but it has been developed based on experimental results on 

small-scale FRP-confined CSCs; therefore, its applicable to large-scale FRP-confined 

CRCs remains uncertain. Moreover, the effects of r/s ratio and corner radius ratio are 

not included in the equations in GB 50608’s (2010) model. Against this background, 

an improved version of the stress-strain model of GB 50608 (2010) is proposed in the 

present study. The test results in the present study, as well as those from previous study 

of Zhu (2014), are used as the basis for the proposed model. Zhu (2014) tested a series 

of FRP-confined CSCs under axial compression. The details of the test specimens and 

the test results are summarised in Table 4.4. 

 

The proposed model also adopts the equations of Lam and Teng (2003a) for the stress-

strain curve which consists of a parabolic first segment and a linear second segment 

(Eqns 2.1-2.3). The equations for the ultimate axial stress and strain in GB 50608 

(2010) (Eqns 2.76 and 2.77) are modified to become: 

 𝑓𝑐𝑐
′ = 𝑓𝑐𝑜

′ + 3.5 ∙
𝐸𝑓∙𝑡𝑓

𝑅
∙ (𝑘𝑠𝜎 −

6.5

𝛽𝑗
) ∙ 𝜀ℎ,𝑟𝑢𝑝  (4.1) 

 𝜀𝑐𝑢 = 0.0033 + 0.6 ∙ 𝑘𝑠𝜀 ∙ 𝛽𝑗
0.8 ∙ 𝜀ℎ,𝑟𝑢𝑝

1.45  (4.2) 

where 𝐸𝑓 and 𝑡𝑓 are the elastic modulus and the thickness of the FRP jacket; 𝑘𝑠𝜎 

and 𝑘𝑠𝜀  are the shape factors for the compressive strength and the ultimate axial 

strain, respectively; 𝜀ℎ,𝑟𝑢𝑝  is the FRP hoop rupture strain; 𝛽𝑗  is the confinement 

stiffness coefficient defined as: 



162 
 

 𝛽𝑗 =
𝐸𝑓∙𝑡𝑓

𝑓𝑐𝑜
′ 𝑅

   (4.3) 

where 𝑅 = (𝑏 + ℎ) 𝜋⁄   is the radius of the equivalent circular section of the 

curvilinearized section. Note that Eqns 4.1 and 4.2 are the same as those for 

rectangular columns (Eqns 3.4 and 3.5). 

 

In GB50608 (2010), 𝜀ℎ,𝑟𝑢𝑝 is specified to be the FRP rupture strain obtained from 

standard circular concrete cylinders confined with the same FRP jacket under axial 

compression or conservatively equal to 0.5𝜀𝑓  if no compression tests on standard 

concrete cylinders are available. In the present study, an FRP strain efficiency factor 

(𝜀ℎ,𝑟𝑢𝑝 𝜀𝑓⁄ ) of 0.661 is used in Eqns 4.1 and 4.2; this FRP strain efficiency factor was 

obtained from compression tests on FRP-confined standard concrete cylinders as 

presented in Chapter 3. 

 

The shape factors for the compressive strength and the ultimate axial strain are defined 

by the following equations, respectively: 

 𝑘𝑠𝜎 = (1.25
𝑟𝑐

𝑏
+

𝑟𝑐

ℎ
+ 0.33) ∙ (

𝑏

ℎ
)

𝑎1

∙ (
2𝑟𝑐

ℎ
)

𝑏1

∙ (1 + 𝑐1𝑟𝑠
𝑑1) (4.4) 

 𝑘𝑠𝜀 = (1.25
𝑟𝑐

𝑏
+

𝑟𝑐

ℎ
+ 0.33) ∙ (

ℎ

𝑏
)

𝑎2

∙ (
2𝑟𝑐

ℎ
)

𝑏2

∙ (1 + 𝑐2𝑟𝑠
𝑑2) (4.5) 

where 𝑟𝑐  is of the corner radius;  𝑟𝑠  is of the 𝑟 𝑠⁄   ratio; 𝑎1 , 𝑏1 , 𝑐1 , and 𝑎2 , 

𝑏2, are constants to be determined. It should be mentioned that 𝑎1 = 2 and 𝑎2 =

0.5 in GB50608 (2010) and Lam and Teng (2003b). However, these two constants 

were determined very empirically based on a limited number of test results on FRP-

confined rectangular concrete columns (Lam and Teng 2003b). In Chapter 3, the 
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constants 𝑎1 = 0.1 𝑏1 = 0.1, 𝑎2 = 0.5 and 𝑏2 = −0.4 were obtained based on a 

regression analysis using test data of FRP-confined rectangular concrete columns. 

Therefore, in the present study, the two constants were fixed and the other constants 

(i.e., 𝑏1, 𝑐1, 𝑏2, 𝑐2) were obtained from a new regression analysis. The regression 

analysis using the test results of the present study and those of Zhu (2014) led to the 

following values for the constants: 𝑐1 = 4.5, 𝑑1 = 0.6, 𝑐2 = 2.0, 𝑑2 = 0.2. 

 

4.4.2. Comparison with Test Results 

 

The predictions from the proposed model and the model in GB 50608 (2010) are 

compared with experimental results [including two specimens tested by Zhu (2014)] 

in Figure 4.11. It can be seen that the stress-strain curves predicted with the model in 

GB 50608 (2010) are significantly shorter than the test curves, leading to serious 

underestimations in both ultimate axial stresses and ultimate axial strains. The 

proposed model performs very well in predicting the stress-strain curves, especially 

the ultimate axial stresses and ultimate axial strains as shown in the figure. Figure 4.12 

shows the good performance of the proposed model in predicting the ultimate axial 

stresses and ultimate axial strains for the FRP-confined CSCs tested by Zhu (2014) 

and the FRP-confined CRCs in the present study. 

 

4.5. THREE-DIMENSIONAL FINITE ELEMENT (FE) MODELLING 
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4.5.1. Constitutive Model for Confined Concrete 

 

Yu et al. (2010) developed an improved plastic-damage model to provide accurate 

predictions for confined concrete under a general state of multiaxial compression. This 

model was the first constitutive model which can capture all the key features of FRP-

confined concrete. This model has been successfully implemented within the 

theoretical framework of the CDPM (Concrete Damaged Plasticity Model) in 

ABAQUS for the analysis of FRP-confined concrete under both uniform and non-

uniform confinement (Yu et al. 2010; Teng et al. 2015; Lin and Teng 2017). The 

model includes four components: the yield function, the hardening/softening rule, the 

flow rule and the damage variable, which are all made confinement dependent. This 

model was later improved by Teng et al. (2015) for a better representation of the 

general multiaxial stress state in FRP-confined concrete. A brief introduction of the 

equations in Yu et al.’s (2010) model can be found in Chapter 2. 

 

In the present study, Jiang and Teng’s (2007) analysis-oriented stress-strain model was 

adopted to produce the necessary material parameters for the hardening/softening rule, 

dilation angle and damage variable (Yu et al. 2010). For concrete under non-uniform 

confinement, Yu et al. (2010) proposed two methods to calculate the incremental ratio 

between the confining pressure and the lateral strain (i.e., Method I and Method II). 

Method I makes use of the flow rule for concrete in an equivalent circular section with 

the same sectional area while Method II uses the effective confining pressure in Eqn 
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2.99. Compared to Method I, Method II is more rationally defined and more suitable 

for non-uniform confinement in a non-circular section; therefore, Method II was 

adopted in the present simulation of FRP-confined CRCs. 

 

4.5.2. FE Model 

 

Following the modelling method in Yu et al. (2010), only a vertical slice of the column 

was modelled. This is reasonable as the constraints at both ends of the column are 

believed to have little effects on the response of the mid-height region of the column 

with an aspect ratio larger than 2.0 (Yu et al. 2010; Teng et al. 2015). Only one quarter 

of the vertical slice was modelled as a result of the symmetry of the column section. 

A single layer of 8-node solid elements (i.e., C3D8R) was used to represent the 

concrete in the column slice. The FRP jacket was represented using 4-node shell 

elements (i.e., S4R). The FRP shell elements were tied to the adjacent concrete 

elements which means perfect bonding between the FRP jacket and the concrete. Mesh 

convergence studies were conducted for the column model to obtain suitable meshes 

which provide almost the same stress-strain curves as those from the next level of 

refinement. A monotonically increasing axial displacement was imposed on the top 

nodes of the concrete layer to simulate the axial load. 

 

4.5.3. Comparison with Test Results 
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Figure 4.13 shows the comparison of the stress-strain curves between the FE 

predictions and the test results. The axial stresses from the FE predictions also refer to 

the average axial stresses over the cross section (i.e., the axial load taken by the 

concrete divided by the area of the concrete). The predicted stress-strain curves 

terminate at the point when the maximum FRP hoop rupture strain 𝜀ℎ,𝑚𝑎𝑥  was 

reached by the FRP jacket in the FE model. 

 

Figure 4.13 shows that the FE predictions are in reasonably close agreement with the 

test results in terms of the axial stress-strain curve. The FE model predicts a slightly 

earlier transition region between the first and second stress-strain branches than the 

test result for specimens R2Lr25C15, R2Lr45C15, and R2Lr45C20 (Figures 4.13e-

4.13g). As a result, the second-segment slopes of the stress-strain curves are 

underestimated by the FE model for the three specimens. Figure 4.14 shows 

comparisons of ultimate axial stresses and ultimate axial strains for the test specimens. 

It is evident that the FE approach provides accurate predictions for the ultimate 

condition of FRP-confined concrete in CRCs. 

 

4.6. CONCLUSIONS 

 

This chapter has presented the results of axial compression tests on eight large-scale 

curvilinearized rectangular columns (CRCs). The experimental programme covered 

the 𝑟 𝑠⁄  ratio, sectional aspect ratio, and corner radius ratio as the key variables. The 
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test results have demonstrated the effectiveness of section curvilinearization (SC) in 

enhancing the FRP confinement in rectangular RC columns. On the basis of the test 

results, a new design-oriented stress-strain model for FRP-confined concrete in CRCs 

has been proposed and its accuracy has been demonstrated through comparison with 

the test results. Based on the test results and discussions presented in this chapter, the 

following conclusions can be drawn:  

(1) The experimental results have shown that the SC technique substantially 

increases the effectiveness of FRP confinement in rectangular columns; 

particularly, the slope of the linear second segment of the stress-strain curve of 

FRP-confined concrete in a curvilinearized column is much larger than that of 

the column without SC. 

(2) The FRP hoop strains at the centres of the rounded corners are generally smaller 

than those at the centres of the flat sides, with those at the transition points in 

between. The maximum FRP hoop strain at the ultimate condition increases with 

the increase of the r/s ratio. 

(3) With the increase of the r/s ratio, the difference between the hoop strains at the 

flat sides and those at the corner centres becomes smaller, indicating that the 

implementation of SC leads to a more uniform FRP hoop strain distribution 

around the perimeter of the column section. 

(4) The corner radius ratio has a significant effect on the ultimate axial stress and 

ultimate axial strain of FRP-confined concrete in CRCs, but it has little effect on 

the maximum FRP hoop strain. The experimental results have shown that as the 
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corner radius ratio increases from 25 mm to 45 mm, the enhancement effect of the 

corner radius is obvious; however, as the corner radius continues to increase from 

45 mm to 65 mm, the enhancement effect is only slight. This indicates that an 

optimal value of corner radius ratio may exist for FRP-confined CRCs. 

(5) The design-oriented stress-strain model in GB 50608 (2010) significantly 

underestimates the ultimate axial stresses and ultimate axial strains for FRP-

confined concrete in CRCs. 

(6) An improved version of the stress-strain model in GB-50608 (2010) for FRP-

confined concrete in CRCs is developed based on the test database. The proposed 

model includes both the r/s ratio and the corner radius ratio as key parameters. 

The comparisons between the test results and the predictions have demonstrated 

the accuracy of the stress-strain model. 

(7) The FE approach using the constitutive model of Yu et al. (2010) for confined 

concrete has been shown to provide accurate predictions for the stress-strain 

response of FRP-confined concrete in the test CRCs. 
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Table 4.1. Specimen details 

 

 

 
 

Specimen 𝐿  ℎ  𝑏  𝑟 𝑠⁄  𝑡𝑓  𝑓𝑐
′  

 (MPa) 
𝜀𝑐𝑜  𝐸𝑐 

S2Lr45 1000 300 300 / 0.668 35.80 0.00251 35.3 

S2Lr45C15 1000 300 300 1/15 0.668 35.80 0.00251 35.3 

R2Lr45 1300 435 290 / 0.668 34.11 0.00252 26.9 

R2Lr45C15 1300 450 300 1/15 0.668 35.80 0.00251 35.3 

R2Lr45C10 1300 450 300 1/10 0.668 35.80 0.00251 35.3 

R2Lr45C20 1300 450 300 1/20 0.668 35.80 0.00251 35.3 

R2Lr25C15 1300 450 300 1/15 0.668 35.80 0.00251 35.3 

R2Lr65C15 1300 450 300 1/15 0.668 35.80 0.00251 35.3 

R0Lr45C15 1300 450 300 1/15 / 35.80 0.00251 35.3 



176 
 

 

Table 4.2. Tensile test results of steel bars 

Bar type No. Yield stress (MPa) Tensile strength (MPa) Elastic modulus (GPa) 

20 mm deformed bar 

1 488.4 603.5 197.8 

2 484.1 606.7 205.6 

3 496.9 597.7 203.5 

Average  489.8 602.6 202.3 

8 mm round bar 

1 260.3 376.7 190.4 

2 247.6 361.9 177.2 

3 254.3 369.8 186.7 

Average  254.1 369.5 184.8 
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Table 4.3. Test results 

 
  

Specimen 𝑃𝑚𝑎𝑥  
 (kN) 

𝑓𝑐
′ 

(MPa) 
𝑓𝑐𝑜

′  
(MPa) 

𝑓𝑐𝑐
′  

(MPa) 
𝑓𝑐𝑐

′ /𝑓𝑐𝑜
′  

 
𝜀𝑐𝑢 

 𝜀𝑐𝑢/𝜀𝑐𝑜 𝐸2
′  𝜀ℎ,𝑙 

 
𝜀ℎ,𝑠 

 
𝜀ℎ,𝑐 

 
𝜀ℎ,𝑡𝑟𝑎𝑛𝑠 

 
𝜀ℎ,𝑚𝑎𝑥 

 

S2Lr45 6542.3 35.80 32.80 54.47 1.66 0.023 9.20 0.072 0.0110 / 0.0082 0.0090 0.0121 (SG20) 

S2Lr45C15 7716.5 35.80 32.80 63.04 1.92 0.023 9.20 0.100 0.0086 / 0.0079 0.0085 0.0122 (SG23) 

R2Lr45 6013.2 34.11 32.06 41.54 1.30 0.022 8.80 0.034 0.0117 0.0096 0.0055 0.0085 0.0130 (SG30) 

R2Lr45C15 8890.8 35.80 32.80 46.70 1.42 0.019 7.60 0.055 0.0099 0.0092 0.0071 0.0086 0.0102 (SG25) 

R2Lr45C10 10083.0 35.80 32.80 49.98 1.52 0.020 8.00 0.065 0.0064 0.0079 0.0054 0.0078 0.0126 (SG28) 

R2Lr45C20 8264.7 35.80 32.80 44.64 1.36 0.016 6.40 0.056 0.0067 0.0067 0.0049 0.0046 0.0082 (SG27) 

R2Lr25C15 8236.1 35.80 32.80 41.62 1.27 0.016 6.40 0.042 0.0078 0.0062 0.0051 0.0076 0.0104 (SG30) 

R2Lr65C15 9323.8 35.80 32.80 49.97 1.52 0.020 8.00 0.065 0.0061 0.0078 0.0051 0.0070 0.0108 (SG18) 

R0Lr45C15 6676.3 35.80 32.80 32.80 / / / / / / / / / 



178 
 

Table 4.4. FRP-confined CSCs by Zhu (2014) 

Specimen L b r/h 𝑡𝑓 
(mm) 

𝐸𝑓 
(GPa) FRP  𝑓𝑐𝑜

′   
(MPa) 

𝑓𝑐𝑐
′  

(MPa) 𝜀𝑐𝑢 𝜀ℎ 
(side centre) 

𝜀ℎ𝑐 
(corner) 

𝜀ℎ𝑡 
(corner-side) 

L-7.5-1 900 300 1/7.5 0.668 246.0 Carbon 23.10 65.30 0.036 0.0138 0.0122 0.0146 
L-7.5-2 65.80 0.032 0.0135 0.0125 0.0130 
L-10-1 900 300 1/10 0.668 246.0 Carbon 23.10 63.20 0.036 0.0137 0.0130 0.0130 
L-10-2 62.00 0.032 0.0125 0.0128 0.0123 
L-15-1 900 300 1/15 0.668 246.0 Carbon 23.10 58.00 0.032 0.0135 0.0105 0.0128 
L-15-2 60.40 0.035 0.0134 0.0107 0.0128 
L-20-1 900 300 1/20 0.668 246.0 Carbon 23.10 53.60 0.035 0.0139 0.0095 0.0127 
L-20-2 53.10 0.032 0.0140 0.0095 0.0117 

             
2-10-1 450 150 1/10 0.33 234.0 Carbon 31.8 53.8 0.015 0.00686 0.00632 N 
2-10-2 54.4 0.014 0.00726 0.00606 N 
2-15-1 450 150 1/15 0.33 234.0 Carbon 31.8 56.5 0.017 0.00930 0.00707 N 
2-15-2     54.6 0.018 0.00856 0.00565 N 
2-20-1 450 150 1/20 0.33 234.0 Carbon 31.8 48.5 0.013 0.00636 0.00503 N 
2-20-2 49.5 0.014 0.00740 0.00585 N 

             
3-10-1 450 150 1/10 0.5 234.0 Carbon 32.0 67.2 0.019 0.00745 0.00661 N 
3-10-2 67.7 0.021 0.00745 0.00714 N 
3-15-1 450 150 1/15 0.5 234.0 Carbon 32.0 67.6 0.022 0.00836 0.00649 N 
3-15-2 68.6 0.021 0.00868 0.00620 N 
3-20-1 450 150 1/20 0.5 234.0 Carbon 32.0 64.7 0.026 0.00944 0.00756 N 
3-20-2 65.9 0.024 0.01005 0.00733 N 

 Note: “N” —— Not reported in the test results. 
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Figure 4.1. Section curvilinearization of a rectangular column 
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Figure 4.2. Steel reinforcement details of a curvilinearized rectangular column 
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Figure 4.3. Section curvilinearization method in practical applications 
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Step 1: Curvilinearized section design    Step 2: Section plates 

   

Step 3: Inner frame    Step 4: Gluing veneer sheets     Step 5: Curing 

      
      Step 6: External stiffeners   Step 7: Installing of external stiffeners 

Figure 4.4. Novel manufacturing procedure of the wooden mould for casting CRCs  
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(a) Instrumentation 

 

 
(b) Test setup 

Figure 4.5. Instrumentation and test setup 
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(a) R2Lr45C15               (b) R2Lr45C20 

Figure 4.6. Failure of test columns 
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(a) Square columns vs. rectangular columns 

 

  
(b) Rectangular columns with different r/s ratios 
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(c) CRCs with different corner radius 

Figure 4.7. Normalized stress-strain curves of concrete in the test columns 
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(a) Relationship between FRP hoop strain and rise-to-span ratio (𝑟 𝑠⁄ ) 

 

 
(b) Relationship between FRP hoop strain and corner radius ratio (2𝑟𝑐 ℎ⁄ ) 

Figure 4.8. Effects of rise-to-span ratio and corner radius ratio on FRP hoop strain 
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(a) Relationship between normalized second-segment slope and 𝑟 𝑠⁄  ratio 

 

  
(b) Relationship between stress enhancement ratio and 𝑟 𝑠⁄  ratio 
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(c) Relationship between ultimate axial strain and 𝑟 𝑠⁄  ratio 

Figure 4.9. Effect of rise-to-span ratio (𝑟 𝑠⁄ ) 
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(a) Relationship between normalized second-segment slope and corner radius ratio 

  

 
(b) Relationship between stress enhancement ratio and corner radius ratio 
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(c) Relationship between ultimate axial strain and corner radius ratio 

Figure 4.10. Effect of corner radius ratio (2𝑟𝑐 ℎ⁄ ) 
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(a) L-20-1/2 tested by Zhu (2014) 

    

  

(b) S2Lr45C15 
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(c) R2Lr45C15 

  

  

(d) R2Lr45C10  
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(e) R2Lr45C20  

  

 
(f) R2Lr65C15 

Figure 4.11. Comparisons of stress-strain curves between test results and predictions  
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(a) Ultimate axial stress 

     

   

(b) Ultimate axial strain 

Figure 4.12. Performance of proposed model in predicting ultimate axial stresses and 

ultiamte axial strains 
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(a) S2Lr45 

  

 

(b) S2Lr45C15 
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(c) R2Lr65C15 

 

    
(d) R2Lr45C10 
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 (e) R2Lr25C15 

 

 

(f) R2Lr45C15 
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(g) R2Lr45C20 

Figure 4.13. Comparison of stress-strain curves between test results and FE 

predictions 
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(a) Ultimate axial stress 

 

 
(b) Ultimate axial strain 

Figure 4.14. Comparison of ultimate axial s and ultimate axial strain between test 

results and FE predictions 
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CHAPTER 5 

 

BEHAVIOUR OF LARGE-SCALE FRP-CONFINED 

RECTANGULAR RC COLUMNS UNDER ECCENTRIC 

LOADING 

 

 

5.1. INTRODUCTION 

 

In Chapter 3, the investigation into the behaviour of large-scale FRP-confined 

rectangular RC columns under concentric compression has been presented. The size 

effect and the non-uniform FRP confinement in these columns under concentric 

compression have been given detailed attention. In reality, however, even when the 

intended loading is concentric, RC columns are inevitably subjected to combined 

axial compression and bending due to either accidental load eccentricity or 

geometric/material imperfections in the column. Compared to studies on FRP-

confined rectangular RC columns under concentric compression, much less has been 

done on these columns under eccentric loading, especially for large RC columns. In 

a rectangular column under eccentric loading, a strain gradient (i.e., linear axial strain 

distribution) exists over the column section which leads to a more non-uniform FRP 

confinement compared with that under concentric compression. 
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Over the past two decades, a substantial amount of experimental research has been 

conducted on FRP-confined circular RC columns under eccentric loading (e.g., 

Nanni and Norris 1995; Mirmiran et al. 2001; Tao et al. 2004; Hadi 2006; Parvin and 

Schroeder 2008; Yuan et al. 2008; Maaddawy 2009; Rocca et al. 2009; Bisby and 

Ranger 2010; Fitzwilliam and Bisby 2010; Yu et al. 2010; Jiang and Teng 2012a, b; 

Hadi and Widiarsa 2012; Wu and Jiang 2013; Jiang et al. 2014; Zhang 2014). These 

studies have commonly found that: (1) FRP confinement is highly effective in 

enhancing the load-carrying capacity and ductility of RC columns under eccentric 

loading; and (2) the load-carrying capacity of the column decreases with the increase 

of the load eccentricity. Some researchers also found that the local stress-strain 

behaviour of FRP-confined concrete in eccentrically-loaded circular columns is 

different from that in concentrically-loaded circular columns due to the existence of 

a strain gradient over the section in the former (e.g., Hu et al. 2011; Jiang et al. 2014; 

Lin 2016; Lin and Teng 2017). However, very limited research has been conducted 

on FRP-confined rectangular RC columns under eccentric loading (e.g., Challal and 

Shahawy 2000; Parvin and Wang 2001; Tao and Yu 2008; Sadeghian et al. 2010; 

Hadi and Widiarsa 2012), as also indicated by the review presented in Chapter 2. 

Besides, most of these studies have been concerned with small-scale RC columns. 

 

In the analysis of FRP-confined rectangular RC columns under eccentric loading, a 

uniaxial stress-strain model established for FRP-confined concrete in eccentrically-

loaded columns has commonly been used. However, its rationality and accuracy in 

predicting large-scale rectangular RC columns have never been rigorously 

investigated. Particularly, a rectangular column may be bent about either the strong 

axis or the weak axis of the rectangular section. Whether the same stress-strain model 
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would work well for the column bent about both axes also deserves investigation. It 

is worth noting that, although the stress distribution is non-uniform in an FRP-

confined rectangular concrete column, it is still desirable to use a single stress-strain 

model for the concrete in the entire section in the analysis due to its simple yet 

reasonable representation of the average response of the column. 

 

Against the above background, in this PhD research programme, an experimental 

study on eccentrically-loaded large-scale carbon FRP (CFRP)-confined rectangular 

RC columns was carried out. These columns had the largest dimensions among such 

columns that had ever been tested to the best of the author’s knowledge. Totally nine 

large-scale columns were prepared and tested, and the test results are presented in 

this chapter. Jiang and Teng’s (2012a) theoretical column model with some 

modifications was used to predict the responses of the test columns. The strain 

gradient effect in these eccentrically-loaded columns was given particular attention. 

 

5.2. EXPERIMENTAL PROGRAMME 

 

5.2.1. Column Specimens 

 

Nine large-scale rectangular RC columns were cast in two batches and tested in the 

structural laboratory at Guangdong University of Technology. The effects of load 

eccentricity, FRP jacket thickness and loading direction were investigated. All the 

columns had a total length of 1300 mm and a corner radius of 45 mm. The cross-

section dimensions of all these specimens were identical [i.e., depth × width (ℎ  𝑏) 

= 435 mm × 290 mm]. Other specimen details [including the FRP jacket thickness 
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(𝑡𝑓 ), load eccentricity (𝑒 ), unconfined concrete strain at peak stress (𝜀𝑐𝑜 ), elastic 

modulus of unconfined concrete (𝐸𝑐 ) and unconfined concrete strength (𝑓𝑐
′ )] are 

given in Table 5.1. Each column was designed with a test portion of 700 mm in length 

in the middle range where failure was expected to occur. The two loading portions 

(i.e. 300 mm in length) for both ends were either designed with corbels (for columns 

with a large load eccentricity) or strengthened with an additional two-layer FRP 

jacket (for concentrically-loaded columns or those with a load eccentricity of 50 mm) 

(Figure 5.1). Eight of the nine columns (see Table 5.1) were strengthened with a fully 

wrapped CFRP jacket with fibres oriented only in the hoop direction. The FRP jacket 

was formed in a wet lay-up process in which the carbon fibre sheet was impregnated 

with an epoxy resin and then wrapped around the column. The FRP-jacketed columns 

were then cured in the laboratory environment. A 300-mm-long overlapping zone 

between the start and finishing ends in the transverse direction was adopted to avoid 

FRP debonding. The vertical centreline of the overlapping zone was at the centre of 

the tension side of the column. The columns were reinforced with ten 20-mm-

diameter steel bars longitudinally and 8-mm-diameter steel bars in the transverse 

direction in the form of steel ties (Figure 5.1). The longitudinal steel reinforcement 

ratio was 2.52%. The spacing of steel ties was 100 mm in the top and bottom loading 

portions and 300 mm in the test portion. The concrete cover thickness measured from 

the centre of the longitudinal steel bars to the concrete surface was 35 mm. The details 

of steel reinforcement in the columns with and without end corbels are illustrated in 

Figure 5.1. 

 

A rectangular column could be bent around either the strong axis (parallel to the 

section width) or the weak axis (parallel to the section depth) of the rectangular 
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section. The eccentricity ratio is defined to be the ratio of the load eccentricity and 

the section depth (i.e., 𝑒/ℎ) for columns bent around the strong axis or the section 

width (i.e., 𝑒/𝑏) for columns bent around the weak axis. In this study, the load 

eccentricities of columns subjected to strong axis bending were 50, 100, 150, and 200 

mm, leading to eccentricity ratios of 0.115, 0.230, 0.345 and 0.460, respectively. For 

the three columns under weak axis bending, the eccentricity ratios were also 0.115, 

0.230 and 0.345, respectively. Each column was subjected to a nominally identical 

load eccentricity at both ends of the column. For ease of reference, each column was 

given a name which starts with a capital letter to indicate the shape of the column 

(i.e., “R” for rectangular) followed by a number and a letter “L” afterwards 

representing the number of FRP layers. This is then followed by a letter “e” plus a 

number to indicate the load eccentricity. For example, R4Le50 refers to a rectangular 

column strengthened with a four-layer CFRP jacket under strong axis bending with 

a load eccentricity of 50 mm. For columns under weak axis bending, the column 

name ends with an additional letter “w” for differentiation from columns under strong 

axis bending. It should be noted that the column R4Le0 listed in Table 5.1 is from 

Chapter 3, which had the same dimension and steel reinforcement ratio as the 

columns presented in this chapter. This column was subjected to concentric 

compression and is included here as a reference column for the purpose of 

comparison. 

 

5.2.2. Preparation of Specimens 

 

The longitudinal steel bars were welded onto a 40-mm-thick steel plate at both ends. 

The transverse steel bars were then attached onto the longitudinal steel bars to form 
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a steel cage. The concrete corbels were strengthened by welding external steel plates 

to avoid concrete failure there. Wooden moulds were prefabricated and used for 

concrete casting. A wooden strip was attached at each corner of the wooden mould 

to achieve a designed corner radius. The reinforcement cage was then positioned into 

the mould precisely. Commercial concrete from a local supplier was used to cast the 

specimens in two batches. For both batches, the maximum aggregate (i.e., 20 mm) 

and the slump (i.e., around 150 mm) of the concrete were nearly the same. The 

concrete was poured into the mould through an opening on the top steel plate. The 

compaction of concrete was ensured by vibration using a mechanical vibrator in the 

concrete. Several standard circular concrete cylinders (150 mm in diameter and 300 

mm in height) were cast for each batch of concrete to obtain the unconfined concrete 

properties. The specimens were cured at room temperature for 28 days or more and 

then wrapped with FRP sheets. 

 

5.2.3. Material Properties 

 

The concrete properties (including the compressive strength, axial strain at peak axial 

stress, and modulus of elasticity) at the time of column testing were determined from 

compression tests on 3 standard concrete cylinders, as given in Table 5.1. The top 

and bottom ends of each cylinder were capped with high strength gypsum before 

testing to ensure that both loading faces were perpendicular to the longitudinal axis 

of the cylinder. The compression tests on the cylinders were performed on a testing 

machine of 5000 kN capacity with displacement control at a rate of 0.18 mm per 

minute.  
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The same CFRP product as that in Chapter 3 was used in the experimental 

programme. As reported in Chapter 3, the average modulus of elasticity, tensile 

strength and ultimate rupture strain of three CFRP coupons with rupture occurring 

near the middle region were 245.6 GPa, 3993.3 MPa and 1.71%, respectively. 

 

The properties of steel bars were determined from tensile tests on steel bar coupons 

according to BS 18 (BSI 1987). As reported in Chapter 3, the average yield stress and 

ultimate tensile stress were 491 MPa and 603 MPa for the 20-mm-diameter steel bar, 

and 381 MPa and 448 MPa for the 8-mm-diameter steel bar, respectively, based on 

tests on three steel tensile specimens of each type. 

 

5.2.4. Instrumentation and Test Set-up 

 

For each specimen, eleven linear variable differential transformers (LVDTs) were 

used to measure axial shortenings. Four of them were installed on the four sides of 

each column and were centred at the mid height, covering a gauge range of 300 mm 

(Figure 5.2a). Another five LVDTs (i.e., LVDTs 5-9) were installed at five different 

heights of the column to measure lateral displacements of the column (Figure 5.2a). 

Furthermore, two LVDTs (i.e., LVDT 10 and LVDT 11) were employed to measure 

the full-height shortening of the column (Figure 5.2a). One strain gauge with a gauge 

length of 5 mm was installed on each of the longitudinal steel bar at the mid-height 

where a smooth surface had previously been provided by grinding. Waterproof 

coating was applied to protect the strain gauges on the steel bars. 

 

The strains in the FRP jacket were measured using strain gauges (SGs) installed on 



 

208 
 

the jacket surface at two levels: (1) the mid-height level (i.e., Level 1-1), and (2) 300 

mm above the mid-height level (i.e., Level 2-2). Strain gauges were installed at the 

centres of the four flat sides, the centres of rounded corners, and the transition points 

between each rounded corner and the adjacent flat sides, totalling 20 strain gauges at 

each level (Figure 5.2b). It should be noted that, at the centre of each flat side, two 

one-directional strain gauges were used to measure both axial strains and hoop strains 

in the FRP jacket, while only one strain gauge was used to measure hoop strains at 

the remaining places (see Figure 5.2b). 

 

A steel roller was used at each end of the column to achieve the desired eccentric 

loading condition and the pin-ended boundary condition (Figure 5.2a). All of the 

specimens were tested using a testing machine with a loading capacity of 10000 kN. 

All test data, including axial loads, displacements, and strains were recorded by an 

automatic data acquisition system: TML ASW-50C switching box. The specimens 

were preloaded with an axial load of around 20% of the estimated load-carrying 

capacity of the corresponding unconfined RC column at a rate of 3 kN/s and then 

unloaded. The specimens were first loaded with a load control mode at a rate of 5 

kN/s until 80% of the estimated load-carrying capacity had been reached and then 

loaded with a displacement control mode at a rate of 0.72 mm/min. The loading 

process was terminated when the axial load fell below 80% of the peak load (i.e., the 

maximum load), or when FRP ruptured with a sudden drop in the axial load, 

whichever came first. 

 

5.3. EXPERIMENTAL RESULTS AND DISSCUSSIONS 
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5.3.1. Overall Behaviour 

 

For FRP-strengthened RC columns, two failure modes were observed: FRP jacket 

rupture due to hoop tension (i.e., material failure) and stability failure where the 

column exhibited severe deformation prior to FRP rupture. The failure modes of the 

test columns are summarized in Table 5.2. Figure 5.3 shows photos of some typical 

failed columns. For specimens that failed by FRP rupture (specimens R3Le50, 

R4Le50, and R4Le100), tensile cracks first appeared at the extreme tension surface 

(or tension face) of the column; the deformations of the column and the strains in the 

FRP jacket kept increasing, followed by the sudden rupture of the FRP jacket at the 

extreme compression face (ECF, see Figure 5.2b ) near the mid-height with a huge 

sound and a substantial drop in the axial load. It should be mentioned that FRP rupture 

did not necessarily occur at the peak axial load. FRP rupture occurred at the peak 

axial load for specimen R3Le50, while it occurred after the peak axial load for 

specimens R4Le50 and R4Le100.  

 

For specimens with stability failure (specimens R4Le150, R4Le200, R4Le35w, 

R4Le70w and R4Le105w), the failure was initiated by the appearance of tensile 

cracks at the tension face of the column with sounds of epoxy cracking; the FRP 

jacket did not rupture during the test. As the column was wrapped by a CFRP jacket 

with fibres only in the hoop direction, the cracks at the tension face of the column 

were horizontal and parallel to each other. In both failure modes, local wrinkles (see 

Figure 5.3b) occurred in the FRP jacket at the compression side due to the combined 

action of axial compression and hoop tension. The hoop strains in the FRP jacket at 

the ECF of each column are generally larger than those at the extreme tension face 
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(ETF, see Figure 5.2b), implying that the FRP confinement is larger on the 

compression side. An inspection of all FRP-strengthened columns after failure 

revealed that buckling of the longitudinal steel bars occurred in the compression zone 

due to the high level of deformation experienced by the column. 

 

For the eccentrically-loaded unconfined specimen (R0Le50), a major vertical crack 

first appeared on the side faces near the compression face followed by concrete 

crushing at the ECF (Figure 5.3c). The ductility of the unconfined column was much 

lower than that of the strengthened columns. Due to the small deformation 

experienced by the unconfined column, the longitudinal reinforcing bars in the 

compression zone showed no sign of buckling during the test. 

 

The key test results are summarized in Table 5.2. In this chapter, the compressive 

stresses/strains in concrete are defined to be negative, whereas the hoop 

stresses/strains in the FRP jacket are defined to be positive, unless otherwise specified. 

It can be seen from Table 5.2 that the maximum loads of FRP-confined columns 

(R3Le50 and R4Le50) are much higher than that of the unconfined specimen 

(R0Le50), although the compressive strength of unconfined concrete in the former is 

lower. This can be more clearly illustrated by examining the maximum loads 

normalized by the theoretical load-carrying capacity of the corresponding unconfined 

concrete column under concentric compression (𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑠, where 𝑓𝑦 is the yield 

stress of longitudinal steel bars; 𝐴𝑐  and 𝐴𝑠  are the cross-sectional areas of the 

concrete and the steel bars, respectively) (Third Column in Table 5.2). This confirms 

that FRP confinement substantially enhanced the load-carrying capacity of the 

eccentrically-loaded columns. In addition to the enhancement in the load-carrying 
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capacity, lateral deformations at the peak load of eccentrically-loaded RC columns 

were also substantially enhanced through CFRP confinement, as clearly seen in Table 

5.2. The axial strains obtained from readings of LVDTs at the peak load [including 

those at the ECF (𝜀𝑐𝑐_𝐸𝐶𝐹), at the ETF (𝜀𝑐𝑐_𝐸𝑇𝐹), and at the side faces (SF) (𝜀𝑐𝑐_𝑆𝐹) 

(see Figure 5.2b)], and the ultimate axial strains at the compression faces (𝜀𝑐𝑢_𝐸𝐶𝐹) are 

also summarised in Table 5.2. 

 

5.3.2. Axial Load-Shortening Responses 

 

The shortenings of the test columns can be obtained either from the machine output 

or from the readings of the full-height LVDTs (LVDT 10 and LVDT 11 in Figure 5.2). 

The former includes deformation from other sources, such as the displacement of the 

loading system. Therefore, the shortenings averaged from LVDT readings are used 

in the subsequent discussions unless otherwise specified. The axial load-shortening 

curves for the test columns are shown in Figure 5.4. It is obvious that the peak axial 

load decreases as the load eccentricity increases. The column with a larger load 

eccentricity has a lower initial stiffness for both strong-axis bending and weak-axis 

bending. The reason is that the shortening here includes the effects of both the axial 

shortening and those induced by the flexural deformation of the specimen. The 

flexural deformation is larger for a specimen with a larger load eccentricity at a given 

axial load. 

 

For column R4Le50, the axial load-shortening curve exhibits a plateau for the second 

portion. Column R3Le50 behaves similarly but with a lower peak axial load due to 

the lower FRP confinement. The axial load-shortening curves of R4Le100, R4Le150 
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and R4Le200 all have a descending second portion due to the relatively large load 

eccentricity. All the columns subjected to weak-axis bending have an axial load-

shortening curve with a descending second portion (Figure 5.4b) due to the small 

bending stiffness around the weak axis. 

 

5.3.3. Axial Load-Axial Strain Responses 

 

The axial strains were obtained from the readings of LVDTs, as the axial strains from 

strain gauges were not reliable due to the local wrinkling of the FRP jacket at the 

compression face. In fact, most of the strain gauges on the steel bars failed due to the 

large deformation of the strengthened columns, especially after the steel had yielded. 

The axial load-axial strain curves for all the FRP-confined specimens are shown in 

Figure 5.5, in which the axial strains on the two side faces parallel to the loading 

direction are denoted as “Side 1” and “Side 2” (LVDT 1 and LVDT 3 in Figure 5.2), 

and the axial strains at the centres of ECF and the ETF are denoted as “Extreme 

compression” and “Extreme tension”, respectively. 

 

As shown in Figure 5.5, the strains of “Side 1” and “Side 2” are very close, which 

implies the good realization of the uni-directional bending condition. By comparing 

the curves of columns R4Le50, R4Le100, R4Le150, and R4Le200, it is seen that the 

axial strains at the centre of ETF increase in magnitude significantly with the load 

eccentricity; however, the increase in the axial strains at the centre of ECF is not so 

significant (Figures 5.5b-5.5e). This indicates that the neutral axis of the section at 

the ultimate condition moved towards the ECF as the load eccentricity increased. It 

is also interesting to find that the axial strains at the ECF of eccentrically-loaded 
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columns (𝜀𝑐𝑢_𝐸𝐶𝐹 in Table 5.2) are much larger than the ultimate axial strain of the 

corresponding concentrically-loaded column (i.e., R4Le0). This phenomenon is 

mainly caused by the strain gradient effect in eccentrically-loaded columns, which 

has also been reported by many researchers for eccentrically-loaded FRP-confined 

ciruclar RC columns (e.g., Fam et al. 2003; Bisby and Ranger 2010; Yu et al. 2010; 

Wu and Jiang 2013). 

 

5.3.4. Longitudinal Strain Distribution over Mid-Height Section 

 

The distributions of axial strains over the mid-height section at different deformation 

levels are illustrated in Figure 5.6 in which the vertical axis represents the distance 

from the ETF. The axial strains were again obtained from readings of LVDTs at the 

mid-height section as most of the strain gauges on the longitudinal steel bars were 

damaged as mentioned earlier. The distributions of only two specimens are shown in 

Figure 5.6 but the results for other specimens are similar. It can be seen that the 

distributions of the axial strains remain almost linear with the distance from the ETF, 

especially at an early deformation stage. In addition, it can be seen that as the 

deformation increases, the neutral axis (where the axial strain equals zero) moves 

towards the ECF, resulting in tensile strains at the centre of the column section. The 

above observation indicates that the plain section assumption which is generally 

employed in column analysis is still valid for the test columns. 

 

5.3.5. Moment-Curvature Responses 

 

Figure 5.7 shows the moment-curvature curves of the mid-height section of all the 
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test specimens. The moment 𝑀 is equal to the axial load 𝑃 multiplied by the actual 

eccentricity of the mid-height section: 

 𝑀 = 𝑃 ∙ (𝑒 + 𝛥𝑙) (5.1) 

The actual eccentricity is equal to the initial load eccentricity 𝑒  plus the lateral 

deflection Δ𝑙 . In Eqn 5.1, the moment 𝑃 ∙ 𝑒  is induced by the initial load 

eccentricity, while 𝑃 ∙ Δ𝑙 is the secondary moment due to the lateral defection of the 

column (i.e., second-order effect). 

 

The curvature 𝜑 is calculated by the following equation based on the plane section 

assumption: 

 𝜑 =
Δ1−Δ3

ℎ′𝑙𝑔
 (5.2) 

where Δ1 and Δ3 are the shortenings at the compression and tension faces recorded 

by LVDT 2 and LVDT 4 (Figure 5.2a), respectively; 𝑙𝑔 is the gauge length of the 

LVDTs (= 300 mm); ℎ′ (=ℎ+50 mm) is the horizontal distance between the tips of 

the two LVDTs, which is slightly larger than the section length in the loading 

direction.  

 

Although the normalized ultimate axial load of a column with a larger load 

eccentricity is much smaller (Table 5.2), the moments of the mid-height sections of 

the test columns at failure are similar, as shown in Figure 5.7. This indicates that the 

second-order effect contributes more significantly to the total moment at the mid-

height section at failure when the load eccentricity is smaller. 

 

5.3.6. Axial Load-Lateral Displacement Responses 
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The axial load-lateral displacement curves of all the FRP-confined RC columns are 

shown in Figures 5.8 and 5.9 for strong-axis bending and weak-axis bending, 

respectively. The axial load-lateral displacement curves with displacements recorded 

by the LVDTs at the mid-height, 300 mm and 500 mm above (U300 and U500 in the 

figures) and below (L300 and L500 in the figures) the mid-height section are all 

shown in the figures. The peak axial load 𝑃𝑚𝑎𝑥, the axial load at ultimate condition 

𝑃𝑢  and the lateral displacement at ultimate condition for each test column are 

summarized in Table 5.2. Figures 5.8 and 5.9 show that all the FRP-confined columns 

possess a highly ductile behaviour. The axial load-lateral displacement curves, 

similar to the axial load-axial shortening curves, have either an ascending (specimens 

R4Le50 and R3Le50) or a descending (specimens R4Le100, R4Le150, and R4Le200) 

second portion. 

 

5.3.7. FRP Hoop Strains at Ultimate Condition 

 

Due to the strain gradient effect, FRP hoop strains are non-uniformly distributed 

around the perimeter of the rectangular section. The maximum FRP hoop strains at 

the ultimate condition (𝜀ℎ,𝑚𝑎𝑥) of the test columns are listed in Table 5.2. The strain 

gauge location at which the maximum FRP hoop strain was captured is also indicated 

in the Table. It can be seen that the maximum FRP hoop strains are located at the 

ECF for all the eccentrically-loaded columns. The maximum FRP hoop strain 

generally occurred at the mid-width of the ECF (SG32 or SG12 in Table 5.2), which 

agrees with the observations in concentrically-loaded columns as presented in 

Chapter 3. For the three specimens with FRP rupture (R3Le50, R4Le50, R4Le100), 

the average maximum FRP hoop strain is 0.0137, leading to an FRP strain ratio 
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(𝜀ℎ,𝑚𝑎𝑥 𝜀𝑓⁄  ) of 0.802, which is slightly larger than the average value in 

concentrically-loaded columns in Chapter 3 (0.776 in Table 3.5). 

 

5.4. THEORETICAL ANALYSIS 

 

5.4.1. Theoretical Model of Jiang and Teng (2012a) 

 

Jiang and Teng (2012a) presented a theoretical column model to predict the responses 

of FRP-confined circular RC columns under eccentric loading. This model can be 

readily extended to FRP-confined rectangular RC columns under eccentric loading. 

The model employs a numerical integration method to generate the full-range axial 

load-lateral deflection curve of an eccentrically-loaded column. In this model, the 

column is equally divided into a desirable number of segments and the section at each 

grid point is divided into a desirable number of layers parallel to the neutral axis. 

Jiang and Teng’s (2012a) model is based on the following assumptions: (1) the lateral 

deformation of the column is small compared with its length; (2) plane section 

remains plane after deformation; (3) the concrete has no tensile resistance; (4) the 

axial stiffness of the FRP jacket is ignored; (4) the longitudinal steel bars have an 

elastic perfectly plastic stress-strain behaviour; (5) the confinement from the 

transverse steel reinforcement is ignored as the spacing of the steel ties was very large 

in the loading portion where large moments are expect to occur; (6) the proposed  

stress-strain model (Chapter 3) is used to represent the stress-strain behaviour of 

FRP-confined concrete in compression. The theoretical model consists of mainly two 

parts: (1) section analysis; and (2) generation of the load-displacement curve. The 

procedures for the two parts are briefly introduced in this section. A computer 
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program was developed to implement these procedures using Matlab. 

 

(1) Section analysis 

The rectangular section is divided into 50 layers parallel to the neutral axis on the 

basis of a convergence study (Figure 5.10). As mentioned earlier, a unique 

moment-curvature curve exists for a given column section under a particular axial 

load. The moment-curvature curve can be generated by specifying a series of 

axial strain values for the ECF of concrete up to its ultimate axial strain. For each 

strain value, the location of the neutral axis is determined by trial and error until 

the resultant axial force acting on the section equals the applied axial load. A 

flowchart of the above procedure is illustrated in Figure 5.11a. 

 

(2) Generation of the load-displacement curve  

The column is equally divided into 200 segments each with a length of ∆𝑙 =

𝐿𝑒 200⁄  (where 𝐿𝑒 is the effective length of the column) in the present study. 

Using the central difference equation, the lateral displacement of each grid point 

can be related to its curvature using the following expression: 

 
         

2
1 12 ,  2,3, , 1i i i i l i m
 

         (5.3) 

where Δ(𝑖) and 𝜙(𝑖) are the lateral displacement and curvature at the ith grid 

point, respectively. For a given axial load N, the moment acting on each grid point 

can be calculated as: 

     i iM N e      (5.4) 

where e is the initial load eccentricity. 
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The full-range load-displacement curve of the column is obtained via an 

incremental process using either a force-control technique (i.e., increasing the 

axial load by small steps) or displacement control technique (i.e., increasing the 

displacement of the mid-height grid point by small steps). Under each axial load 

in the force-control technique, a lateral displacement for the 2nd grid point (Δ(2)) 

needs to be assumed for the first step. The moment of the 2nd grid point (𝑀(2)) 

can then be calculated in Eqn 5.4. With this moment, the curvature can be 

retrieved from the moment-curvature curve corresponding to the present axial 

load. With Δ(2) and 𝑀(2) known, the lateral displacement of the 3rd grid point 

(Δ(3)) can be calculated using Eqn 5.3 (Δ(1) = 0). Following this procedure, the 

lateral displacement of the end grid point (Δ(𝑚)) can be eventually obtained. A 

trial and error process needs to be carried out by adjusting the assumed Δ(2) until 

Δ(𝑚) = 0. By increasing the axial load at small increments, the full-range load-

displacement curve can be generated. The procedure for the displacement control 

technique is similar and the reader is referred to Jiang and Teng (2012a) and Jiang 

(2008) for more details. A flowchart of the above procedure is illustrated in 

Figure 5.11b. 

 

The proposed equations of ultimate axial stress and ultimate axial strain (Eqns 3.4 

and 3.5) for FRP-confined concrete in rectangular columns presented in Chapter 3 

was used to represent the stress-strain behaviour of FRP-confined concrete in 

compression. The proposed model has been shown to provide reasonably good 

predictions and be superior to other existing stress-strain models of the same type for 

the stress-strain behaviour of large-scale concentrically-loaded rectangular RC 

columns (see Chapter 3). In calculating the ultimate condition (i.e., ultimate axial 
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stress and ultimate axial strain), the FRP strain efficiency factor obtained from 

compression tests on FRP-confined circular concrete cylinders was used (Chapter 3). 

It should be noted that the column model has an effective length (𝐿𝑒) which is larger 

than the clear height of the test column due to the existence of the loading plates and 

steel rollers at the ends (see Figure 5.2). However, the same column section was 

assigned to all the grid points along the column height for simplicity. This 

simplification has been found to lead to negligible errors due to the small section 

moments near the two ends. 

 

5.4.2. Comparisons with Test Results 

 

Figure 5.12 shows the comparison between test results and predictions for the un-

strengthened column R0Le50. Note that the moment, curvature, and lateral 

displacement are all for the mid-height section of the test column. Figure 5.12 shows 

that the theoretical model significantly overestimates the axial load at a given lateral 

displacement. This overestimation may be due to the geometric/material 

imperfections and inaccurate alignment of load in the column (Jiang and Teng 2012a). 

It has also been found that un-strengthened RC columns are particularly sensitive to 

these effects (Jiang and Teng 2012a). Therefore, an additional eccentricity of 20 mm 

(GB 50608 2010) was introduced in the theoretical model in predicting responses of 

specimen R0Le50. No additional eccentricity was introduced for the remaining FRP-

strengthened RC columns. Figure 5.12b shows that the predicted axial load-lateral 

displacement curve with the additional eccentricity of 20 mm agrees reasonably well 

with the test curve; however, the use of an additional eccentricity overestimated the 

section moments as shown in Figure 5.12a. 
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Figure 5.13 shows the comparison of moment-curvature curves between test results 

and predictions for the FRP-strengthened RC columns. The predicted axial load-

lateral displacement curves are compared with the test results in Figure 5.14. The 

predicted curves are denoted as “Predicted (Proposed curve)” in the figures. It can be 

seen that the predicted moment-curvature curves and the load-displacement curves 

all have a two-segment shape similar to the test curves. In fact, as many test columns 

failed by stability failure without FRP rupture (Table 5.2), the use of FRP rupture 

strain in the proposed stress-strain model in the theoretical model would lead to an 

overestimation of the ultimate condition of these columns. However, the predicted 

curves are still substantially shorter than the test curves, leading to substantial 

underestimations in both the load-carrying capacity and the ultimate deformation. 

This underestimation is believed to be caused by the strain gradient effect as will be 

discussed in detail in the following section. In addition, Figures 5.13 and 5.14 show 

that the predicted section moment at a given curvature and the axial load at a given 

lateral displacement are generally smaller than the test results, especially for columns 

with a large load eccentricity (e.g., R4Le100, R4Le150, R4Le200) and columns 

under weak-axis bending (R4Le35w, R4Le70w, R4Le105w). This is believed to be 

caused by approximating the stress-strain responses of concrete over the entire 

section by a single concentric-loading stress-strain curve. For a rectangular column 

under eccentric loading, the stress state of confined concrete becomes much more 

non-uniform and complex than that under concentric loading. The non-uniformity of 

confinement also depends on the load eccentricity and the loading direction (i.e., 

weak-axis bending or strong-axis bending). 
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5.4.3. Discussions 

 

5.4.3.1. Strain gradient effect 

 

The above discussions indicate that the direct use of a concentric-loading stress-strain 

model in the analysis of an eccentrically-loaded FRP-confined rectangular RC 

column leads to significant errors in predicting the ultimate condition. In fact, some 

researchers have found that the local stress-strain response of FRP-confined concrete 

in eccentrically-loaded columns is different from that in concentrically-loaded 

columns due to the strain gradient over the section in the former (e.g., Jiang et al. 

2014; Lin 2016; Lin and Teng 2017). Lin and Teng (2017) investigated the strain 

gradient effect in eccentrically-loaded FRP-confined circular concrete columns based 

on a finite element method and have found that a stress-strain model for the concrete 

at the extreme compression fibre should be used in the theoretical model in order to 

provide satisfactory predictions. They found that the slope of the linear second 

segment of the stress-strain curve of the concrete at the extreme compression fibre 

decreases, but the ultimate axial strain increases with the load eccentricity, with the 

combined effect being a slight increase in the ultimate axial stress (Lin 2016; Lin and 

Teng 2017). In the present study, the ultimate axial strains of concrete at the ECF of 

the eccentrically-loaded columns are significantly larger than the ultimate axial strain 

of the corresponding concentrically-loaded column, which is consistent with the 

findings in Lin (2016) and Lin and Teng (2017). 

 

In order to verify the above treatment of Lin (2016), the experimental stress-strain 

curve of the concrete at the ECF was used in the theoretical column model of Jiang 
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and Teng (2012a) to predict the responses of the test FRP-confined rectangular RC 

columns. The experimental ultimate axial strains of the concrete at the ECF were 

directly used. However, the ultimate axial stresses were unknown from the test results. 

One option is to back-calculate the FRP hoop rupture strain from the experimental 

ultimate axial strain and then calculate the ultimate axial stress with this FRP rupture 

strain using the proposed equations (Eqns 3.4 and 3.5). The obtained stress-strain 

curve is illustrated in Figure 5.15 (Curve IV). It can be seen that the curve has a lower 

slope for the linear second segment, a larger axial stress, and a larger axial strain than 

those of the concentric-loading stress-strain curve of the proposed curve (Curve I), 

which is consistent with the trend identified in Lin (2016) and Lin and Teng (2017). 

However, it should be noted that this stress-strain curve may not strictly represent the 

stress-strain behaviour of concrete at the ECF due to the use of the proposed 

equations. Therefore, in addition to the two stress-strain curves (Curve I and Curve 

IV), two other stress-strain curves were used in the theoretical model: (1) a stress-

strain curve with the same ultimate axial stress as that of the proposed curve (Curve 

II); (2) a stress-strain curve with the same slope of the linear second segment as that 

of the proposed curve (Curve III). The experimental ultimate axial strain was also 

used in both two curves. It can be expected that Curve II and Curve III provide the 

“lower bound” and “upper bound” predictions for the column, respectively. 

 

Figure 5.16 shows the comparison of moment-curvature curves and axial load-lateral 

displacement curves predicted with different stress-strain curves (Curves I to IV in 

Figure 5.15) for specimen R4Le50 which failed by FRP rupture. It is obvious that the 

predicted curves with stress-strain Curves II to IV are much longer than the curves 

predicted with Lam and Teng’s curve (Curve I) and the predicted ultimate loads and 
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deformations are much closer to the test results. As expected, the moment at a given 

curvature predicted with Curve III is the largest, while that predicted with Curve II is 

the smallest. The moment-curvature curve predicted with Curve IV lies between 

these two curves. The same observation applies to the axial load-lateral displacement 

curves in Figure 5.16b. It is interesting to see that the moment-curvature curve and 

the load-displacement curve predicted with Curve IV agree the best with the test 

curves, while those predicted with Curve II and III serve as the “lower bound” and 

“upper bound” predictions, respectively. 

 

Curve IV was then used to predict the responses of the remaining test columns. The 

predicted moment-curvature curves and load-displacement curves are shown in 

Figures 5.13 and 5.14, respectively [curves denoted as “Predicted ( 𝜀𝑐𝑢 =

𝜀𝑐𝑢,𝐸𝐶𝐹, 𝜀ℎ,𝑟𝑢𝑝 = 𝜀ℎ,𝑏𝑎𝑐𝑎𝑙)”]. It is evident that the predicted curves agree more closely 

with the test curves than those predicted with the proposed equations, especially for 

the ultimate condition. However, it can be seen that the ultimate curvature and the 

ultimate displacement of specimen R4Le200 are significantly overestimated as 

shown in Figures 5.13e and 5.14e. This may be due to the errors in capturing the axial 

strains of the concrete at the ECF for this column during the test. The ultimate axial 

strain of the concrete at the ECF is -0.139 (Table 5.2), which is unreasonably large. 

In addition, Figures 5.13 and 5.14 also show that the section moments and axial loads 

are generally underestimated for columns with a relatively large load eccentricity and 

columns with weak-axis bending, which is similar to the results presented in Section 

5.4.2. This is again caused by approximating the stress-strain responses of concrete 

over the entire section by a single stress-strain curve, as well as the lower 

confinement efficiency in the compression zone of columns bent about the weak axis. 
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5.4.3.2. Effect of unconfined concrete strength 

 

It is worth noting that the unconfined concrete strength determined from standard 

concrete cylinder tests (𝑓𝑐
′ ) was used throughout the above theoretical analysis. 

However, as explained in Chapter 3, the compressive strength of unconfined concrete 

in large-scale RC columns (𝑓𝑐𝑜
′ ) has been found to be lower than the cylinder strength. 

A ratio between 𝑓𝑐𝑜
′  and 𝑓𝑐

′  was identified to be 0.94 based on the concentric 

compression tests on large-scale rectangular RC columns. The theoretical analysis 

using 𝑓𝑐𝑜
′ = 0.94𝑓𝑐

′  was also carried out and the predicted curves are shown in 

Figure 5.16 for specimen R4Le50. As expected, the predicted moments and axial 

loads decrease when 𝑓𝑐𝑜
′ = 0.94𝑓𝑐

′ is adopted; the decrease is only small (within 

4%), consistent with the decrease of the unconfined concrete strength (6%). 

 

5.4.3.3. Axial load-moment (N-M) interaction curve 

 

Figure 5.17 shows the theoretical axial load-moment (N-M) interaction curves for 

the columns tested in the present study. The concentric-loading stress-strain model 

for FRP-confined concrete in rectangular columns proposed in Chapter 3 was 

adopted in section analysis to generate the N-M interaction curves . In Figure 5.17, 

any point on the N-M interaction curve represents the ultimate limit state of an FRP-

confined section under a specific combination of axial load and moment. The effect 

of loading direction can be clearly seen in Figure 5.17 by comparing the two N-M 

interaction curves for columns under strong-axis bending and weak-axis bending 

respectively.  
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As has mentioned in Chapter 2, an N-M interaction curve is recommended by ACI-

440.2R (2008) and Concrete society (2012) for the design of RC columns under 

eccentric loading. Comparisons between test results and design methods can be 

achieved by drawing the test results (i.e., axial load-carrying capacities and the 

corresponding section moments) and corresponding N-M curve in the same figure. 

The experimental axial load-carrying capacities and the corresponding section 

moments of the test columns are also drawn in Figure 5.17. It can be seen that the 

points of the experimental results lie close to the corresponding N-M interaction 

curves. Consequently, it can be concluded that the section analysis method based on 

the concentric-loading stress-strain model, similar to that specified by ACI-440.2R 

(2008) and Concrete society (2012), is reasonably accurate for designing FRP-

confined short RC columns. The agreement between the experimental results and the 

theoretical N-M interaction curves indicates that the slenderness effect can be 

negligible for short FRP-confined RC columns and the strain gradient has little effect 

on the load-carrying capacity of the columns. This is also consistent with the results 

in Figure 5.14 which shows that the strain gradient has a significant effect on the 

ultimate displacement but has little effect on the axial load-carrying capacity of the 

test columns.  

 

5.4.3.4. Size effect 

 

In Chapter 3, it has been demonstrated that the existing stress-strain models generally 

underestimate the axial stresses of FRP-confined concrete in the large-scale 

rectangular RC test columns, which contradicts with existing findings on the size 

effect that a larger-scale specimen generally behaves worse than a smaller-scale 
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specimen (Bazant and Kwon 1994). Therefore, it is believed that the size effect is not 

evident in FRP-confined rectangular columns under concentric axial compression. In 

this chapter, it has also been shown that the theoretical column model generally 

predicts lower section moments and axial loads than the test results. This may also 

indicate that the size effect is not obvious in eccentrically-loaded FRP-confined 

rectangular RC columns. Nevertheless, more research is needed to further clarify this 

effect in the future. 

 

5.5. CONCLUSIONS 

 

This chapter has presented the test results of a series of large-scale CFRP-confined 

rectangular RC columns subjected to eccentric loading. These columns have the 

largest dimensions among all columns that have ever been tested to the best of the 

author’s knowledge. The effects of load eccentricity, CFRP jacket thickness, and 

loading direction have been investigated in detail. Jiang and Teng’s (2012a) 

theoretical column model with some modifications has been used to predict the 

responses of the test columns. The strain gradient effect in these eccentrically-loaded 

columns has been given particular attention. Based on the test results and discussions 

presented in this chapter, the following conclusions can be drawn: 

(1) The provision of CFRP confinement enhances both the load-carrying capacity 

and deformation ductility of large-scale FRP-confined rectangular RC columns 

under both strong-axis bending and weak-axis axis bending. 

(2) Both the axial load-axial shortening curves and axial load-lateral displacement 

curves of the test columns exhibit a two-segment shape with either an ascending 

or descending second branch; the columns with weak-axis bending generally 
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have a descending second branch due to the small bending resistance around the 

weak axis, as well as the lower FRP confinement efficiency in the compression 

zone for columns bent about the weak axis; the axial load-carrying capacity 

decreases as the load eccentricity increases. 

(3) The plain section assumption which is generally employed in column analysis is 

still valid for FRP-confined rectangular RC columns. 

(4) The ultimate axial strain at the centre of the extreme compression face of an 

eccentrically-loaded column has been found to be much larger than the ultimate 

axial strain of the corresponding concentrically-loaded column, which is believed 

to be caused by the strain gradient effect. 

(5) The maximum FRP hoop strain at the ultimate condition of an eccentrically-

loaded rectangular RC column is generally located at the mid-width of the 

extreme compression face; the average maximum FRP hoop strain for the 

eccentrically-loaded columns with FRP rupture is slightly lower but close to the 

average value of concentrically-loaded columns presented in Chapter 3. 

(6) The theoretical column model of Jiang and Teng (2012a) utilizing a concentric-

loading stress-strain model (e.g., Lam and Teng 2003b) substantially 

underestimates both the load-carrying capacity and the ductility of the 

eccentrically-loaded rectangular RC columns, while the predictions agree much 

better with the test results in terms of the ultimate condition if the experimental 

ultimate axial strain at the extreme compression face is directly used, which 

indicates that the strain gradient effect should not be ignored in the theoretical 

analysis. 

(7) The theoretical column model is reasonably accurate in predicting section 

moments and axial loads, implying that ACI-440.2R (2008) and Concrete society 
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(2012) are generally suitable for designing FRP-confined short RC columns. This 

may also mean that the size effect is not obvious in eccentrically-loaded FRP-

confined rectangular RC columns, although more research is needed to further 

clarify this effect in the future.  
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Table 5.1. Test specimens 

Specimen 
ℎ 

(mm) 

𝑏 

(mm) 

𝑡𝑓 

(mm) 

𝑒 

(mm) 
𝑓𝑐

′ 

(MPa) 
𝜀𝑐𝑜 

𝐸𝑐 

(GPa) 
Corbel 

R3Le50 435 290 1.002 50 26.11 0.00256 24.3 N 

R4Le50 435 290 1.336 50 26.11 0.00256 24.3 N 

R4Le100 435 290 1.336 100 32.93 0.00248 28.1 Y 

R4Le150 435 290 1.336 150 32.93 0.00248 28.1 Y 

R4Le200 435 290 1.336 200 26.11 0.00256 24.3 Y 

R4Le35w 435 290 1.336 35 32.93 0.00248 28.1 Y 

R4Le70w 435 290 1.336 70 32.93 0.00248 28.1 Y 

R4Le105w 435 290 1.336 105 32.93 0.00248 28.1 Y 

R0Le50 435 290 / 50 32.93 0.00248 28.1 N 

R4Le0 435 290 1.336 0 30.79 0.00252 26.3 N 
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Table 5.2. Test results 

Specimen 𝑃𝑚𝑎𝑥 
(kN)

 

𝑃𝑚𝑎𝑥

𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑠

 
Moment at peak load (kNm) 

Lateral 
displacement

(mm) 

Axial strain at peak load 
𝑃𝑢 

(kN) 

Maximum hoop 
strain at ultimate 

𝜀ℎ,𝑢_𝑚𝑎𝑥 
𝜀𝑐𝑢_𝐸𝐶𝐹 Failure mode 

Primary Secondary Total 𝜀𝑐𝑐_𝐸𝐶𝐹 𝜀𝑐𝑐_𝐸𝑇𝐹 𝜀𝑐𝑐_𝑆𝐹 

R3Le50 4264.9 0.906 213.3 214.5 427.8 50.3 -0.0660 0.0293 -0.0323 4048.8 0.0146 (SG32) -0.0869 FRP Rupture 

R4Le50 4507.2 0.957 225.4 202.8 428.2 45.0 -0.0635 0.0297 -0.0250 4219.1 0.0138 (SG32) -0.0913 FRP Rupture 

R4Le100 3906.9 0.706 390.7 99.6 490.3 25.5 -0.0346 0.0340 -0.0031 3312.9 0.0127 (SG12) -0.0961 FRP Rupture 

R4Le150 2926.4 0.529 438.9 61.63 500.4 21.0 -0.0235 0.0442 0.0025 2373.6 0.0122 (SG13) -0.0833 Stability Failure 

R4Le200 2208.1 0.469 441.6 55.2 496.8 25.0 -0.0591 0.0644 0.0019 1753.8 0.0075 (SG32) -0.1390 Stability Failure 

R4Le35w 5123.2 0.926 179.3 112.2 291.5 21.9 -0.0351 0.0136 -0.0070 4098.6 0.0106 (SG27) -0.0749 Stability Failure 

R4Le70w 3634.0 0.657 254.4 48.2 302.7 13.3 -0.0119 0.0077 -0.0029 2907.2 0.0071 (SG27) -0.0388 Stability Failure 

R4Le105w 2693.9 0.487 282.9 19.1 302.0 7.1 -0.0076 0.0055 -0.0014 2154.4 0.0056 (SG27) -0.0489 Stability Failure 

R4Le0 6457.6 1.278 / / / / -0.0248 / / / 0.0137 -0.0248 FRP Rupture 

R0Le50 3200.3 0.578 160.0 11.3 171.3 3.54 -0.0013 0.0004 / / / / Concrete Crushing 
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(a) R4Le100 

 
(b) R4Le50 

Figure 5.1. Geometry and reinforcement details  
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(a) LVDTs 
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(b) Strain gauges 

Figure 5.2. Locations of LVDTs and strain gauges 
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R4Le50                    R4Le150 

(a) FRP rupture at the compression face 

    
       R4Le35w       Cracks at the tension face  Wrinkles at the compression face 

(b) Stability failure 
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(c) Concrete Crushing 

Figure 5.3. Typical failure of test specimens 
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(a) Specimens under strong axis bending  

 

  
(b) Specimens under weak axis bending 

Figure 5.4. Axial load-axial shortening curves 
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  (a) R3Le50 

 

  
(b) R4Le50 

 

 
(c) R4Le100 
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(d) R4Le150 

 

  
(e) R4Le200 

 

 
(f) R4Le35w 
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  (g) R4Le70w 

 

   
(h) R4Le105w 

      Figure 5.5. Axial load-axial strain curves 
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(a) R4Le100 

 

  
(b) R4Le150 

Figure 5.6. Axial strain distributions over the mid-height section at different 

deformation states 
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(a) Specimens under strong axis bending 

 

 
(b) Specimens under weak axis bending 

Figure 5.7. Moment-curvature curves of the mid-height section 
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     (a) R3Le50 

 

 
(b) R4Le50 

 

  
(c) R4Le100 
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(d) R4Le150 

 

      

(e) R4Le200 

 
(f) All specimens (mid-height) 

Figure 5.8. Axial load-lateral displacement curves of specimens under strong 

axis bending 
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(a) R4Le35w 

 

 
(b) R4Le70w 

 

 
(c) R4Le105w 
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(d) All specimens (mid-height) 

Figure 5.9. Axial load-lateral displacement curves of specimens under weak axis 

bending 
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Figure 5.10. Strain and stress profiles over an FRP-confined rectangular RC section 
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(a)  Section analysis                 (b) Column analysis 

Figure 5.11. Flowcharts of section analysis and column analysis 
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 (a) Moment-curvature curves 

 

   

 (a) Load-displacemeent curves 

Figure 5.12. Comparison between test results and predictions for specimen R0Le50 
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(a) R3Le50 

    

  
  (b) R4Le50 
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(c) R4Le100 

  

 
  (d) R4Le150 
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(e) R4Le200 

 

 
(f) R4Le35w 
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(g) R4Le70w 

 

       

(h) R4Le105w 

Figure 5.13. Comparison of moment-curvature curves between test results and 

predictions 
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(a) R3Le50 

     

      
(b) R4Le50 
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(c) R4Le100 

   

   
(d) R4Le150 
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(e) R4Le200 

 

 
(f) R4Le35w 
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(g) R4Le70w 

 

    
(h) R4Le105w 

Figure 5.14. Comparison of axial load-lateral displacement curves between test 

results and predictions 
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Figure 5.15. Four stress-strain curves for FRP-confined concrete 
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(a) Moment-curvature curves 

 

  
(b) Axial load-lateral displacement curves 

Figure 5.16. Effects of different stress-strain curves and unconfined concrete 

strength on the predicted load-deformation responses 
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Figure 5.17. N-M interaction curves for FRP-confined rectangular RC columns 
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CHAPTER 6 

  

BEHAVIOUR OF LARGE-SCALE FRP-CONFINED 

RECTANGULAR LONG RC COLUMNS UNDER 

ECCENTRIC LOADING 

 

 

6.1. INTRODUCTION 

 

Chapters 3 and 5 have presented the behaviour of large-scale FRP-confined 

rectangular RC columns under concentric and eccentric loading, respectively. 

However, the columns discussed in these two chapters are relatively short, in which 

the second-order effect is relatively small. For a column subjected to eccentric loading 

(i.e., combined axial compression and bending), the lateral displacement of the column 

causes the internal bending moments to be larger than those on the un-deflected 

column. The lateral displacement of a short column is relatively small which means 

that the second-order effect is also small. However, for a long column, the second 

order effect can be very substantial and must be considered in design. In fact, long RC 

columns are more commonly encountered in practice (e.g., more than half of the 

columns in a braced RC frame should be designed as slender columns) (Fitzwilliam 

and Bisby 2006, 2010). This chapter is therefore concerned with the investigation of 

the slenderness effect in large-scale FRP-confined rectangular RC columns under 
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eccentric loading through a systematic experimental study as well as theoretical 

analysis. 

 

Although numerous studies have been conducted on both concentrically-loaded and 

eccentrically-loaded FRP-confined rectangular RC columns (e.g., Challal and 

Shahawy 2000; Sadeghian et al. 2010), designers around the world have been faced 

with difficulties when attempting to design FRP jackets to strengthen such columns. 

This is predominantly because the current design provisions in most of the design 

guidelines are restricted to the design of FRP jackets for short RC columns with the 

slenderness effect being ignored (Jiang and Teng 2012b). It has been found that FRP 

confinement increases the slenderness effect of RC columns which means that an RC 

column originally classified as a short column may need to be considered as a slender 

column after FRP confinement (Jiang and Teng 2012b). As a result, existing 

slenderness limit expressions for conventional short RC columns in various design 

guidelines for RC structures cannot be directly adopted for FRP-confined RC columns. 

The slenderness limit refers to the column slenderness that separates short columns 

from slender columns. Only two FRP design guidelines (i.e., GB 50608 2010; 

Concrete Society 2012) offer a clear definition of short columns to differentiate them 

from slender columns. However, these specifications have been established mainly 

based on existing experimental and/or theoretical studies on FRP-confined circular 

columns (Jiang and Teng 2012a, b; Jiang and Teng 2013); the application of these 

specifications to FRP-confined rectangular RC columns has never been properly 

verified. Moreover, existing studies have been mainly focused on small-scale FRP-

confined concrete columns; whether the conclusions reached in these studies can be 

extrapolated to large-scale RC columns remains highly uncertain. 
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Against the above background, an experimental programme involving five 

eccentrically-loaded large-scale rectangular RC columns with different slenderness 

ratios was carried out and the test results are presented in this chapter. To the best of 

the author’s knowledge, these columns had the largest section dimensions among such 

columns that had ever been tested under eccentric loading. In addition to the 

presentation of test results, theoretical analysis using the revised theoretical column 

model of Jiang and Teng (2013) is conducted and the predicted results are compared 

with the test results. In addition, the design equations in the Chinese Code for 

Infrastructure Application of FRP Composites (GB 50608 2010) are compared with 

test results to illustrate their applicability and accuracy. 

 

6.2. EXPERIMENTAL PROGRAMME 

 

6.2.1. Column Specimens 

 

The experimental programme included eccentric compression tests on five large-scale 

FRP-confined rectangular long RC columns. All the columns had an identical corner 

radius of 45 mm and were all bent around the strong axis of the rectangular section. 

The specimen details [including the column length (𝐿), section dimensions (ℎ  𝑏), 

FRP jacket thickness (𝑡𝑓), load eccentricity (𝑒), unconfined concrete cylinder strength 

(𝑓𝑐′), axial strain at peak axial stress of unconfined concrete (𝜀𝑐𝑜), and elastic modulus 

of unconfined concrete (𝐸𝑐)] are given in Table 6.1. The column length (𝐿) represents 

the clear length of the column excluding the thickness of the steel plates at the two 

ends (40 mm, see Figure 6.1). The slenderness ratio and the load eccentricity are the 
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key variables. It should be mentioned that in this chapter the slenderness ratio is 

defined as the effective length of a rectangular column divided by the length of the 

longer side of the section (i.e., 𝑙𝑒 ℎ⁄ ). As all the columns were tested under double 

pin-ended condition with equal load eccentricities at two ends, the effective length (𝑙𝑒) 

is equal to the distance between the centres of the two steel rollers at the ends of the 

column (Figure 6.2b).  

 

Each column was longitudinally reinforced with ten 20-mm-diameter steel bars, 

leading to a longitudinal steel reinforcement ratio of 2.52%. Each column was 

designed with a test portion near the mid-height where failure was expected to occur, 

and a 300-mm-long region at each end as the loading portion. The loading portions 

were heavily reinforced with steel stirrups of 8-mm-diameter steel bars at a centre-to-

centre spacing of 100 mm, while a larger spacing of steel stirrups of 200 mm to 300 

mm was adopted in the test portion (Figure 6.1). Figure 6.1 illustrates the steel 

reinforcement details of Specimen R3Le50-5h as a typical example. 

 

For ease of reference, each column was given a name, which starts with the letter “R” 

indicating the rectangular column section shape, followed by a number and a capital 

letter “L” representing the number of layers of FRP. This is then followed by a lower 

case letter “e” together with a number to indicate the load eccentricity. The name ends 

with a number approximately equal to the height over section depth ratio (𝐿 ℎ⁄ ). 

 

6.2.2. Preparation of Specimens and Material Properties 

 

The preparation process of the test columns is similar to that described in Chapter 5 
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for FRP-confined rectangular short RC columns. The carbon FRP (CFRP) and steel 

reinforcement are identical to those used in the short columns in Chapter 3; the 

material properties of FRP and steel bars can be found in Chapter 3. The properties of 

unconfined concrete were obtained from compression tests on three standard circular 

concrete cylinders according to ASTM C469 (2002) (Table 6.1). 

 

6.2.3. Instrumentation and Test Set-up 

 

For each column specimen, totally eleven linear variable differential transformers 

(LVDTs) were installed to measure axial shortenings and lateral displacements of the 

column. Four of them were centred at the four column faces, covering a gauge length 

of 300 mm (LVDTs 1 to 4); two of them were employed to measure the full-height 

shortening of the column (LVDTs 10 and 11); the other five LVDTs (LVDTs 5 to 9) 

were used to measure the lateral displacements at five different heights of the column 

(Figure 6.2a). The centre-to-centre spacing of LVDTs 5 to 9 was 400 mm. 

 

One strain gauge (SG) with a gauge length of 5 mm was installed on each longitudinal 

steel bar at the mid-height of the column to measure strains of the steel bar (Figure 

6.2b). Waterproof coating was applied to protect the strain gauges on the steel bars. A 

large number of strain gauges were installed on the surface of the FRP jacket at two 

levels: 1) the mid-height level (i.e., Level 1-1), and 2) 400 mm above the mid-height 

level (i.e., Level 2-2) (Figure 6.2b). For each level, the strain gauges were installed at 

the mid-width of the column face, the centre of each rounded corner, and the transition 

point between each rounded corner and the adjacent flat sides, totalling 20 strain 

gauges at each level (Figure 6.2b). It should be noted that, for each level, two one-
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directional strain gauges were used to measure both axial strains and hoop strains in 

the FRP jacket at the mid-width of each column face, while only one strain gauge was 

used to measure the hoop strain in the FRP jacket at other places (see Figure 6.2a). 

 

The test set-up and testing machine are the same to those described in Chapter 5 for 

short columns. A steel roller was used at each end of the column to achieve the double 

pin-ended condition (Figures 6.2b and 6.3). The specimens were preloaded with an 

axial load of around 20% of the estimated load-carrying capacity of the corresponding 

unconfined RC column at a rate of 3 kN/s and then unloaded. The columns were first 

loaded with a load control mode at a rate of 5 kN/s until 80% of the estimated load-

carrying capacity had been reached. Afterward, a displacement control mode at a 

loading rate of 0.72 mm/min was adopted until FRP rupture occurred or the applied 

axial load dropped below 80% of the peak load (i.e., the maximum load), whichever 

occurred first. All test data, including axial loads, displacements, and strains were 

recorded by an automatic data acquisition system simultaneously (TML ASW-50C 

switching box). 

 

6.3. EXPERIMENTAL OBSERVATIONS AND DISSCUSSIONS 

 

6.3.1. Overall Behaviour 

 

Two failure modes were observed for the test columns: FRP jacket rupture due to hoop 

tension (i.e., material failure) and stability failure where the column exhibited severe 

deformation without FRP rupture. The failure modes of the test columns are 

summarized in Table 6.2. Figure 6.4 shows photos of columns with the two failure 
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modes. For the specimen with FRP rupture failure (i.e., Specimen R3Le50-5h), tensile 

cracks first appeared at the extreme tension face (ETF) of the column accompanied by 

noises associated with the cracking of epoxy. A huge sound and a substantial drop in 

the axial load occurred with the sudden rupture of the FRP jacket at the extreme 

compression face (ECF) near the mid-height. For specimens with stability failure (i.e., 

specimens R4Le100-5h, R3Le100-5h, R3Le50-6h and R3Le50-7h), tensile cracks 

also appeared on the tension face of the column with noises of cracking of epoxy; the 

deformation (such as axial shortenings, lateral displacements, and FRP hoop strains) 

of the column kept increasing until a drop of 20% in the peak load was reached without 

FRP rupture. As all the columns were wrapped with a CFRP jacket with fibres oriented 

only in the hoop direction, the cracks on the tension face of the column were horizontal 

and parallel to each other with the maximum crack normally occurring near the mid-

height. No debonding of the FRP jacket from the concrete was observed for all the test 

columns. An inspection of the failed FRP-confined columns revealed the buckling of 

longitudinal steel bars in the compression zone, due to large deformations experienced 

by the columns. 

 

The key test results of the columns at the peak axial load are summarized in Table 6.2 

and the results at the ultimate condition are summarized in Table 6.3. In this chapter, 

compressive stresses/strains in concrete are defined to be negative, whereas the hoop 

stresses/strains in the FRP jacket are defined to be positive, unless otherwise specified. 

In Table 6.2, 𝜀𝑐𝑐_𝐸𝐶𝐹 and 𝜀𝑐𝑐_𝐸𝑇𝐹 refer to axial strains at the mid-width of the ECF 

and ETF at the peak load, respectively, and 𝜀𝑐𝑐_𝑆𝐹 refers to axial strains at the mid-

width of side faces at the peak load. In Table 6.3, 𝜀𝑐𝑢_𝐸𝐶𝐹 refers to axial strains at the 

ECF at the ultimate condition and 𝜀ℎ,𝑢_𝑚𝑎𝑥   refers to maximum FRP hoop strains 
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recorded by all the hoop strain gauges at the ultimate condition. For ease of 

comparison, the test results of two short (𝐿 ℎ⁄  = 3.0) RC columns from Chapter 5 

(R0Le50 and R3Le50) are also given in Table 6.2. The two specimens and those 

presented in this chapter were cast with the same batch of concrete. The peak axial 

loads normalized by the theoretical load-carrying capacity of the corresponding 

concentrically-loaded unconfined RC column (𝑓𝑐′𝐴𝑐 + 𝑓𝑦𝐴𝑠 , where 𝑓𝑦  is the yield 

stress of longitudinal steel bars; 𝐴𝑐  and 𝐴𝑠  are the cross-sectional areas of the 

concrete and the steel bars, respectively) are also provided in Table 6.2. From Table 

6.3, it can be seen that the magnitudes of 𝜀𝑐𝑢_𝐸𝐶𝐹 of eccentrically-loaded columns are 

considerably higher than the ultimate axial strain of the concentrically-loaded column 

R4Le0 (Chapter 3), although specimen R4Le0 had one more layer of CFRP. The same 

observation has been made on eccentrically-loaded short RC columns in Chapter 5. 

 

6.3.2. Axial Load-Shortening Responses 

 

As discussed in Chapter 5, the axial shortenings of the test columns can be obtained 

from either the testing machine output or the readings from the full-height LVDTs 

(LVDTs 10 and 11 in Figure 6.2a). The axial shortenings from the former are generally 

larger than those from the latter, as the former include deformation from the other 

sources, such as the deformation of the loading system. Therefore, the shortenings 

averaged from the readings of the full-height LVDTs are used in the subsequent 

discussions unless otherwise specified. The axial load-axial shortening curves of the 

test columns are shown in Figure 6.5. The curves of two short columns from Chapter 

5 (R3Le50 and R0Le50) are also shown in the figure for comparison. The axial load-

axial shortening curves of all FRP-confined columns exhibit two stages with a long 
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second segment, indicating the highly ductile behaviour of these columns. 

 

Figure 6.5a shows a comparison of the axial load-axial shortening curves of columns 

with different slenderness ratios. It can be seen that the slenderness ratio has a 

significant effect on the axial load-axial shortening response. The short column 

R3Le50 had an axial load-axial shortening curve with an ascending second branch (i.e., 

hardening behaviour), while the long columns tended to possess a descending second 

branch. Figure 6.5a also shows that an increase in the slenderness ratio leads to a 

decrease in both the peak axial load and the slope of the second branch. Figure 6.5b 

shows the axial load-axial shortening curves for columns with the same slenderness 

ratio but different load eccentricities and layers of FRP. As expected, the load 

eccentricity is seen to have a detrimental effect on the peak axial load (by comparing 

curves of columns R3Le50-5h and R3Le100-5h in Figure 6.5b). By comparing curves 

of columns R3Le100-5h and R4Le100-5h, it can be seen that a column with a higher 

FRP confinement level has a larger peak axial load and a slightly larger ultimate axial 

shortening, while the over-all shapes of the axial load-axial shortening curves 

(including the slopes of the second branches) for the two columns are very similar 

(Figure 6.5b). 

 

6.3.3. Moment-Curvature Responses 

 

Figure 6.6 shows the moment-curvature curves of the mid-height section of all the test 

columns. The bending moment of the mid-height section was calculated by 

multiplying the axial load by the actual load eccentricity (equal to the initial load 

eccentricity plus the lateral displacement) of the mid-height section. Figure 6.6a shows 
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that at a given curvature, the moment is larger for a column with a larger slenderness 

ratio at the early stage of loading. However, the ultimate moment of R3Le50 is larger 

than that of R3Le50-5h. One interpretation is that at the second stage, the decrease of 

axial load of a column with a larger slenderness ratio is quicker than that with a smaller 

slenderness ratio, leading to a larger moment at a given curvature in the latter. It is also 

clearly seen that the ultimate curvatures are independent on the slenderness ratio. The 

ultimate curvatures of the columns failed by FRP rupture are relatively larger than 

those of the columns that experienced stability failure. 

 

Figure 6.6b shows that the increase of FRP confinement level significantly increases 

the section moment at a given curvature (R3Le100-5h vs. R4Le100-5h). This is 

because FRP confinement significantly increases the axial load-carrying capacity of 

the column (Figure 6.5b). A comparison of the moment-curvature curves of specimens 

R3Le100-5h and R3Le50-5h shows that the moment of R3Le100-5h is larger than that 

of R3Le50-5h at a given curvature, although the axial load of the former is smaller 

than that of the latter at a given axial shortening as shown in Figure 6.5b. The larger 

moment in R3Le100-5h is caused by a larger initial load eccentricity, leading to a 

larger first order moment (Table 6.2). 

 

6.3.4. Axial Load-Lateral Displacement Responses 

 

Figure 6.7 shows the axial load-lateral displacement curves for the test columns. The 

lateral displacements were obtained from readings of the lateral LVDT at the mid-

height (Figure 6.2). Similar to the axial load-axial shortening response, all the FRP-

confined long RC columns (with an 𝐿 ℎ⁄  larger than 3.0) exhibited a softening axial 
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load-lateral displacement response. Figure 6.7a shows that the ultimate lateral 

displacements of the long columns (i.e., columns R3Le50-5h, R3Le50-6h, R3Le50-

7h) are close to each other but are significantly larger than that of the short column 

(column R3Le50-3h). It is also seen that the slope of the load-displacement curve 

before the peak axial load decreases more rapidly with load for a more slender column. 

Figure 6.7b shows that the load eccentricity and the FRP confinement level both have 

a significant effect on the axial load-lateral displacement response, which is similar to 

the case of axial load-axial shortening response in Figure 6.5b. 

 

6.3.5. FRP Hoop Strains at Ultimate Condition 

 

The maximum FRP hoop strains at the ultimate condition (𝜀ℎ,𝑢_𝑚𝑎𝑥 ) of the test 

columns are listed in Table 6.3. The strain gauge location at which the maximum FRP 

hoop strain was captured is also indicated in the table. It can be seen that 𝜀ℎ,𝑚𝑎𝑥 was 

located on the ECF at the mid-height for all the test columns (SG12 or SG13 in Table 

6.3), which indicates that FRP confinement is the highest at the ECF. The maximum 

FRP hoop strain of column R3Le50-5h, which experienced FRP rupture failure, is 

larger than those of the other specimens with stability failure (Table 6.3). From Table 

6.3, it is not difficult to observe that the maximum FRP hoop strain at the ECF 

decreases with an increase in the column slenderness. This is because a more slender 

column is more likely to fail by instability. Thus, the concrete at the ECF of the mid-

height section of a more slender column needs less deformation in order to reach the 

ultimate condition of the column (corresponding to 80% of its peak axial load), which 

means a lower utilization ratio for the FRP jacket in a more slender column. 
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6.4. THEORETICAL ANALYSIS 

 

6.4.1 Theoretical Column Model 

 

The theoretical column model of Jiang and Teng (2012a) was again employed to 

predict the responses of the long test columns. A brief introduction of this model can 

be found in Chapter 5. The concentric-loading stress-strain model of Lam and Teng 

(2003b) with the proposed equations for ultimate axial stress and ultimate axial strain 

was used to represent the stress-strain behaviour of FRP-confined concrete in the 

eccentrically-loaded rectangular RC columns presented in this chapter. The proposed 

equations (Eqns 3.4 and 3.5) have been demonstrated in Chapter 3 to provide 

reasonably accurate predictions for the stress-strain behaviour of FRP-confined 

concrete in concentrically-loaded large-scale rectangular RC columns. In calculating 

the ultimate condition (i.e., ultimate axial stress and ultimate axial strain) of FRP-

confined concrete, an FRP strain efficiency factor of 0.661 obtained from the 

accompanying FRP-confined concrete circular cylinder tests was used (see Chapter 3). 

The longitudinal steel bars were assumed to behave in an elastic perfectly plastic 

manner. 

 

It has been shown in Chapter 5 that the direct use of a concentric-loading stress-strain 

model would give underestimation of the ultimate condition of eccentrically-loaded 

RC columns, especially the ultimate deformation (Jiang et al. 2014; Lin and Teng 

2017). This is mainly attributed to the omission of strain gradient effect which causes 

a larger ultimate axial strain at the ECF for an eccentrically-loaded column than that 

of the corresponding concentrically-loaded column (Jiang et al. 2014; Lin and Teng 



 

277 
 

2017; Chapter 5). On the other hand, as most of the long test columns failed by 

instability without FRP rupture (Table 6.2), the direct use of the FRP rupture strain in 

the stress-strain model may lead to an overestimation of the ultimate condition of these 

columns. As has mentioned in Chapter 5, the column effective length, which is larger 

than the clear height of the test column (see Figure 6.2), was adopted in the theoretical 

model and the same column section assigned to all the grid points along the column 

height for simplicity. This simplification has been found to lead to negligible errors 

due to the small section moments near the two ends.  

 

6.4.2 Comparisons and Discussions 

 

The theoretical and experimental moment-curvature curves for all the eccentrically-

loaded columns are compared in Figure 6.8, while the theoretical axial load-lateral 

displacement curves are compared with the test results in Figure 6.9. The maximum 

FRP hoop strains (𝜀ℎ,𝑢_𝑚𝑎𝑥) at the ultimate condition are also shown in the test curves 

in Figures 6.8-6.9. It can be seen from Figure 6.8 that the predicted moment-curvature 

curves also exhibit a two-segment shape similar to the test curves. However, the 

predicted curves are significantly shorter than the test curves, leading to 

underestimations in both the ultimate curvature and the moment capacity. Figure 6.9 

also shows that the predicted axial load-lateral displacement curves have a similar 

shape to the test curves but the former are significantly shorter than the latter. The 

theoretical column model overestimates the peak axial loads for columns with a load 

eccentricity of 100 mm (i.e., R4Le100-5h and R3Le100-5h), but slightly 

underestimate the test results for columns with a load eccentricity of 50 mm (Figures 

6.9c-e). The overestimation of the peak axial loads for most of the test columns (Figure 
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6.9) may have been caused by the overestimation of the unconfined concrete strength. 

In the present theoretical analysis, the cylinder strength of unconfined concrete (𝑓𝑐′) 

was used, while in Chapter 3, a reduction factor of 0.94 was identified for the 

compressive strength of unconfined concrete in a large-scale RC column (i.e., 𝑓𝑐𝑜′ =

0.94𝑓𝑐
′).  

 

The underestimation of the ultimate curvature/displacement of the test columns is 

mainly caused by the direct use of a concentric-loading stress-strain model for FRP-

confined concrete in which the strain gradient effect is ignored. As mentioned earlier, 

the strain gradient effect leads to a larger ultimate axial strain at the ECF in an 

eccentrically-loaded column than the ultimate axial strain obtained in a concentrically-

loaded column (Table 6.3; Jiang et al. 2014; Lin and Teng 2017). In order to examine 

the strain gradient effect, the experimental ultimate axial strains at the ECF of the test 

columns were directly used in the theoretical column model as discussed in Chapter 5. 

The ultimate axial stresses were calculated using the FRP hoop rupture strains back-

calculated from the ultimate axial strains using Eqns 3.4 and 3.5 (see Chapter 5). The 

predicted moment-curvature curves and axial load-lateral displacement curves using 

this method are shown in Figures 6.8-6.9. It is evident that the predicted curves using 

this method agree much more closely with the test curves than those predicted with 

the concentric-loading stress-strain model, especially for the ultimate condition.  

 

6.5. VERIFICATION OF DESIGN EQUATIONS 

 

6.5.1. Design Equations in GB 50608 (2010) and Concrete Society (2012) 
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As discussed in the preceding sections, only two FRP design guidelines (i.e., GB 

50608 2010; Concrete Society 2012) have specified design provisions for FRP-

confined rectangular slender RC columns in which the second-order effect is included. 

As has been reviewed in Chapter 2, GB 50608 (2010) provides explicit design 

equations for the load-carrying capacity of FRP-confined rectangular slender RC 

columns under eccentric loading, while Concrete Society (2012) provides a simple 

procedure for establishing the axial load-moment (N-M) interaction curve and adopts 

the moment magnifier method for the calculation of the load-carrying capacity of 

slender columns. The detailed description of the equations in GB 50608 (2010) can be 

found in Chapter 2 (i.e., Eqn 2.82 to 2.91 for the load-carrying capacity; Eqns 2.92 to 

2.93 for the slenderness limit). The two design guidelines offer identical expressions 

for the slenderness limit for FRP-confined rectangular short RC columns. These 

equations, however, have never been verified against experimental results of large-

scale FRP-confined rectangular RC columns. In this section, the predictions of GB 

50608 (2010) and Concrete Society (2012) are compared with the test results of the 

present study to evaluate the accuracy of these two design guidelines. Note that the 

stress-strain model for FRP-confined concrete in rectangular columns proposed in 

Chapter 3 was adopted in making the predictions using the procedures given in these 

two design guidelines and the partial safety factors were set to unity for both cases. 

Apart from the test long columns presented in this chapter, the short columns from 

Chapter 5 are also included for the comparison. 

 

For both GB-50608 (2010) and Concrete Society (2012), an additional eccentricity is 

required in the design of an RC column under eccentric loading. However, this 

provision is for real RC columns with an unintended load eccentricity due to 
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construction errors or geometric imperfections. For the test columns fabricated in the 

laboratory, such an additional eccentricity may not be needed due to the good control 

of the column quality. In the present study, both cases (i.e., with and without the 

additional load eccentricity, ea) were considered for comparison. 

 

6.5.2. Load-Carrying Capacity 

 

The comparison of load-carrying capacities between the predictions of GB 50608 

(2010) and the test results are shown in Figure 6.10. The mean (M) and the standard 

deviation (SD) between the theoretical values and the experimental values 

(𝑡ℎ𝑒𝑜𝑖 𝑒𝑥𝑝𝑖⁄ ) (Chapter 3) are also given in the figure. Note that the section moment in 

Figure 6.10 refers to the moment of the mid-height section corresponding to the peak 

axial load. As can be seen in Figure 6.10, the calculated load-carrying capacities are 

in reasonably close agreement with the test results, indicating the good accuracy of the 

design equations in GB 50608 (2010). As expected, the predicted axial load-carrying 

capacity when the additional load eccentricity is considered is lower but the section 

moment is larger than those without considering the additional load eccentricity. It can 

be seen that the predicted axial load-carrying capacities (𝑁𝐺𝐵) without considering the 

additional eccentricity are closer to the test results and those with the additional 

eccentricity are conservative in most cases. However, the predicted section moments 

(𝑀𝐺𝐵) are closer to the test results when the additional eccentricity is considered. In 

addition, it can be found that the design equations provide more conservative 

predictions for the load-carrying capacities of specimens with a smaller slenderness 

ratio (specimens with larger axial load-carrying capacities in Figure 6.10a). 
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Figure 6.11 shows the comparison of load-carrying capacities between the predictions 

of Concrete Society (2012) and the test results. As can be seen in Figure 6.11, the axial 

load-carrying capacities (𝑁𝐶𝑆 ) of the test columns are generally overestimated by 

Concrete Society (2012) if the additional load eccentricity is not introduced. When the 

additional load eccentricity is introduced, the predicted axial load-carrying capacities 

are closer to the test results but many of them are still overestimated (Figure 6.11a). 

The predicted section moments (𝑀𝐶𝑆 ) with and without considering the additional 

eccentricity are both close to the test results. However, they are less conservative than 

the predictions of GB 50608 (2010) even when the additional eccentricity is 

considered. 

 

6.5.3. Slenderness Limit 

 

In order to evaluate the accuracy of Eqn 2.92-2.93, a parametric study using the 

theoretical column model described in Section 6.4 was carried out. The parametric 

study was carried out on a reference rectangular RC column (𝑓𝑐′=25 MPa, 𝜀𝑐𝑜=0.0025, 

𝑓𝑦 =335MPa, 𝐸𝑠 =200 GPa, ℎ =450 mm, 𝑏 =300 mm, 𝜌𝑙 =2.36%) (Jiang and Teng 

2012a). It was found that the main variables influencing the slenderness limit of a 

rectangular RC column include the eccentricity ratio 𝑒1 𝑒2⁄  , the normalized 

eccentricity 𝑒2 ℎ⁄ , the strength enhancement ratio 𝑓𝑐𝑐′ 𝑓𝑐𝑜
′⁄ , and the strain ratio 𝜌𝜀 =

𝜀𝑐𝑢 𝜀𝑐𝑜⁄  (Jiang and Teng 2012a). The values of these variables covering wide ranges 

of practical applications are listed in Table 6.4. Numerical results for the slenderness 

limit corresponding to the 5% axial load reduction criterion are compared with the 

results predicted with Eqn 2.92 in Figure 6.12. It can be clearly seen that Eqn 2.92 is 

conservative for all cases of FRP-confined rectangular RC columns, which is 
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consistent with the findings in Jiang and Teng (2012b). Therefore, Eqn 2.92 can be 

safely used to obtain the conservative slenderness limit of large-scale FRP-confined 

rectangular RC columns. 

 

6.6. CONCLUSIONS 

 

This chapter has presented the results of eccentric compression tests on a series of 

large-scale long FRP-confined rectangular RC columns with different slenderness 

ratios and load eccentricities. The tests results have been presented and compared with 

numerical results from the theoretical column model of Jiang and Teng (2012a) with 

some modifications. On the basis of the results and discussions presented in this 

chapter, the following conclusions can be drawn: 

(1) The test columns under eccentric loading exhibited a very ductile behaviour; FRP 

confinement substantially enhanced both the load-carrying capacity and the 

ductility of the columns. With an increase in the slenderness ratio, the column 

shifts from a material failure (FRP rupture) mode to a stability failure mode 

without FRP rupture. 

(2) The axial load-carrying capacity of the test columns decreases with an increase in 

either the slenderness ratio or the load eccentricity; the ultimate mid-height lateral 

displacement appears to be little affected by these two variables. 

(3) The ultimate axial strain at the extreme compression face of an eccentrically-

loaded column is considerably higher than the ultimate axial strain of a 

corresponding concentrically-loaded column. 

(4) Jiang and Teng’s (2012a) model with some modifications predicts similar shapes 

for the axial load-lateral displacement curves and the moment-curvature curves to 
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those of the test curves, but the predicted curves are significantly shorter than the 

test curves, while the predictions agree much better with the test results if the 

experimental ultimate axial strain at the extreme compression face is directly used, 

which indicates that the strain gradient has a significant effect on the column 

responses and should not be ignored in the theoretical analysis. 

(5) The equation for the slenderness limit for FRP-confined rectangular RC columns 

in GB-50608 (2010) is conservative based on the numerical results from the 

theoretical column model of Jiang and Teng (2012a). 

(6) GB 50608 (2010) predicts the load-carrying capacities of both short and long 

columns tested in the present study reasonably well and provides conservative 

predictions when the additional eccentricity is considered. Concrete Society (2012) 

predicts overestimated axial load-carrying capacities for some of the test columns 

even when the additional eccentricity is considered.  
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Table 6.1. Test specimens 

Specimen 𝐿 
(mm) 

ℎ 
(mm) 

𝑏 
(mm) 

𝑡𝑓 
(mm) 

𝑒 
(mm) 

𝑓𝑐
′ 

(MPa) 𝜀𝑐𝑜 𝐸𝑐 
(GPa) 

R4Le100-5h 2200 435 290 1.336 100 26.11 0.00256 24.3 

R3Le100-5h 2200 435 290 1.002 100 26.11 0.00256 24.3 

R3Le50-5h 2200 435 290 1.002 50 26.11 0.00256 24.3 

R3Le50-6h 2650 435 290 1.002 50 26.11 0.00256 24.3 

R3Le50-7h 3100 435 290 1.002 50 26.11 0.00256 24.3 
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Table 6.2. Key test results at peak axial load 

Specimen 
maxP  (kN) max

'
c c y s

P
f A f A

 
Moment (kNm) Mid-height 

displacement 
(mm) 

Axial strains 
Failure mode 

Primary Secondary Total 𝜀𝑐𝑐_𝐸𝐶𝐹 𝜀𝑐𝑐_𝐸𝑇𝐹 𝜀𝑐𝑐_𝑆𝐹 
R4Le100-5h 2919.8 0.620 292.0 78.9 370.9 27.02 -0.0144 0.0064 0.0037 Stability Failure 

R3Le100-5h 2717.6 0.577 271.8 77.2 349.0 23.90 -0.0330 0.0107 0.0015 Stability Failure 

R3Le50-5h 3378.4 0.718 168.9 95.9 264.8 28.38 -0.0170 0.0059 0.0085 FRP Rupture 

R3Le50-6h 3196.4 0.679 159.8 113.1 272.9 35.36 -0.0212 0.0066 0.0028 Stability Failure 

R3Le50-7h 3037.2 0.645 151.9 105.1 257.0 34.62 -0.0105 0.0041 0.0042 Stability Failure 

R0Le50 3200.3 0.578 160.0 11.3 171.3 3.54 -0.0013 0.0004 / Concrete Crushing  

R3Le50 4264.9 0.906 213.3 214.5 427.8 50.3 -0.0660 0.0293 0.0131 FRP Rupture  

R4Le0 6457.6 1.278 / / / / -0.0248 / / FRP Rupture 
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Table 6.3. Key test results at ultimate condition 

Specimen uP  

(kN) 

Moment 

(kNm) 

Mid-height 

displacement 

(mm) 

Strains 

Axial strain at 

ECF 𝜀𝑐𝑢_𝐸𝐶𝐹 

Maximum FRP 

hoop strain 𝜀ℎ,𝑢_𝑚𝑎𝑥 

R4Le100-5h 2339.2 508.2 117.3 -0.076 0.0078 (SG 13) 

R3Le100-5h 2164.6 478.9 121.2 -0.120 0.0080 (SG 12) 

R3Le50-5h 2701.2 423.4 106.7 -0.103 0.0143 (SG 13) 

R3Le50-6h 2555.7 447.5 125.1 -0.069 0.0105 (SG 13) 

R3Le50-7h 2410.1 417.8 123.4 -0.053 0.0082 (SG 12) 

R0Le50 3200.3 171.3 3.54 -0.001 / 

R3Le50 4048.8 458.1 63.1 -0.087 0.0143 (SG32) 

R4Le0 6457.6 / / -0.025 0.0137 
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Table 6.4. Values of parameters studied in the parametric study 

Parameter Values 

𝑒1 𝑒2⁄  1, 0.5, 0, -0.5 

𝑒2 ℎ⁄  0.1, 0.2, 0.3, 0.4 

𝑓𝑐𝑐
′ 𝑓𝑐𝑜

′⁄  1, 1.5, 2 

𝜌𝜀 2, 5, 8 
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Figure 6.1. Geometry and reinforcement details 
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(a) LVDTs 
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(b) Strain gauges 

Figure 6.2. Locations of LVDTs and strain gauges 
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Figure 6.3. Test setup 
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    (a) R3Le100-5h: stability failure       (b) R3Le50-5h: FRP rupture 

Figure 6.4. Selected specimens after failure 
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(a) Columns with different slenderness ratios 

 

 
 (b) Columns with different load eccentricities and FRP confinement levels 

Figure 6.5. Axial load-axial shortening curves 

 

 



 

296 
 

 
(a) Columns with different slenderness ratios 

 

 
(b) Columns with different load eccentricities and FRP confinement levels 

Figure 6.6. Moment-curvature curves of the mid-height section 
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    (a) Columns with different slenderness ratios 

 

  
  (b) Columns with different load eccentricities and FRP confinement levels 

Figure 6.7. Axial load-lateral displacement curves 
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(a) R4Le100-5h 

  

  
(b) R3Le100-5h  
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(c) R3Le50-5h 

  

  
(d) R3Le50-6h 
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(e) R3Le50-7h                       

Figure 6.8. Comparison of moment-curvature curves 
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(a) R4Le100-5h 

 

  
(b) R3Le100-5h 

  

 

  

0 20 40 60 80 100 120 140
0

500

1000

1500

2000

2500

3000

Lateral displacement (mm)

A
x

ia
l 

lo
a
d

 (
k

N
)

 

 

Predicted (Proposed model)

Predicted (ε
cu

=ε
cu,ECF

, ε
h,rup

=ε
h,bacal

)

Test

ε
h,u max

=0.0078

0 50 100 150 200
0

500

1000

1500

2000

2500

3000

Lateral displacement (mm)

A
x

ia
l 

lo
a
d

 (
k

N
)

 

 

Predicted (Proposed model)

Predicted (ε
cu

=ε
cu,ECF

, ε
h,rup

=ε
h,bacal

)

Test

ε
h,u max

=0.0120



 

302 
 

   

   

(c) R3Le50-5h 

 

   
(d) R3Le50-6h 
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(e) R3Le50-7h                       

Figure 6.9. Comparison of axial load-lateral displacement curves 
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(a) Axial load-carrying capacity 

   

 
(b) Section moment 

Figure 6.10. Performance of GB 50608 (2010) in predicting the axial load-carrying 

capacity and corresponding section moment 
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(a) Axial load-carrying capacity 

 

(b) Section moment 

Figure 6.11. Performance of Concrete Society (2012) in predicting the axial load-

carrying capacity and corresponding section moment 

 

  



 

306 
 

 
Figure 6.12. Performance of Eqn 2.92 for the slenderness limit of FRP-confined 

rectangular RC columns 
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CHAPTER 7  

 

BEHAVIOUR OF LARGE-SCALE FRP-CONFINED 

CURVILINEARIZED RECTANGULAR RC COLUMNS 

UNDER ECCENTRIC LOADING 

 

 

7.1. INTRODUCTION 

 

As discussed in previous chapters of this thesis, strengthening existing deteriorated 

RC columns through the provision of FRP jacketing/wrapping has become 

increasingly popular over the past two decades. FRP jacketing/wrapping is much less 

effective in rectangular columns (including square columns as a special case) than in 

circular columns due to the existence of flat sides and sharp corners in the former. 

However, in practice, rectangular RC columns are more common in RC buildings 

than circular RC columns due to the ease of fabrication of rectangular forms or the 

need to cater for different loadings in the two axial directions of a rectangular section. 

In order to enhance the effectiveness of FRP confinement in rectangular columns, 

rounding the sharp corners before FRP jacketing/wrapping is generally 

recommended (e.g., fib 2006; ACI 440.2R 2008; GB 50608 2010; Concrete Society 

2012). However, the benefit of corner rounding is limited by the thickness of 

concrete cover due to the presence of internal steel reinforcement (Teng and Lam 
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2002; Pantelides et al. 2004; Chapter 4).  

 

A much more effective method to strengthen a rectangular RC column is to 

implement appropriate shape modification (i.e., converting square sections into 

circular sections or converting rectangular sections into elliptical/oval sections) 

before FRP jacketing/wrapping (Chapter 4). Although this method has been 

demonstrated to be effective in enhancing the degree of FRP confinement in 

rectangular RC columns (e.g., Priestley and Seible 1995; Teng and Lam 2002; Parvin 

and Schroeder 2008; Yan and Pantelides 2011; Moran and Pantelides 2012; Hadi et 

al. 2013), it suffers same drawbacks with the most significant one being the increase 

in section size, which significantly reduces the usable floor area in a building and 

can be detrimental for the seismic performance of the structural system (see Chapter 

4). To address this concern, a novel strengthening technique, in which the flat sides 

of a rectangular section are modified to become only slightly curved before FRP 

jacketing/wrapping, has been explored (e.g., Jin et al. 2002; Lai et al. 2004; Zhao 

2012; Zhu 2015) (Figure 7.1a). The resulting columns with section curvilinearization 

(SC) are referred to as curvilinearized square/rectangular columns (CSCs/CRCs). 

This SC technique increases the column section size only by a small degree, but can 

substantially enhance the effectiveness of FRP confinement in FRP-confined CSCs 

(e.g., Lai et al. 2004; Zhao 2012; Zhu 2015). In order to gain an in-depth 

understanding of the compressive behaviour of FRP-confined concrete in large-scale 

CRCs, a systematic experimental study involving eight large-scale CRCs was carried 

out in the present Ph.D. research project and the test results have been presented in 

Chapter 4. The test results also demonstrated the effectiveness of the SC technique in 

large-scale rectangular RC columns. 
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The above studies have been only concerned with FRP-confined CSCs/CRCs under 

concentric loading. In reality, however, RC columns are inevitably subjected to 

eccentric loading even when the loading is nominally concentric due to construction 

errors or column geometric imperfections. As indicated by the review presented in 

Chapter 2, extensive experimental research has been conducted on FRP-confined 

circular RC columns under eccentric loading (e.g., Nanni and Norris 1995; Pavin and 

Wang 2001; Mirmiran et al. 2001; Fam et al. 2003; Hadi 2006; Parvin and 

Schroeder 2008; Bisby and Ranger 2010; Fitzwilliam and Bisby 2006, 2010; Jiang 

and Teng 2012a, b; Hadi and Widiarsa 2012; Wu and Jiang 2013; Jiang et al. 2014), 

but relatively limited research has been conducted on FRP-confined rectangular RC 

columns under eccentric loading (e.g., Tao et al. 2005; Parvin and Wang 2001; 

Sadeghian et al. 2010). The behaviour of large-scale FRP-confined rectangular RC 

columns under eccentric loading has been systematically investigated in the present 

Ph.D. research programme (Chapters 5 and 6). It has been demonstrated that FRP 

confinement can be highly effective in enhancing the load-carrying capacity and 

ductility of large-scale rectangular RC columns under eccentric loading. It has also 

been found that the eccentrically-loaded columns exhibited behavioral aspects that 

cannot be closely predicted using a stress-strain model developed from 

concentrically-loaded columns (referred to as concentric-loading stress-strain model 

hereafter), especially for the ultimate condition. No experimental or theoretical 

studies, however, have been carried out on FRP-confined CRCs under eccentric 

loading. Whether the conclusions drawn from large-scale FRP-confined rectangular 

RC columns under eccentric loading could be directly extrapolated to larger-scale 

FRP-confined CRCs is unclear. The effects of load eccentricity and column 
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slenderness on FRP-confined CRCs have never been examined. 

 

Against the above background, an experimental programme involving twelve 

large-scale eccentrically-loaded CRCs was carried out and the test results are 

presented in this chapter. The following column parameters are investigated in detail: 

the load eccentricity, rise-to-span ratio of the curved sides (referred to as r/s ratio for 

brevity hereafter), sectional aspect ratio, and column slenderness ratio. In addition to 

the presentation of test results, theoretical analysis using a revised theoretical column 

model of Jiang and Teng (2013) was conducted and the predicted results are 

compared with the test results. In addition, the design equations in the Chinese Code 

for Infrastructure Application of FRP Composites (GB 50608 2010) are compared 

with the test results to examine their applicability and accuracy. 

 

7.2 EXPERIMENTAL PROGEAMME 

 

7.2.1. Column Specimens 

 

The experimental programme consisted of twelve large-scale CRCs to investigate the 

effects of various column parameters including load eccentricity (𝑒), rise-to-span 

ratio (𝑟 𝑠⁄ ), sectional aspect ratio (ℎ 𝑏⁄ , where ℎ and 𝑏 are the lengths of the longer 

and shorter sides of a rectangular section, respectively) and slenderness ratio (𝐿𝑒 ℎ⁄ , 

where 𝐿𝑒 = effective length of a column). The specimen details [including the 

column length (𝐿), section dimension (ℎ𝑏 ), FRP jacket thickness (𝑡𝑓 ), and 

unconfined concrete cylinder strength (𝑓𝑐
′)] are given in Table 7.1. It should be noted 

that the section dimensions (i.e., ℎ𝑏) here are for the original rectangular section 
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before SC. All the columns had an identical corner radius of 45 mm and were tested 

under double pin-ended condition; therefore, the effective length (𝐿𝑒) is equal to the 

distance between the centres of the two steel rollers at the ends of the column (Figure 

7.2). The column length (𝐿) represents the clear length of the column excluding the 

thickness of the steel plates at the two ends (40 mm, see Figure 7.2). All the columns 

with SC were cast as integral columns using wooden moulds with the desired 

curvilinearized cross-sectional shape (Figure 4.2). As discussed in Chapter 4, this SC 

procedure, which differs from the practical application where SC needs to be 

implemented on columns already in situ, allows only the critical parameters to be 

investigated and to better control the quality of columns. The details of fabricating 

the wooden moulds have been introduced in Chapter 4. 

 

Each CRC was longitudinally reinforced with ten (eight for each CSC) 

20-mm-diameter steel bars, and transversely reinforced with 8-mm-diameter bars in 

the form of steel ties (Figure 7.1a). Each column was designed with a central test 

portion where failure was expected to occur, and a 300-mm-long region at each end 

as the loading portion to ensure uniform loading in the test portion. The loading 

portions were heavily reinforced with steel stirrups at a centre-to-centre spacing of 

100 mm, while a larger spacing of stirrups of 300 mm was adopted for the test 

portions. 

 

Each specimen was given a name for ease of reference, which starts with the letter 

“S” and “R” to represent “square column” and “rectangular column”, respectively, 

followed by a number indicating the layers of FRP, together with the letter “L” to 

represent “layer”. This is then followed by ‘r45’ which means that the radius of the 
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rounded corners is 45 mm, and the letter “C” representing “curvilinearization”, 

followed by the reciprocal value of the 𝑟 𝑠⁄  ratio. The name ends with a lower-case 

letter “e” followed by a number representing the value of the load eccentricity. In 

addition, the column height is provided at the end of the names of the last four 

rectangular columns in Table 7.1 in order to differentiate them from their 

corresponding short columns ( 𝐿 =3 ℎ ). The concentrically-loaded column 

R2Lr45C15e0 from Chapter 4, which had the same section dimensions and steel 

reinforcement, is also listed in Table 7.1 for comparison. 

 

7.2.2. Preparation of Specimens and Material Properties  

 

As mentioned earlier, the columns were cast as integral columns using wooden 

moulds. The longitudinal steel bars were welded to the steel plates with a thickness 

of 40 mm at both ends of the column. The steel ties were fixed to the longitudinal 

steel bars using tying wires to form a steel cage. The steel cage was then put into the 

wooden mould before concrete casting. Commercial concrete from a local supplier 

was used to cast the specimens. The maximum nominal size of coarse aggregate was 

20 mm and the slump of the concrete was around 150 mm. The concrete was poured 

into the mould through an opening on the top steel plate. The compaction of concrete 

was achieved by inserting a mechanical vibrator into the concrete. Standard concrete 

cylinders were cast at the same time to determine the properties of unconfined 

concrete. 

 

The columns (except for two columns without FRP jacketing) were fully wrapped 

with a carbon FRP (CFRP) jacket using a wet layup process, with fibres oriented in 
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the hoop direction. A 300-mm-long overlapping zone between the starting end and 

the finishing end of the fibre sheet was adopted to avoid debonding at the wrapping 

end. The centreline of the overlapping zone was situated at the centre of one of the 

longer sides of the column section. An additional layer of FRP (200 mm in width) 

was wrapped near each end of the column to avoid unexpected failure there. The 

CFRP jacket and the steel reinforcement were the same as those described in Chapter 

4 and thus their material properties can be found in Chapter 4. The properties of 

unconfined concrete were obtained from compression tests on three standard circular 

concrete cylinders in accordance with ASTM C469 (2002) (Table 7.1). 

 

7.2.3. Instrumentation and Test Set-up 

 

Six linear variable differential transformers (LVDTs) were used to measure axial 

shortenings of each specimen (Figure 7.2). Four of them were mounted at the centres 

of four faces of each column, covering a gauge range of 300 mm; two of them 

(LVDT5 and LVDT6) were employed to measure full-height shortenings of the 

column (Figure 7.2). In addition, three other LVDTs (LVDTs 7-9 in Figure 7.2) were 

installed at three different heights of the column to measure lateral displacements. 

One of them was installed at the mid-height of the column; the other two were 

installed at 300 mm away from the mid-height for specimens with 𝐿 ℎ⁄  less than 4 

and 400 mm away from the mid-height for specimens with 𝐿 ℎ⁄  larger than 4. 

 

One strain gauge (SG) with a gauge length of 5 mm was installed on each 

longitudinal steel bar at the mid-height of the column to measure strains of the steel 

bar (Figure 7.2). Waterproof coating was applied to protect the strain gauges on the 
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steel bars. A large number of SGs were installed on the surface of the FRP jacket at 

two levels: 1) the mid-height level (i.e., Level 1-1), and 2) 300 mm above the 

mid-height level (i.e., Level 2-2) (Figure 7.2), which is the same as the SG 

configuration described in Chapter 5. 

 

A steel roller was used at each end of the column to realize the double pin-ended 

condition (Figure 7.2). All the specimens were tested on a testing machine with a 

load-carrying capacity of 10000 kN. All the specimens were preloaded with an axial 

load of around 20% of the estimated load-carrying capacity of the corresponding 

unconfined RC column at a rate of 3 kN/s and then unloaded. The specimens were 

first loaded with a load control mode at a rate of 5 kN/s until obvious nonlinearity in 

the load-displacement response was observed and then the displacement control 

mode at a rate of 0.72 mm/min was used. All test data, including axial loads, 

displacements, and strains were recorded by an automatic data acquisition system 

(TML ASW-50C switching box). The loading was terminated when FRP rupture 

occurred for FRP-jacketed specimens, leading to a sudden drop in the axial load, or 

when the axial load fell below 75% of the peak load (i.e., maximum load) for 

unconfined specimens. 

 

7.3. EXPERIMENTAL OBSERVATIONS AND DISSCUSSIONS 

 

7.3.1. Overall Behaviour 

 

The eccentrically-loaded unconfined RC columns failed by concrete crushing at the 

compression face near the mid-height, which was accompanied by concrete cracking 
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on the tension face (Figure 7.3a). Buckling of longitudinal steel bars could be 

observed in the compression zone of the column after failure. 

 

All the FRP-jacketed RC columns failed by FRP jacket rupture due to hoop tension 

near the mid-height of the column with an explosive sound and a substantial drop in 

the applied axial load (Figures 7.3b-7.3k). Before FRP rupture, horizontal tensile 

cracks first appeared on the tension face of the column, followed by sounds of epoxy 

cracking. As all the columns were wrapped with a CFRP jacket with fibres oriented 

in the hoop direction only, the cracks on the tension face of the column were 

horizontal and parallel to each other. Local wrinkles of the FRP jacket occurred on 

the compression face due to the combined action of axial compression and hoop 

tension (Figures 7.3b-7.3k). FRP rupture generally occurred at the mid-width of the 

compression face as shown in Figures 7.3b-7.3k. This is different from the 

observation in Chapter 4 for concentrically-loaded CRCs where FRP rupture 

generally occurred at or near one of the rounded corners. The hoop strains in the FRP 

jacket on the compression face of an eccentrically-loaded column are larger than 

those on the tension face, implying that FRP confinement is larger on the 

compression concrete than on the tension concrete. An inspection of all the failed 

FRP-confined RC columns revealed the buckling of longitudinal steel bars in the 

compression zone, due to the large deformation experienced by the columns. 

 

The key test results, including the load-carrying capacities, the corresponding 

moments and the lateral displacements at the mid-height section, for all specimens 

are summarized in Table 7.2. In this chapter, the compressive stresses/strains in 

concrete are defined to be negative, whereas the hoop stresses/strains in the FRP 
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jacket are defined to be positive, unless otherwise specified. It can be seen from 

Table 7.2 that the load-carrying capacities of FRP-strengthened columns are much 

higher (around 70% higher) than those of the corresponding unconfined columns. 

This can be more clearly illustrated by examining the maximum loads normalized by 

the theoretical load-carrying capacity of the corresponding unconfined RC column 

(𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑠, where 𝑓𝑦 is the yield stress of longitudinal steel bars; Ac and As are 

the cross sectional areas of the concrete and the steel bars, respectively) (Table 7.2). 

This confirms that FRP confinement substantially enhanced the load-carrying 

capacity of eccentrically-loaded large-scale CRCs. In addition to the enhancement in 

the axial load-carrying capacity, the deformation capacities of eccentrically-loaded 

CRCs were also substantially enhanced through FRP confinement, as clearly seen 

from Table 7.2. 

 

7.3.2. Axial Load-Shortening Responses 

 

As discussed in Chapter 5, the shortenings of the test columns can be obtained either 

from the machine output or from the readings of the full-height LVDTs (LVDT 5 and 

LVDT 6 in Figure 7.2). The former includes deformation from other sources, such as 

the deformation of the loading system. Therefore, the shortenings averaged from the 

readings of full-height LVDTs are used in the subsequent discussions unless 

otherwise specified. The axial load-shortening curves for the test columns are shown 

in Figure 7.4. It can be seen from Figure 7.4 that the axial load-shortening curves of 

most FRP-jacketed CRCs exhibit an ascending second portion. Figures 7.4b-7.4d 

respectively show the effects of r/s ratio, load eccentricity, and column slenderness 

on the axial load-axial shortening response of eccentrically-loaded CRCs. Figure 
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7.4b shows that the ultimate axial shortenings of specimens with different r/s ratios 

are very close to each; however, specimens with a larger r/s ratio have a significantly 

higher axial load-carrying capacity. Figure 7.4c shows that the load eccentricity has a 

significant effect on the axial load-carrying capacity, but it seems to have little effect 

on the ultimate axial shortening. Figure 7.4d shows that the axial load-carrying 

capacity decreases but the ultimate axial shortening increases with the increase of 

column slenderness. 

 

7.3.3. Axial Load-Axial Strain Responses 

 

The axial strains were obtained from the readings of LVDTs centred at the 

mid-height. Axial strains from strain gauges were not used as they were not reliable 

due to the local wrinkling of the FRP jacket. In fact, most strain gauges on the steel 

bars failed during the tests (especially after the steel had yielded). The axial 

load-axial strain curves for all the FRP-jacketed columns are shown in Figure 7.5, in 

which the axial strains on the two side faces parallel to the loading plane are denoted 

as “Side 1” and “Side 2” (LVDT 1 and LVDT 3 in Figure 7.2), and the axial strains 

at the mid-width of the compression face and the tension face are denoted as 

“Extreme compression” and “Extreme tension”, respectively. It is seen from Figure 

7.5 that the axial load-axial strain curves of “Side 1” and “Side 2” are very close to 

each other, indicating the good uni-directional bending condition. In additon, the 

axial strains from “Side 1” and “Side 2” were negative (i.e., in compression) 

throughout the loading process, which suggests that the neutral axis location was 

closer to the tension face and thus a larger portion of the column section was 

subjected to axial compression. 
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7.3.4. Moment-Curvature Responses 

 

Figure 7.6 shows the moment-curvature curves of the mid-height section of all CRCs. 

The moment of the mid-height section was calculated by multiplying the axial load 

𝑃 by the actual eccentricity (equal to the initial load eccentricity plus the lateral 

displacement, Eqn 5.1) of the mid-height section. The curvature was calculated using 

the differential axial strains at the extreme tension fibre (ETF) and extreme 

compression fibre (ECF) of the mid-height section based on the plane section 

assumption (Eqn 5.2). It can be seen that the column with a larger load eccentricity 

generally has a larger ultimate moment, but its ultimate axial load is correspondingly 

lower (Figure 7.4). 

 

7.3.5. Axial Load-Lateral Displacement Responses 

 

Figure 7.7 shows the axial load-lateral displacement curves at different levels of the 

test columns [i.e., mid-height level, 300 mm above (U300) and below (L300) the 

mid-height level, see Figure 7.2]. It is shown that the lateral displacements at U300 

and L300 levels at a given axial load are very close, indicating that the column 

deformation possessed good symmetry about the mid-height section. It is obvious 

that the lateral displacement at the mid-height level is larger than those at U300 and 

L300 levels. Figure 7.8 shows the axial load-lateral displacement curves of 

specimens with different FRP thicknesses, r/s ratios, load eccentricities, or column 

slenderness ratios. Figure 7.8a clearly shows that the provision of FRP confinement 

significantly enhances both the load-carrying capacity and the ductility of 
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eccentrically-loaded CRCs. Both the load-carrying capacity and the ductility are 

significantly enhanced as a result of section curvilinearization as shown in Figure 

7.8b. As expected, the load eccentricity has a significant effect on both the 

load-carrying capacity and the ductility of eccentrically-loaded CRCs (Figure 7.8c). 

While an increase in the load eccentricity leads to a decrease in the axial 

load-carrying capacity, the ductility of the column increases with the load 

eccentricity as shown in Figure 7.8c. Figure 7.8d shows that a column with a larger 

slenderness ratio has a smaller axial load-carrying capacity but a significantly larger 

lateral displacement. 

 

7.3.6. Ultimate Condition 

 

Figure 7.9 shows relationships between ultimate strains [ultimate axial strains at the 

ECF (휀𝑐𝑢,𝐸𝐶𝐹) and maximum FRP hoop strains at ultimate condition (휀ℎ,𝑢_𝑚𝑎𝑥)] and 

different column parameters. The maximum FRP hoop strains all occurred at the 

ECF as shown in Table 7.3. Figure 7.9a shows the effect of load eccentricity on the 

ultimate strains. It can be seen that the ultimate axial strains at the ECF are larger 

than that of the concentrically-loaded column, which is believed to be caused by the 

strain gradient effect. The same observation has also been reported in Chapters 5 and 

6 for eccentrically-loaded rectangular RC columns as well as by many other 

researchers on FRP-confined circular concrete columns (e.g., Wu and Jiang 2013; 

Zhang 2014). In addition, Figure 7.9a shows that the ultimate axial strains of 

columns with different load eccentricities (larger than 0) are close to each other, 

regardless of the load eccentricity. A similar observation has also been reported by 

Wu and Jiang (2013). The maximum FRP hoop strain, however, increases slightly as 
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the load eccentricity increases. This may be because a larger load eccentricity 

introduces a more localized deformation of concrete at the ECF at the mid-height 

where the strain gauge was installed. Figure 7.9b shows the effect of slenderness 

ratio on the ultimate strains. It is interesting to see that the maximum FRP hoop 

strain decreases slightly as the slenderness ratio increases, while no obvious 

relationship can be identified for the ultimate axial strain. The decrease in the 

maximum FRP hoop strain may be caused by the non-symmetric deformation of a 

slender column about the mid-height section, which means that the most deformed 

concrete is not located at the mid-height section where strain gauges were installed 

(see Figures 7.3j and 7.3k). The effect of r/s ratio on the ultimate strains is shown in 

Figure 7.9b. It can be seen that the ultimate axial strain decreases while the 

maximum FRP hoop strain increases as the r/s ratio increases. The increase in the 

maximum FRP hoop strain implies a more effective FRP confinement in a column 

with a larger r/s ratio. 

 

7.4. THEORETICAL ANALYSIS 

 

7.4.1. Theoretical Column Model 

 

Jiang and Teng (2012a) presented a theoretical column model to predict the 

responses of FRP-confined circular RC columns under eccentric loading. This model 

can be readily extended to FRP-confined CRCs by replacing the circular section with 

a CRC section (Figure 7.10). Similar modification has been presented in Chapter 5 to 

predict the responses of eccentrically-loaded FRP-confined rectangular RC columns. 

Jiang and Teng’s (2012a) model employs a numerical integration method to generate 
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the full-range load-deformation curves of an eccentrically-loaded RC column. In this 

model, the column is equally divided into a desirable number of segments and the 

section at each grid point is divided into a desirable number of layers parallel to the 

neutral axis (Figure 7.10). A computer program was developed to implement the 

integration procedures using Matlab. For more details of the numerical integration 

procedure, readers are referred to Chapter 5 of this thesis or Jiang and Teng (2012a). 

It should be noted that the column model has a length of 𝐿𝑒 (i.e., effective length) 

which is larger than the clear height of the test column due to the existence of the 

loading plates and steel rollers at the ends (see Figure 7.2). However, the same 

column section was assigned to all the grid points along the column height for 

simplicity. This simplification has been found to lead to negligible errors due to the 

small section moments near the two ends. 

 

7.4.2. Stress-Strain Model for FRP-Confined Concrete in CRCs 

 

The proposed design-oriented stress-strain model for FRP-confined concrete in 

CRCs presented in Chapter 4 is used in the analysis. The model has been shown to 

provide accurate predictions for the stress-strain behaviour of FRP-confined concrete 

in concentrically-loaded CRCs (Chapter 4). In calculating the ultimate axial 

stress/strain, the FRP rupture strain determined from FRP-confined standard circular 

concrete cylinders was used as discussed in Chapter 4. It should be noted that this 

stress-strain model was developed based on concentrically-loaded CRCs in Chapter 

4. Existing studies have found that the direct adoption of a concentric-loading 

stress-strain model may lead to some errors in predicting the responses of 

eccentrically-loaded RC columns (e.g., Jiang et al. 2014; Lin 2016; Lin and Teng 



322 
 

2017). In Chapters 5 and 6, it was also found that both the load-carrying capacity and 

the ductility of an eccentrically-loaded column would be significantly 

underestimated when a concentric-loading stress-strain model is used. In this chapter, 

the proposed concentric-loading stress-strain model is employed in the column 

model to examine the above issue in eccentrically-loaded FRP-confined CRCs. 

  

7.4.3. Comparisons and Discussions 

 

Figure 7.11 shows a comparison of moment-curvature curves between the theoretical 

results and the test results, and Figure 7.12 shows a comparison of axial load-lateral 

displacement curves. The moments, curvatures, and lateral displacements are all for 

the mid-height section of the column unless otherwise specified. Particularly, in 

predicting the responses of specimens S0Lr45C20e50 and R0Lr45C15e50, an 

additional eccentricity of 20 mm was added to the initial load eccentricity as it has 

been found that un-strengthened RC columns are sensitive to the imperfection of the 

column (Jiang and Teng 2012a; Chapter 4). It can be seen from Figures 7.12a and 

7.12b that the use of a 20-mm additional eccentricity leads to reasonably close 

predictions for the axial load-carrying capacities of specimens S0Lr45C15e50 and 

R0Lr45C15e50, while it overestimates the section moments as shown in Figures 

7.11a and 7.11b. The overestimation in the section moment is caused by the 

overestimation in the axial load at a given lateral displacement larger than 0.5 mm as 

shown in Figures 7.12a and 7.12b. 

 

For FRP-confined CRCs, it can be seen from Figure 7.11 that the predicted 

moment-curvature curves generally have a similar shape (including the initial portion, 
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transition portion, and the linear second portion) to the test curves, but the former are 

generally shorter than the test curves, leading to an underestimation particularly in 

the ultimate curvature. A similar trend can be found in Figure 7.12 for the axial 

load-lateral displacement curves. In the theoretical model, as mentioned earlier, the 

average FRP rupture strain obtained from FRP-confined concrete cylinders was used. 

The maximum FRP hoop strains at the ECF (휀ℎ,𝑢_𝑚𝑎𝑥) at the ultimate condition are 

also indicated in Figures 7.11 and 7.12 for comparison. 

 

The underestimation in the ultimate load and ultimate deformation is mainly caused 

by the omission of the strain gradient effect in the analysis as discussed in Chapters 5 

and 6. As discussed in Section 7.3.6, the strain gradient effect leads to an increase in 

the ultimate axial strain at the ECF compared to the ultimate axial strain obtained 

from the corresponding concentrically-loaded column. It is interesting to see that 

such underestimation in CRCs is significantly smaller than that in FRP-confined 

rectangular columns as presented in Chapter 5. Lin and Teng (2017) investigated the 

strain gradient effect in eccentrically-loaded FRP-confined circular RC columns and 

also found such underestimation in circular columns. The underestimation in circular 

columns has been found to be at a similar level to that for CRCs presented in this 

study. This implies that the implementation of SC transforms the ultimate condition 

of a CRC to something more similar to that of a circular column than a rectangular 

column. 

 

In order to examine the strain gradient effect, the experimental ultimate axial strains 

at the ECF of the test columns were directly used in the theoretical column model as 

discussed in Chapter 5. The ultimate axial stresses were calculated using the FRP 
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hoop rupture strains back-calculated from the ultimate axial strains using Eqns 4.1 

and 4.2 (see Chapter 5). The predicted moment-curvature curves and axial 

load-lateral displacement curves using this method are shown in Figures 7.11-7.12. It 

is evident that the predicted curves using this method agree more closely with the 

test curves than those predicted with the concentric-loading stress-strain model, 

especially for the ultimate condition. 

 

The above comparisons and discussions indicate that the theoretical column model 

can generally predict the load-deformation responses of eccentrically-loaded CRCs 

with satisfactory accuracy, although an underestimation for the ultimate condition 

exists, which is caused by the omission of strain gradient effect. Existing studies on 

the size effect have shown that a larger-scale column generally behaves worse than a 

smaller-scale column (e.g., Bazant and Kwon 1994; De Luca et al. 2011). However, 

the large-scale CRCs tested in the present study generally behave better than that 

expected based on the theoretical column model of Jiang and Teng (2012a). Note 

that this theoretical column model has been validated against an extensive test data 

of small-scale FRP-confined RC columns (Jiang and Teng 2012a). From this point of 

view, it is believed that the size effect is not evident in eccentrically-loaded 

FRP-strengthened CRCs, although more research is needed to further clarify this 

effect in the future. 

 

Figure 7.13 shows the axial load-moment (N-M) interaction curves for the test CRCs. 

The stress-strain model for FRP-confined concrete in CRCs proposed in Chapter 4 

was adopted in generating the N-M interaction curves using the section analysis. As 

has mentioned in Chapter 2, an N-M interaction curves is recommended by 
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ACI-440.2R (2008) and Concrete society (2012) for the design of RC columns under 

eccentric loading. Comparisons between test results and design codes can be 

achieved by drawing the test results (i.e., axial load-carrying capacities and the 

corresponding section moments) and corresponding N-M curve in the same figure. 

The experimental axial load-carrying capacities and the corresponding section 

moments of the test columns are also shown in Figure 7.13. It can be seen that most 

of the experimental points of the columns lie outside the corresponding N-M 

interaction curves, implying that the section analysis is conservative in predicting the 

load-carrying capacities of the FRP-confined CRCs, which is also consistent with the 

results shown in Figures 7.11 and 7.12. 

 

7.5. DESIGN EQUATIONS FOR FRP-CONFINED CRCS 

 

As indicated in Chapter 2, GB 50608 (2010) is the only code which includes design 

equations for the load-carrying capacity of eccentrically-loaded FRP-confined CRCs. 

However, the development of these equations has been based on limited 

experimental studies on small-scale FRP-confined CSCs. Therefore, the applicability 

of these equations to large-scale FRP-confined CRCs is highly uncertain. In the 

present study, the design equations were used to predict the load-carrying capacities 

of FRP-confined CRCs tested in the present study. The proposed stress-strain model 

of FRP-confined concrete in CRCs in Chapter 4 was adopted (Eqns 4.1-4.2). In the 

calculation of ultimate condition, an FRP strain efficiency factor of 0.661 

(determined from FRP-confined circular concrete cylinder tests) was used. The 

curvilinearized rectangular section was transformed to an equivalent rectangular 

section by assuming that the two has the same sectional area and sectional aspect 
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ratio (ℎ 𝑏⁄ ). The predictions with and without an additional eccentricity, ea, were both 

produced for comparison. The partial safety factors were set to unity in the design 

equations. 

 

Figure 7.14 shows the comparison of load-carrying capacities between the 

predictions of GB 50608 (2010) and the test results. The mean (M) and the standard 

deviation (SD) between the theoretical values and the experimental values 

(𝑡ℎ𝑒𝑜𝑖 𝑒𝑥𝑝𝑖⁄ ) are also given in the figure. Note that the section moment in Figure 

7.14 refers to the moment of the mid-height section corresponding to the peak axial 

load. It can be seen from Figure 7.14a that the predicted axial load-carrying 

capacities without considering the additional eccentricity agree quite well with the 

test results; the predictions become slightly conservative when the additional 

eccentricity is considered. Figure 7.14b shows that the design equations are 

conservative in predicting the section moments. The predictions are closer to the test 

results when the additional eccentricity is considered. 

 

7.6. CONCLUSIONS 

 

This chapter has presented the test results of a series of eccentrically-loaded 

large-scale FRP-confined curvilinearized rectangular RC columns. The effects of 

load eccentricity, edge rise-to-span ratio, and slenderness ratio have been 

investigated. The test results were compared with the numerical results from a 

theoretical column model proposed by Jiang and Teng (2012a) with some 

modifications as well as the predictions of the design equations in GB 50608 (2010) 

for the load-carrying capacity. Based on the results and discussions presented in this 
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chapter, the following conclusions can be drawn: 

(1) FRP confinement substantially increases both the load-carrying capacity and 

ductility of eccentrically-loaded large-scale CRCs. 

(2) Due to the strain gradient effect, the ultimate axial strain at the extreme 

compression fibre (ECF) of an eccentrically-loaded CRC is larger than the 

ultimate axial strain in the corresponding concentrically-loaded CRC. 

(3) An increase in the load eccentricity leads to an increase in the maximum FRP 

hoop strain at the ECF at the ultimate condition, while the ultimate axial strain 

seems to be independent on load eccentricity. 

(4) An increase in the column slenderness leads to a decrease in the axial 

load-carrying capacity but an increase in the ultimate mid-height lateral 

displacement. In addition, an increase in the column slenderness leads to a 

decrease in the maximum FRP hoop strain at the ECF at the ultimate condition. 

(5) The direct use of a concentric-loading stress-strain model for FRP-confined 

concrete in CRCs in a theoretical column model can provide reasonably 

satisfactory predictions for the eccentrically-loaded test CRCs, although the 

theoretical model significantly underestimates the ductility (curvature and lateral 

deformation) of the test CRCs. The predictions agree much better with the test 

results if the experimental ultimate axial strain at the ECF is directly used, which 

indicates that the strain gradient has a significant effect on the column responses 

and should not be ignored in the theoretical analysis  

(6) The design equations of GB 50608 (2010) provide close predictions for the axial 

load-carrying capacity and conservative predictions for the moment capacity of 

the test FRP-confined CRCs. 

(7) The theoretical column model generally predicts a slightly lower axial load at a 
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given deformation for the eccentrically-loaded FRP-confined CRCs, which 

implies that the size effect in these columns may be insignificant, although more 

research needs to be conducted to further clarify the size effect in these columns 

in the future.  
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Table 7.1. Specimen details 

Number Specimen 𝐿 ℎ 𝑏 𝐿 ℎ⁄  𝑟 𝑠⁄  𝑒 𝑡𝑓 𝑓𝑐
′ 휀𝑐𝑜 𝐸𝑐 

1 S0Lr45C15e50 1100 300 300 3.7 1/15 50 / 35.80 0.00251 35.3 

2 S2Lr45C15e50 1100 300 300 3.7 1/15 50 0.668 35.80 0.00251 35.3 

3 R0Lr45C15e50 1350 450 300 3.0 1/15 50 / 35.80 0.00251 35.3 

4 R2Lr45C15e50 1350 450 300 3.0 1/15 50 0.668 35.80 0.00251 35.3 

5 R2Lr45C10e50 1350 450 300 3.0 1/10 50 0.668 35.80 0.00251 35.3 

6 R2Lr45C20e50 1350 450 300 3.0 1/20 50 0.668 35.80 0.00251 35.3 

7 R2Lr45C15e100 1350 450 300 3.0 1/15 100 0.668 35.80 0.00251 35.3 

8 R2Lr45C15e150 1350 450 300 3.0 1/15 150 0.668 35.80 0.00251 35.3 

/ R2Lr45C15e0 1350 450 300 3.0 1/15 0 0.668 35.80 0.00251 35.3 

9 R2Lr45C15e50-4h 1800 450 300 4.0 1/15 50 0.668 35.80 0.00251 35.3 

10 R2Lr45C15e50-5h 2250 450 300 5.0 1/15 50 0.668 35.80 0.00251 35.3 

11 R2Lr45C15e100-5h 2250 450 300 5.0 1/15 100 0.668 35.80 0.00251 35.3 

12 R2Lr45C15e50-6h 2700 450 300 6.0 1/15 50 0.668 35.80 0.00251 35.3 
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Table 7.2. Key test results at peak load 
 

Specimen 
𝑃𝑚𝑎𝑥 
(kN)

 

𝑃𝑚𝑎𝑥

𝑓𝑐
′𝐴𝑐 + 𝑓𝑦𝐴𝑠

 Mmax (kNm) 𝛿𝑚𝑎𝑥 

(mm) 

Axial strain at peak load Failure mode 

Primary Secondary Total 휀𝑐𝑐_𝐸𝐶𝐹 휀𝑐𝑐_𝐸𝑇𝐹 휀𝑐𝑐_𝑆𝐹 

S0Lr45C15e50 2958.6 0.642 147.9 7.7 155.6 2.59 -0.0033 0.0004 -0.0014 Concrete Crushing 

S2Lr45C15e50 4507.0 0.978 225.0 97.4 322.3 21.64 -0.0242 0.0134 -0.0092 FRP Rupture 

R0Lr45C15e50 3828.8 0.571 191.4 8.5 199.9 2.22 -0.0015 0.00041 -0.0012 Concrete Crushing 

R2Lr45C15e50 6537.3 0.975 326.9 81.3 408.2 12.44 -0.0254 0.0046 -0.0067 FRP Rupture 

R2Lr45C10e50 7121.7 0.996 356.1 65.7 421.8 9.22 -0.0177 0.0047 -0.0066 FRP Rupture 

R2Lr45C20e50 5782.8 0.892 289.1 46.1 335.3 7.98 -0.0267 0.0053 -0.0184 FRP Rupture 

R2Lr45C15e100 5391.8 0.804 539.2 98.5 637.7 18.28 -0.0256 0.0190 -0.0090 FRP Rupture 

R2Lr45C15e150 4106.1 0.612 615.9 87.5 703.5 21.32 -0.0269 0.0202 -0.002 FRP Rupture 

R2Lr45C15e0 8890.8 1.326 / / / / -0.0190 / 0.0103 FRP Rupture 

R2Lr45C15e50-4h 6450.4 0.962 322.5 158.0 480.6 24.50 -0.0189 0.0054 -0.0068 FRP Rupture 

R2Lr45C15e50-5h 6252.9 0.932 312.6 209.0 521.6 33.42 -0.0189 0.0064 -0.0075 FRP Rupture 

R2Lr45C15e100-5h 4613.6 0.688 461.4 79.8 541.2 17.30 -0.0126 0.0069 -0.0037 FRP Rupture 

R2Lr45C15e50-6h 5857.9 0.874 292.9 159.2 452.1 27.17 -0.0127 0.0040 -0.0039 FRP Rupture 
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Table 7.3. Test results at ultimate condition 

Specimen 
uP  (kN) 

Moment 

(kNm) 

𝛿𝑢 (mm) Strains 

휀𝑐𝑢_𝐸𝐶𝐹 휀ℎ,𝑢_𝑚𝑎𝑥 

S2Lr45C15e50 4431.9 329.2 24.28 -0.0264 0.0111 (SG37) 

R2Lr45C15e50 6493.8 411.3 13.34 -0.0270 0.0103 (SG37) 

R2Lr45C10e50 6932.3 432.3 12.36 -0.0220 0.0138 (SG17) 

R2Lr45C20e50 5653.9 336.5 9.52 -0.0312 0.0077 (SG1) 

R2Lr45C15e100 5300.9 631.4 19.12 -0.0264 0.0106 (SG17) 

R2Lr45C15e150 / / / / 0.0114 (SG17) 

R2Lr45C15e50-4h / / / / 0.0101 (SG37) 

R2Lr45C15e50-5h / / / / 0.0088 (SG18) 

R2Lr45C15e100-5h 4503.0 613.3 36.20 -0.0285 0.0092 (SG18) 

R2Lr45C15e50-6h 5814.4 569.0 47.86 -0.0205 0.0084 (SG37) 
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(a) Curvilinearized rectangular section 

 

   
(b) Typical steel reinforcement details (R2Lr45C15) 

Figure 7.1. Curvilinearized rectangular section and typical steel reinforcement details 
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Figure 7.2. Locations of strain gauges and LVDTs 
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(a) S0Lr45C15e50       (b) S2Lr45C15e50 

      

   
(c) R2Lr45C15e50        (d) R2Lr45C10e50        (e) R2Lr45C20e50 
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(f) R2Lr45C15e100     (g) R2Lr45C15e150  (h) R2Lr45C15e50-4h 

 

                 
   (i) R2Lr45C15e100-5h     (j) R2Lr45C15e50-5h   (k) R2Lr45C15e50-6h 

Figure 7.3. Typical specimens after failure 
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(a) Effect of FRP confinement 

 

 
(b) Columns with different r/s ratios 
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(c) Columns with different load eccentricities 

 

 
(d) Columns with different slenderness ratios 

Figure 7.4. Axial load-axial shortening curves 
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(a) S2Lr45C15e50 

 

 
(b) R2Lr45C15e50 

 

  
(c) R2Lr45C10e50 
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(d) R2Lr45C20e50 

 

  
(e) R2Lr45C15e100 

 

 
(f) R2Lr45C15e150 
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(g) R2Lr45C15e50-4h 

 

 
(h) R2Lr45C15e50-5h 

 

  
(i) R2Lr45C15e100-5h 
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(j) R2Lr45C15e50-6h 

Figure 7.5. Axial load-axial strain curves 
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     (a) Effect of FRP confinement   

 

   
(b) Columns with different r/s ratios 
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(c) Columns with different eccentricities 

 

  
(d) Columns with different slenderness ratios 

Figure 7.6. Moment-curvature curves 
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 (a) S2Lr45C15e50 

 

 
(b) R2Lr45C15e50 

 

  
 (c) R2Lr45C10e50 
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(d) R2Lr45C20e50 

 

  
 (e) R2Lr45C15e100 

 

 
(f) R2Lr45C15e150 
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(g) R2Lr45C15e50-4h 

 

 
(h) R2Lr45C15e50-5h 

 

  
(i) R2Lr45C15e100-5h 
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(j) R2Lr45C15e50-6h 

Figure 7.7. Axial load-lateral displacement curves at different levels of the test 

columns 
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(a) Effect of FRP confinement  

 

  
(b) Columns with different r/s ratios 
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(c) Columns with different load eccentricities 

 

   
(d) Columns with different slenderness ratios 

Figure 7.8. Axial load-lateral displacement curves 
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(a) Effect of load eccentricity 

  

 
(b) Effect of slenderness ratio 
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(c) Effect of r/s ratio 

Figure 7.9. Effects of various factors on the ultimate condition 
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Figure 7.10. Strain and stress profiles over an FRP-confined CRC section 
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(a) R0Lr45C15e50 

 

   
(b) S0Lr45C20e50 
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(c) R2Lr45C15e50 

  

   
(d) R2Lr45C20e50 
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   (e) R2Lr45C10e50 

  

   
(f) R2Lr45C15e100 
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(g) R2Lr45C15e150 

   

  
(h) S2Lr45C15e50 
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(i) R2Lr45C15e50-4h 

 

    
(j) R2Lr45C15e50-5h 
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(k) R2Lr45C15e100-5h 

  

    
(l) R2Lr45C15e100-6h 

Figure 7.11. Comparison of moment-curvature curves between test results and 

predictions 
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(a) R0Lr45C15e50 

 

 
(b) S0Lr45C20e50 
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(c) R2Lr45C15e50 

 

  
(d) R2Lr45C20e50 
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 (e) R2Lr45C10e50 

 

  
(f) R2Lr45C15e100 
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(g) R2Lr45C15e150 

 

 

  
(h) S2Lr45C15e50 
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(i) R2Lr45C15e50-4h 

 

  
(j) R2Lr45C15e50-5h 
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(k) R2Lr45C15e100-5h 

 

  
(l) R2Lr45C15e100-6h 

Figure 7.12. Comparison of axial load-lateral displacement curves between test 

results and predictions 
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Figure 7.13. N-M interaction curves for FRP-confined curvilinearized rectangular 

RC columns 
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(a) Axial load-carrying capacity 

 

  
(b) Corresponding moment capacity 

Figure 7.14. Performance of GB 50608 (2010) in predicting the load-carrying 

capacity of FRP-confined CRCs 
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CHAPTER 8  

 

CONCLUSIONS 

 

 

8.1. INTRODUCTION 

 

This thesis has presented a systematic study aiming at the development of an 

in-depth understanding of the behaviour of large-scale FRP-confined rectangular and 

curvilinearized rectangular RC columns under either concentric loading or eccentric 

loading. Relevant existing studies have generally been focused on small-scale 

specimens and have overlooked many factors that significantly affect the response of 

these columns. The design equations in the design guidelines have been developed 

based on these existing studies, and thus their applicability and accuracy in 

predicting the strengths of large-scale rectangular RC columns need urgent 

verification. The systematic study, undertaken both experimentally and theoretically, 

as presented in this thesis, therefore, provides a valuable scientific basis for a wider 

and more confident application of FRP retrofit/strengthening of RC columns in 

practice. 

 

The PhD research project has specifically been concerned with the following three 
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issues: (1) behaviour and modelling of FRP-confined concrete in large-scale 

rectangular and curvilinearized rectangular RC columns subjected to concentric 

compression (Chapters 3 and 4); (2) behaviour and modelling of large-scale 

FRP-confined rectangular RC columns subjected to eccentric loading (Chapters 5 

and 6); (3) behaviour and modelling of large-scale FRP-confined curvilinearized 

rectangular RC columns subjected to eccentric loading (Chapter 7). Various factors, 

including the section aspect ratio, strain gradient effect, column slenderness ratio, 

FRP confinement level, and loading direction, were systematically examined in the 

experimental programme. Particularly, the size effect in these columns was 

investigated through comparisons between test results and predictions using existing 

stress-strain models established based on small-scale columns. To the best of the 

author’s knowledge, the test columns had the largest dimensions among columns that 

had ever been tested. The major findings of this PhD research project are 

summarized below, followed by a discussion on future research. 

 

8.2. BEHAVIOUR OF LARGE-SCALE FRP-CONFINED RECTANGULAR 

AND CURVILINEARIZED RECTANGULAR RC COLUMNS UNDER AXIAL 

COMPRESSION 

 

This thesis was first concerned with the behaviour and modelling of FRP-confined 

concrete in large-scale FRP-confined rectangular and curvilinearized rectangular RC 

columns under axial compression. The experimental results of nine large-scale 
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FRP-confined rectangular RC columns subjected to concentric compression were 

present in Chapter 3. The main parameters examined in the test programme were the 

corner radius and FRP thickness. The test results were compared with four existing 

stress-strain models for FRP-confined concrete in rectangular columns. The 

following conclusions were drawn in Chapter 3: 

(1) The stress-strain curves of FRP-confined concrete in the tested large-scale 

FRP-confined rectangular RC columns feature approximately a typical 

bilinear stress-strain shape. 

(2) The compressive strength of concrete in a large-scale unconfined concrete 

column was found to be lower than that of a standard concrete cylinder; a 

ratio between the two was identified to be 0.94 for the columns tested in the 

present study. 

(3) The FRP hoop strains at ultimate condition on the flat sides are generally 

larger than those at the corner centers, with those at the transition points in 

between; the FRP hoop strains on the flat sides are very close to the rupture 

strain obtained from FRP-confined concrete cylinder tests. 

(4) The corner radius ratio and the FRP jacket thickness both have a significant 

effect on the stress-strain response of FRP-confined concrete in rectangular 

columns; both the compressive strength and the ultimate axial strain increase 

with the increase of corner radius ratio or the FRP jacket thickness. 

(5) Lam and Teng’s (2003b) model performs better than the other models in 

predicting the stress-strain curves; it predicts very well the stress-strain 
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curves of columns with a relatively low FRP confinement but significantly 

underestimates the slopes of the second segment and thus the ultimate axial 

stresses for columns with a relatively high FRP confinement. 

(6) The proposed model predicts the stress-strain behaviour of all the test 

large-scale FRP-confined rectangular RC columns reasonably well and is 

superior to the other four representative existing models. 

 

Subsequently, an experimental study involving eight large-scale curvilinearized 

rectangular columns (CRCs) was carried out, and the test results were presented in 

Chapter 4 of this thesis. On the basis of the test results, a new design-oriented 

stress-strain model for FRP-confined concrete in CRCs was proposed and its 

accuracy was demonstrated through comparison with the test results. The following 

conclusions were drawn in the Chapter 4:  

(1) The experimental results have shown that the SC technique substantially 

increases the effectiveness of FRP confinement in rectangular columns; 

particularly, the slope of the linear second segment of the stress-strain curve of 

FRP-confined concrete in a curvilinearized column is much larger than that of 

the column without SC. 

(2) The FRP hoop strains at the centres of the rounded corners are generally smaller 

than those at the centres of the flat sides, with those at the transition points in 

between. The maximum FRP hoop strain at the ultimate condition increases 

with the increase of the r/s ratio. 
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(3) With the increase of the r/s ratio, the difference between the hoop strains at the 

flat sides and those at the corner centres becomes smaller, indicating that the 

implementation of SC leads to a more uniform FRP hoop strain distribution 

around the perimeter of the column section. 

(4) The corner radius ratio has a significant effect on the ultimate axial stress and 

ultimate axial strain of FRP-confined concrete in CRCs, but it has little effect on 

the maximum FRP hoop strain. The experimental results have shown that as the 

corner radius ratio increases from 25 mm to 45 mm, the enhancement effect of 

the corner radius is obvious; however, as the corner radius continues to increase 

from 45 mm to 65 mm, the enhancement effect is only slight. This indicates that 

an optimal value of corner radius ratio may exist for FRP-confined CRCs. 

(5) The design-oriented stress-strain model in GB 50608 (2010) significantly 

underestimates the ultimate axial stresses and ultimate axial strains for 

FRP-confined concrete in CRCs. 

(6) An improved version of the stress-strain model in GB-50608 (2010) for 

FRP-confined concrete in CRCs is developed based on the test database. The 

proposed model includes both the r/s ratio and the corner radius ratio as key 

parameters. The comparisons between the test results and the predictions have 

demonstrated the accuracy of the stress-strain model. 

(7) The FE approach using the constitutive model of Yu et al. (2010) for confined 

concrete has been shown to provide accurate predictions for the stress-strain 

response of FRP-confined concrete in the test CRCs. 
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8.3. BEHAVIOUR OF LARGE-SCALE FRP-CONFINED RECTANGULAR 

RC COLUMNS UNDER ECCENTRIC LOADING 

 

The behaviour of large-scale FRP-confined rectangular RC columns under eccentric 

loading was experimentally investigated in Chapters 5 and 6. The specimens 

presented in Chapter 5 were relatively short columns with a slenderness ratio of 

around 3, while those in Chapter 6 were long columns with a slenderness ratio of not 

less than 5. In Chapter 5, the theoretical column model of Jiang and Teng (2012) was 

revised to predict the responses of the eccentrically-loaded FRP-confined rectangular 

RC test columns. The strain gradient effect was specifically investigated by 

implementing several stress-strain curves of FRP-confined concrete in the theoretical 

column model. The design equations in GB 50608 (2010) and Concrete Society 

(2012) were also evaluated using the test results. The following conclusions were 

drawn from the studies in the two chapters: 

(1) The provision of CFRP confinement enhances both the load-carrying capacity 

and deformation ductility of large-scale FRP-confined rectangular RC columns 

under both strong-axis bending and weak-axis axis bending. 

(2) Both the axial load-axial shortening curves and axial load-lateral displacement 

curves of the test columns exhibit a two-segment shape with either an ascending 

or descending second branch; the columns with weak-axis bending generally 

have a descending second branch due to the small bending resistance around the 
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weak axis, as well as the lower FRP confinement efficiency in the compression 

zone for columns bent about the weak axis; the axial load-carrying capacity 

decreases as the load eccentricity increases. 

(3) The plain section assumption which is generally employed in column analysis is 

still valid for FRP-confined rectangular RC columns. 

(4) The ultimate axial strain at the centre of the extreme compression face of an 

eccentrically-loaded column has been found to be much larger than the ultimate 

axial strain of the corresponding concentrically-loaded column, which is believed 

to be caused by the strain gradient effect. 

(5) The maximum FRP hoop strain at the ultimate condition of an 

eccentrically-loaded rectangular RC column is generally located at the mid-width 

of the extreme compression face; the average maximum FRP hoop strain for the 

eccentrically-loaded columns with FRP rupture is slightly lower but close to the 

average value of concentrically-loaded columns presented in Chapter 3. 

(6) The theoretical column model of Jiang and Teng (2012a) utilizing a 

concentric-loading stress-strain model (e.g., Lam and Teng 2003b) substantially 

underestimates both the load-carrying capacity and the ductility of the 

eccentrically-loaded rectangular RC columns, while the predictions agree much 

better with the test results in terms of the ultimate condition if the experimental 

ultimate axial strain at the extreme compression face is directly used, which 

indicates that the strain gradient effect should not be ignored in the theoretical 

analysis. 
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(7) The theoretical column model is reasonably accurate in predicting section 

moments and axial loads, implying that ACI-440.2R (2008) and Concrete society 

(2012) are generally suitable for designing FRP-confined short RC columns. This 

may also mean that the size effect is not obvious in eccentrically-loaded 

FRP-confined rectangular RC columns, although more research is needed to 

further clarify this effect in the future. 

 

In Chapter 6, an experimental programme on eccentric compression tests on a series 

of large-scale long FRP-confined rectangular RC columns with different slenderness 

ratios and load eccentricities has been conducted. The tests results have been 

presented and compared with numerical results from the theoretical column model of 

Jiang and Teng (2012a) with some modifications. On the basis of the results and 

discussions presented in this chapter, the following conclusions can be drawn: 

(1) The test columns under eccentric loading exhibited a very ductile behaviour; FRP 

confinement substantially enhanced both the load-carrying capacity and the 

ductility of the columns. With an increase in the slenderness ratio, the column 

shifts from a material failure (FRP rupture) mode to a stability failure mode 

without FRP rupture. 

(2) The axial load-carrying capacity of the test columns decreases with an increase in 

either the slenderness ratio or the load eccentricity; the ultimate mid-height 

lateral displacement appears to be little affected by these two variables. 

(3) The ultimate axial strain at the extreme compression face of an 
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eccentrically-loaded column is considerably higher than the ultimate axial strain 

of a corresponding concentrically-loaded column. 

(4) Jiang and Teng’s (2012a) model with some modifications predicts similar shapes 

for the axial load-lateral displacement curves and the moment-curvature curves 

to those of the test curves, but the predicted curves are significantly shorter than 

the test curves, while the predictions agree much better with the test results if the 

experimental ultimate axial strain at the extreme compression face is directly 

used, which indicates that the strain gradient has a significant effect on the 

column responses and should not be ignored in the theoretical analysis. 

(5) The equation for the slenderness limit for FRP-confined rectangular RC columns 

in GB-50608 (2010) is conservative based on the numerical results from the 

theoretical column model of Jiang and Teng (2012a). 

(6) GB 50608 (2010) predicts the load-carrying capacities of both short and long 

columns tested in the present study reasonably well and provides conservative 

predictions when the additional eccentricity is considered. Concrete Society 

(2012) predicts overestimated axial load-carrying capacities for some of the test 

columns even when the additional eccentricity is considered. 

 

8.4. BEHAVIOUR OF LARGE-SCALE FRP-CONFINED CURVILINEARIZED 

RECTANGULAR RC COLUMNS UNDER ECCENTRIC LOADING  

 

The experimental results of a series of large-scale eccentrically-loaded FRP-confined 
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CRCs were presented in Chapter 7. The effects of load eccentricity, edge rise-to-span 

ratio, and slenderness ratio were investigated in detail. The tests results were 

compared with the numerical results from the theoretical column model of Jiang and 

Teng (2012) with some modifications as well as the predictions of the design 

equations in GB 50608 (2010) for the load-carrying capacity. Based on the results 

and discussions presented in Chapter 7, the following conclusions were drawn: 

(1) FRP confinement substantially increases both the load-carrying capacity and 

ductility of eccentrically-loaded large-scale CRCs. 

(2) Due to the strain gradient effect, the ultimate axial strain at the extreme 

compression fibre (ECF) of an eccentrically-loaded CRC is larger than the 

ultimate axial strain in the corresponding concentrically-loaded CRC. 

(3) An increase in the load eccentricity leads to an increase in the maximum FRP 

hoop strain at the ECF at the ultimate condition, while the ultimate axial strain 

seems to be independent on load eccentricity. 

(4) An increase in the column slenderness leads to a decrease in the axial 

load-carrying capacity but an increase in the ultimate mid-height lateral 

displacement. In addition, an increase in the column slenderness leads to a 

decrease in the maximum FRP hoop strain at the ECF at the ultimate condition. 

(5) The direct use of a concentric-loading stress-strain model for FRP-confined 

concrete in CRCs in a theoretical column model can provide reasonably 

satisfactory predictions for the eccentrically-loaded test CRCs, although the 

theoretical model significantly underestimates the ductility (curvature and lateral 
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deformation) of the test CRCs. The predictions agree much better with the test 

results if the experimental ultimate axial strain at the ECF is directly used, which 

indicates that the strain gradient has a significant effect on the column responses 

and should not be ignored in the theoretical analysis  

(6) The design equations of GB 50608 (2010) provide close predictions for the axial 

load-carrying capacity and conservative predictions for the moment capacity of 

the test FRP-confined CRCs. 

(7) The theoretical column model generally predicts a slightly lower axial load at a 

given deformation for the eccentrically-loaded FRP-confined CRCs, which 

implies that the size effect in these columns may be insignificant, although more 

research needs to be conducted to further clarify the size effect in these columns 

in the future. 

 

8.5. FUTURE RESEARCH  

 

The PhD research project has mainly been concerned with the behaviour and 

modelling of large-scale FRP-confined rectangular and curvilinearized rectangular 

RC columns subjected to either concentric loading or eccentric loading. This 

research has led to an in-depth understanding of the structural behaviour of these 

columns. Although the objectives of this PhD project have been successfully 

accomplished, several knowledge gaps remain and require further research, as 

highlighted below. 
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Although Lam and Teng’s (2003) model provides satisfactory predictions for the 

stress-strain behaviour of FRP-confined concrete in the test rectangular columns, 

some discrepancies between the predictions and the test results still exist especially 

for columns with a high level of FRP confinement as discussed in Chapter 3. This is 

believed to be caused by the complex stress state and confinement mechanism in an 

FRP-confined rectangular column, which are difficult to capture by a design-oriented 

stress-strain model. Some existing studies have resorted to the three-dimensional 

finite element (FE) approach to explore stress distributions in FRP-confined 

rectangular columns (e.g., Yu et al. 2010; Lin and Teng 2013; Teng et al. 2015). 

These FE results, however, are difficult to verify using experimental results due to 

the limitations of laboratory measurement techniques. Further research on some of 

the new measurement techniques (i.e., Tekscan 2013; Teng et al. 2015) for stress 

distributions in FRP-confined rectangular columns under various loading conditions 

is worthwhile. 

 

The experimental and theoretical results presented in Chapters 5 to 7 have 

demonstrated that the strain gradient effect has a significant effect on the responses 

of eccentrically-loaded RC columns, which is also consistent with the recent findings 

in the author’s research group (Lin 2016; Lin and Teng 2017). In Chapter 5, the 

experimental ultimate axial strain of the concrete at the extreme compression face 

was directly used in the theoretical column model to properly consider the strain 
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gradient effect. It is of significant value that an eccentric-loading stress-strain model 

for FRP-confined concrete in rectangular columns could be developed in the future. 

Considering the complex stress state in an eccentrically-loaded rectangular concrete 

column, one may again resort to the three-dimensional FE modelling approach 

similar as has been done by Lin (2016) for FRP-confined circular and square 

columns. 

 

Another important issue is that, in the present PhD research, the size effect was 

indirectly investigated through comparisons between test results and predictions 

using existing stress-strain models established based on small-scale columns. 

Although some useful conclusions can be drawn, direct comparisons of test results 

between small-scale specimens and large-scale specimens are still valuable. Such 

tests of FRP-confined rectangular RC columns with different sizes are worthwhile in 

the future. 

 

Finally, the test columns in the present PhD research project were all designed with a 

low transverse steel reinforcement ratio in the central test portion. Therefore, the 

confinement from the transvers steel reinforcement can be reasonably ignored in the 

analysis of these columns. However, for RC columns designed with modern design 

guidelines or those in a seismic zone, the transverse steel reinforcement ratio is 

relatively high and its confinement effect should not be ignored. Further research is 

needed to investigate the combined confinement effects from both external FRP and 
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internal steel reinforcement, as well as their interaction in rectangular RC columns. 
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