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ABSTRACT 

 

It is well known that concrete can achieve higher strength and greater ductility 

when subjected to triaxial compression. In structures, concrete is laterally confined 

in various ways to enhance its strength and ductility. The most widely used 

concrete confining method is to use transverse steel reinforcement in reinforced 

concrete (RC) structural members. More recently, fiber reinforced polymer (FRP) 

jackets have been widely used to strengthen existing RC columns. FRP, being a 

high-strength, lightweight and corrosion-resistant material with 

direction-dependent properties, is more advantageous than steel jackets in column 

strengthening applications. 

Despite the extensive existing research on the behavior of FRP-confined concrete 

columns, there is a significant deficiency in existing work on the behavior of 

FRP-confined large-scale/full-scale RC columns of square/rectangular sections. To 

address this deficiency, the present thesis presents an experimental study into the 

axial compressive behavior of FRP-jacketed full-scale RC columns. The 

specimens were designed according to existing design guidelines to have realistic 

features. A total of 18 full-scale RC column specimens (350 mm diameter circular 

columns, 350 mm × 350 mm square columns, 290 mm × 435 mm and 250 mm × 

500 mm rectangular columns), all with a height of 1340 mm, were built and tested 

under axial compression. The columns (including 1 trial test) had circular, square 

and rectangular sections, with and without confinement by carbon FRP (CFRP) 

jackets. The circular columns were reinforced with transverse steel reinforcement 

of different volumetric ratios and were confined with CFRP jackets of different 
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thicknesses to study the effects of transverse steel reinforcement, FRP confinement 

and their interaction. For square columns, the effects of the volumetric ratio of 

transverse steel reinforcement and the FRP jacket thickness are also studied. One 

additional purpose of the square column tests was to study the effect of the 

rounded corner radius of the square section. Finally, some rectangular columns 

were tested to study the influence of the section aspect ratio. 

The test data are interpreted and compared to theoretical predictions of 

representative models for FRP-confined RC columns. These comparisons indicate 

the inadequacy of existing models, particularly in predicting the behavior of large 

FRP-confined square and rectangular RC columns. That is, the existing models 

have not properly captured the size effect of these columns. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

Fiber reinforced polymer (FRP) has been widely used in upgrading and 

strengthening existing structures, and this has been due to its high 

strength-to-weight ratio, excellent corrosion resistance, ease of installation, and 

tailorability of properties (Teng et al. 2002; Hollaway and Teng 2008). There are 

mainly three types of fibers that are used in the repair and strengthening industry: 

carbon fibers, glass fibers and aramid fibers. FRP composites made from 

embedding these fibers in a suitable resin matrix are called CFRP, GFRP and 

AFRP, respectively (Teng et al. 2002). At the present, there are many kinds of FRP 

products that can be used in upgrading structures, such as sheets, tubes, bars and 

plates (Jiang 2008). FRP can be used in strengthening various types of concrete 

members such as slabs, beams, columns and beam-column joints. FRP is also 

applicable in the strengthening of structures constructed of many different 

structural materials, like plain concrete, reinforced concrete (RC), pre-stressed 

concrete, timber, masonry and steel structures (Teng et al. 2002; Hollaway and 

Teng 2008).  

There are three methods to apply an FRP jacket to strengthen a column (Teng et al. 

2002): (1) in-situ wrapping of FRP sheets in a wet layup process; (2) in-situ 

formation of the jacket by filament winding; (3) use of prefabricated FRP shells. 

The most commonly used method is the in-situ wrapping method which is also the 
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method used in this present experimental study. The other two methods have been 

rarely used in practice. 

1.2 RESEARCH SIGNIFICANCE 

It is widely accepted that the axial strength and ductility of concrete can be 

improved through lateral confinement. FRP wrapping has been shown to be a very 

effective way to provide lateral confinement to concrete columns to improve their 

load-carrying capacity and ductility by previous researchers (e.g. Saadatmanesh et 

al. 1994; Demers and Neale1999; Toutanji 1999; Pessiki et al. 2001; Teng et al. 

2002). The effectiveness of FRP confinement is particular obvious for concrete in 

circular columns where the concrete receives uniform confinement from the FRP 

jacket (Teng et al. 2002). Many experimental and analytical investigations have 

been conducted to establish the stress-strain relationship of FRP-confined plain 

concrete and to predict the axial load capacity of FRP-confined RC circular 

columns (Teng and Lam 2004). 

Results obtained from investigations on non-circular section concrete columns 

show that the concrete within these sections is subjected to non-uniform 

confinement which leads to less efficient enhancement in strength and ductility to 

these columns than to circular section columns with the same amount of FRP 

confinement (Pessiki et al. 2001). The aspect ratio (defined as the length ratio 

between the longer side to the shorter side) and the radius of the rounded corners 

of a rectangular section has been found to have significant effects on the 

effectiveness of FRP confinement (Lam and Teng 2003b; Wu and Wang 2009). A 

significant deficiency of existing research on FRP-confined rectangular columns is 

that most of the tests have been conducted on small-scale specimens, and 
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conclusions drawn from these tests may not be applicable to large-scale/full-scale 

columns (Masia et al. 2004; Toutanji et al. 2010). 

In existing RC structures, the amount of internal transverse steel reinforcement is 

very limited in some columns, so its confinement of concrete is negligible. 

However, in some other columns, the internal transverse steel reinforcement does 

provide a significant amount of confinement. When such columns are additionally 

confined with an FRP jacket, the combined effect of FRP and steel confinement 

needs to be studied. This effect has received only limited attention in the past 

(Wang and Hsu 2008; Pellegrino and Modena 2010). 

1.3 OBJECTIVES AND SCOPE 

Most of the existing work on FRP-confined concrete columns has been focused on 

FRP-confined plain concrete in circular columns, and much less work has been 

done on FRP-confined full-scale/large-scale RC columns. Experiment results have 

shown that it is not accurate enough to directly adopt the stress-strain models 

based on studies on small-scale FRP-confined plain concrete columns for use in 

the design of large-scale FRP-confined RC columns (Masia et al. 2004; Rocca et al. 

2008). The two main reasons are the size effect of the column and the effect of 

transverse steel reinforcement which also provides lateral confinement to concrete 

(Wang and Hsu 2008). These effects have been shown to be particularly important 

for columns of square/rectangular section in which the concrete receives 

non-uniform confinement from the FRP jacket and corner radius plays an 

important role (Hollaway and Teng 2008). 

In the rest of the thesis, the following issues will be examined to gain an improved 
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understanding of the behavior of FRP-confined RC columns: 

1) The axial load-axial strain behavior of large-scale FRP-confined reinforced 

concrete columns with a circular or rectangular cross-section.  

2) The effect of FRP jacket thickness and spacing of steel hoops on the behavior 

of large-scale FRP-confined circular RC columns. 

3) The effect of column size, sectional shape, aspect ratio and corner radius on the 

behavior of large-scale FRP-confined square/rectangular RC columns. 

4) The accuracy of existing stress-strain models for FRP-confined concrete in 

circular and rectangular RC columns. 

1.4 LAYOUT OF THE THESIS 

This thesis is organized in six chapters. Chapter 1 provides a general introduction 

into the FRP confinement technology for strengthening RC columns.  

Chapter 2 presents a literature review of existing work on FRP-confined concrete 

and FRP-confined RC columns. Existing stress-strain models for FRP-confined 

concrete in circular or rectangular columns are reviewed. 

Chapter 3 describes the experimental program of the present study. The test matrix 

is presented; the design and preparation of the tests are described in detail. The 

results of material tests are also reported in the chapter. 

Chapters 4 and 5 present the test results of circular columns and square/rectangular 

columns respectively. The results and observations of the tests are described 

analyzed in these chapters. The test results are also compared with representative 
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theoretical models. 

Chapter 6 presents a summary of the conclusions of the present study and 

discusses the needs for future research.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

There has been an increasing need for the strengthening of existing reinforced 

concrete (RC) structures for various reasons, such as load increases, design or 

construction errors, changes of function of the structure, insufficient seismic 

resistance, damage caused by fires or earthquakes, corrosion of steel reinforcement 

(Demers and Neale 1999; Toutanji 1999; Youssef 2003). Fiber reinforced polymer 

(FRP) composites have been proven in many studies to be effective for the 

strengthening of RC structures or structural members because of their high 

strength, low weight and excellent corrosion resistance (Saadatmanesh et al. 1994). 

A proven technique for the strengthening of RC columns is to wrap columns with 

FRP sheets with the fibers or the main fibers oriented in the hoop direction to 

provide an external jacket to the concrete (Pessiki et al. 2001; Lam and Teng 

2003a). It has been well established that the lateral confinement provided by the 

FRP jacket increases the compressive strength and ultimate axial strain of the 

concrete, which consequently enhances the load-carrying capacity and ductility of 

the RC column (Saadatmanesh et al. 1994). 

Lateral confinement to concrete may be provided in an active or passive manner. 

In active confinement, the confining pressure is independent of the dimensional 

changes of the confined concrete core. In passive confinement, the confining 

pressure is a result of the interaction between the lateral expansion of the confined 
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concrete core and the tensioning of the confining device in the hoop direction. The 

lateral confinement of concrete provided by transverse steel reinforcement in the 

form of hoops or spirals in RC columns may be taken as a form of active 

confinement after the steel yields. The lateral confinement provided by an FRP 

jacket is passive in nature (Teng et al. 2007; Jiang and Teng 2007). This is because 

the FRP jacket does not yield and is linear elastic until rupture. As a result, the 

confining pressure provided by the FRP jacket increases with an increase in the 

lateral strain of concrete.  

This chapter starts with a review of existing theories of RC columns confined with 

transverse steel reinforcement. A literature review of FRP-confined plain concrete 

cylinders is next presented. Existing studies on FRP-confined circular and 

noncircular (square and rectangular) RC columns are then discussed. Existing 

models for such columns are also reviewed. 

2.2 REINFORCED CONCRETE COLUMNS 

2.2.1 Strength of RC Columns 

Load-bearing structural concrete columns are normally reinforced with steel bars 

in both the longitudinal and the transverse directions. The basic design concept of 

RC columns is that the longitudinal steel bars contribute to the axial load and 

bending moment capacities of the column, and the transverse reinforcement in the 

form of hoops or spirals contributes to the shear capacity of the column and 

provides lateral support to the longitudinal reinforcement to prevent it from 

premature buckling (MacGregor and Wight 2004). 

The axial strength of a short RC column at zero eccentricity oP  can be calculated 
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as 

( )0.85o c g sl yl slP f A A f A′= − +            (2.1) 

where cf ′  is the compressive strength of concrete; gA  is the gross area of 

column section; slA  is the total cross-sectional area of longitudinal steel 

reinforcement; and ylf  is the yield stress of longitudinal steel reinforcement. 

2.2.2 Models for Concrete Confined with Transverse Steel Reinforcement 

Properly arranged transverse steel reinforcement can help increase both the 

strength and ductility of the column. As transverse steel reinforcement in RC 

columns provides lateral confinement to the concrete core, the concrete core is 

under triaxial compression when the column is subjected to axial compression. 

Many studies have been conducted on concrete subjected to such triaxial loading. 

Among these existing studies, one of the most widely cited studies was published 

by Mander et al. (1988a). Thirty-one full size RC columns with circular, square or 

rectangular cross sections were tested, and the results were used as a database for 

their stress-strain model (Mander et al. 1988b). This model was developed for 

columns with circular or non-circular (square and rectangular) cross sections with 

transverse steel reinforcement based on a strength model of Richart et al. (1929). 

A stress-strain model was proposed by Mander et al. (1988a) to predict the 

performance of concrete confined by transverse steel reinforcement under uniaxial 

compression based on the stress-strain model of concrete proposed by Popovics 

(1973).  

Mander et al. (1988a) pointed out that the confinement provided by transverse 

steel reinforcement is not uniform; an effectiveness factor was proposed as the 
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ratio of the area of the effectively confined concrete at midway between layers of 

transverse reinforcement to that of the concrete enclosed by the centerline of the 

perimeter spirals or hoops. The non-uniform confinement provided by the 

transverse steel reinforcement can be taken into account by applying the 

effectiveness factor when calculating the effective lateral confining stress. As for 

rectangular columns, due to the different side-lengths of the cross section, the 

effectiveness of confinement is different in the two (i.e. x  and y ) directions. 

Equations for the effective lateral confining pressures in the two directions are also 

given in the paper. 

Mander et al. (1988a) proposed equations for the compressive strength of 

confined-concrete in circular RC columns. For rectangular columns, as the 

effective confining pressure is different in the two directions, the compressive 

strength of confined concrete, ccf ′ , is determined by referring to a chart (Fig. 2.1) 

once the confinement ratios for the two directions, /lx cof f′ ′  and /ly cof f′ ′ , are 

known, where lxf ′  is the effective confining strength in x  direction; lyf ′  is the 

effective confining strength in y  direction; cof ′  is the unconfined concrete 

strength. 

2.3 FRP-CONFINED CONCRETE 

FRP-confined concrete has been studied widely in recent years. FRP composites 

(especially CFRP composites) have a much higher tensile strength than steel, so 

they are able to provide higher confining pressures to the concrete for the same 

amount of material. When a column is fully-wrapped with an FRP jacket, the FRP 

jacket is continuous in the longitudinal direction. Therefore, the confinement from 
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such an FRP jacket is also uniform in the longitudinal direction of the column, 

unlike the confinement from transverse steel reinforcement which is non-uniform 

in the longitudinal direction. The responses of FRP-confined concrete can be 

divided into two categories: sufficiently-confined concrete and 

insufficiently-confined concrete, depending on the shape of the stress-strain curve 

of FRP-confined concrete as illustrated in Fig. 2.2 (Hollaway and Teng 2008). The 

confinement is deemed to be sufficient if the stress-strain curve of FRP-confined 

concrete features an ascending bi-linear shape as shown in Fig. 2.2(a); otherwise 

the confinement is deemed to be insufficient as shown in Fig. 2.2(b). That is, the 

stress-strain curves for insufficient confinement have a post-peak descending 

branch. In some models, the sufficiently-confined and insufficiently-confined 

cases of FRP-confined concrete are referred to as hardening behavior and 

softening behavior, respectively (Pantelides and Yan 2007). Test results have 

shown that columns sufficiently confined with FRP jackets behave differently from 

columns confined with transverse steel reinforcement. An FRP-confined concrete 

column with a sufficient level of confinement experiences enhancement in the 

axial load capacity compared to its original capacity, and the column fails by the 

sudden rupture of the FRP jacket (Teng and Lam 2004). However, a column with 

transverse steel reinforcement experiences a gradual descending process after the 

peak axial load is reached (Samaan et al. 1998). 

2.3.1 Existing Stress-Strain Models for FRP-confined Concrete 

There are two kinds of models to predict the stress-strain behavior of 

FRP-confined concrete: design-oriented model and analysis-oriented model. As 

explained by Lam and Teng (2003a), design-oriented models are closed-form 
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empirical equations established through direct interpretations of experimental 

observations while analysis-oriented models are incremental numerical procedures 

considering interactions between the concrete core and the FRP jacket in an 

explicit manner. 

Design-oriented Models for FRP-confined Concrete in Circular Columns 

The concrete is uniformly-confined in circular FRP-confined RC columns in all 

directions. The behavior of concrete uniformly-confined with FRP has been well 

understood by now, and various stress-strain models have been proposed. 

Design-oriented models have been proposed by Samaan et al. (1998), Toutanji 

(1999), Saafi et al. (1999), Cheng et al. (2002), Moran and Pantelides (2002), Xiao 

and Wu (2000, 2003), Shehata et al. (2002), Lam and Teng (2002, 2003a), 

Campione et al. (2004), Berthet et al. (2006), Harajli et al. (2006), Saenz and 

Pantelides (2007), Wu et al. (2007), Youssef et al. (2007), Khaloo et al. (2008), 

Teng et al. (2009), Turgay et al. (2009) and Benzaid et al. (2010). 

Samaan et al. (1998), Cheng et al. (2002) and Xiao and Wu (2003) adopted the 

four-parameter stress-strain model proposed by Richard and Abbott (1975) to 

describe the stress-strain behavior of FRP-confined concrete. 

Toutanji (1999) used the model of Ahmad and Shah (1982) proposed for 

steel-confined concrete for the first portion of the stress-strain model of 

FRP-confined concrete and proposed empirical equations for the second portion. 

Saafi et al.’s (1999) model has the form of Toutanji’s (1999) model, but was 

calibrated for concrete-filled FRP tubes. 

Shehata et al. (2002) only provided equations for the strength and ultimate axial 
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strain of FRP-confined concrete based on the model of Richart et al. (1929), but 

did not propose equations for the full stress-strain curve. Strength and ultimate 

strain equations were proposed for circular, square and rectangular columns 

respectively. 

Lam and Teng (2003a) proposed a stress-strain model with a parabolic first portion 

and a linear section portion for concrete with sufficient FRP confinement. 

Campione et al. (2004) did not propose equations for the full stress-strain curve. 

The model of Richart et al. (1929) was also adopted for predicting the confined 

compressive strength and ultimate axial strain. Rectangular section specimens 

were also studied; the way of calculating the effectiveness coefficient was adopted 

from Mander et al. (1988a). 

Berthet et al.’s (2006) stress-strain model for FRP-confined concrete consists of 

two parts: the first pseudo-elastic portion which is simulated by the model of 

Richard and Abbott (1975) and the second linear pseudo-plastic portion. 

Harajli et al. (2006) studied the stress-strain behavior of FRP-confined concrete 

columns with a rectangular section. The model of Sheikh and Uzumeri (1980) was 

adopted for the parabolic first portion while Toutanji’s (1999) model was adopted 

for the second portion; the confined compressive strength and ultimate axial strain 

were calculated based on the model of Richart et al. (1929). 

Saenz and Pantelides (2007) separated the stress-strain curve into three portions: 

the initial linear elastic portion where the volume decreases and the Poisson’s ratio 

is constant; the transition portion where the radial expansion rate surpasses the 

axial contraction rate until the volumetric contraction turns zero; and the final 
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portion where volume expansion starts and with the volume expansion, the 

specimen achieves its strength when the lateral restraint from the FRP composite 

reaches its maximum capacity. The stress of concrete is calculated according to the 

different characteristics of the radial strain-axial strain relationship in different 

phases. 

Youssef et al. (2007) employed the Hoshikuma et al. (1997) model for the first 

portion of the stress-strain curve of FRP-confined concrete and used a linear 

equation for the second portion of the curve.  

Khaloo et al. (2008) only gave predictive equations for the compressive strength 

and ultimate axial strain of FRP-confined concrete based on Richart et al. (1929) 

model. No stress-strain model was proposed. 

Teng et al. (2009) presented a refined version of Lam and Teng’s (2003a) model by 

introducing more precise definitions of the confined compressive strength and 

ultimate axial strain. The model was also improved by giving it the capability of 

predicting stress-strain curves with a descending branch. The paper also suggested 

a new criterion for determining the ascending or descending behavior of the 

stress-strain curve. 

Wu and Wang (2009) proposed a unified strength model applicable to both square 

and circular FRP-confined concrete columns based on the model of Richart et al. 

(1929). A circular section was considered to be a special case of a square section 

rounded with a corner radius being equal to the half the width of the square section. 

However, they did not propose equations for the stress-strain curve. Later Wu and 

Zhou (2010) improved the unified strength model based on Hoek-Brown failure 

criterion. 
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Benzaid et al. (2010) gave no explicit equations for the stress-strain curve of 

FRP-confined concrete. They developed equations for predicting the confined 

compressive strength and ultimate axial strain, which are in form similar the 

equations of Richart et al. (1929) for steel-confined concrete. 

Design-oriented models normally give predictions of the ultimate axial stress and 

the corresponding axial strain according to the tensile properties and thickness of 

the FRP jacket. Many of the existing design-oriented models adopted the form of 

Richart et al.’s (1929) equations. 1cc co lhf f k f′ ′ ′= + 1k lhf ′   for the compressive 

strength of confined concrete but proposed their own confinement effectiveness 

coefficients based on test results (Toutanji 1999; Saafi et al. 1999; Shehata et al. 

2002; Campione et al. 2004; Benzaid et al. 2010). In Richart et al.’s equation, the 

compressive strength of confined concrete ccf ′  is given by 1cc co lhf f k f′ ′ ′= + , where 

1k  is the confinement effectiveness efficient to be obtained empirically, cof ′  is 

the compressive strength of unconfined concrete, and lhf ′  is the lateral confining 

pressure provided by transverse steel reinforcement at the yield strength.  

Analysis-oriented Models for FRP-confined Concrete in Circular Columns 

Most of the analysis-oriented stress-strain models are concentrated on 

FRP-confined concrete in circular RC columns. These models are concerned with 

the axial strain and the lateral strain of the confined concrete as well as the 

interaction of them. Therefore, the axial stress and axial strain of the confined 

concrete can be predicted by incrementing the hoop strain to simulate the loading 

process, and the ultimate axial stress and axial strain can be determined by the 

hoop rupture strain of the FRP jacket. The stress-strain models for FRP-confined 
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concrete proposed by Mirmiran and Shahawy (1997b), Harmon et al. (1998), 

Spoelstra and Monti (1999), Harries and Kharel (2002), Binici (2005), Yan (2005), 

Yan and Pantelides (2006), Jiang and Teng (2007), Teng et al. (2007) and Eid and 

Paultre (2008) are analysis-oriented models. 

Mirmiran and Shahawy (1997b) suggested that for every incremental axial strain, a 

lateral strain should be calculated so that the confining pressure from the confining 

material can be obtained. Then with the help of an active confinement model, the 

axial stress of the concrete can be calculated according to the known axial strain 

and the confining pressure. They studied the relationship among the Poisson’s ratio, 

the dilation rate (ratio of radial strain to axial strain) and the volumetric dilation 

rate of the confined concrete to obtain a correct relationship between the axial 

strain and the lateral or circumferential strain. 

Harmon et al. (1998) presented two models based on the assumption that the total 

strain of the confined concrete consists of a linear elastic component, a component 

due to void collapse and a component due to friction slips along the critical crack. 

Spoelstra and Monti (1999) proposed a procedure similar to that of Mirmiran and 

Shahawy (1997b). Instead of calculating the lateral strain and the confining 

pressure at a given axial strain based on a prescribed axial strain-lateral strain 

relationship, the lateral strain and confinement pressure are calculated using an 

iterative process. The model of Popovics (1973) was employed as the active 

confinement model of concrete. 

Harries and Kharel (2002) studied the dilation ratio which can be used to calculate 

the lateral strain with a given axial strain. The active confinement model is also 

based on the Popovics (1973) model. 
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Yan and Pantelides (2006) studied the dilation property of confined concrete and 

proposed an axial strain-lateral strain relationship for the confined concrete. The 

authors also suggested an iterative process for calculating the stress of concrete 

with a given lateral strain of the FRP jacket. The stress-strain curve of 

FRP-confined concrete for hardening behavior was obtained from Popovics’s 

(1973) model while for softening behavior, the models of Popovics (1973) and 

Saenz (1964) were used for the pre-peak portion and the post-peak portion, 

respectively.  

Lee and Hegemier (2009) proposed a stress-strain model for FRP-confined 

concrete in circular RC columns based on their observation that the secant 

modulus of confined concrete is the same as that of unconfined concrete at the 

same lateral strain. The lateral strain-axial strain relationship was based on the 

model of Pantazopoulou and Mills (1995). However, the strength model of 

FRP-confined concrete was derived from the regression analysis of triaxial 

concrete tests which features the form of Richart et al.’s (1929) model. 

The models of Jiang and Teng (2007), Ilki et al. (2006) and Eid and Paultre (2008) 

are discussed in Chapter 4. 

Stress-strain Models for FRP-confined Concrete in Rectangular RC Columns 

In wrapping a rectangular RC column with FRP sheets, the corners of the column 

are usually rounded for more effective FRP confinement. Unlike circular columns, 

the confinement from an FRP jacket in rectangular columns is not uniform over 

the section. The concrete in a rectangular column section can be divided into two 

regions: effectively-confined region and ineffectively-confined region, as shown in 
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Fig. 2.3. The main factors that affect the confining effectiveness of concrete are the 

corner radius and the aspect ratio. The stress-strain models for concrete in 

FRP-confined square/rectangular plain concrete columns include the models of 

Mirmiran et al. (1998), Shehata et al. (2002), Lam and Teng (2003b), Ilki et al. 

(2004), Campione et al. (2004), Yan (2005), Kumutha et al. (2007), Pantelides and 

Yan (2007), Youssef et al. (2007), Wu et al. (2007) and Turgay et al. (2010). Some 

of these models were proposed for square columns only (e.g. Campione and 

Miraglia 2003; Al-Salloum 2007; Wu and Wang 2009). 

For FRP-confined concrete in rectangular columns, Lam and Teng (2003b) 

proposed the concept of an equivalent circular section whose diameter is equal to 

the diagonal length of the rectangular section. The stress-strain model proposed by 

Lam and Teng (2003b) for FRP-confined concrete in rectangular columns has the 

same basic form as their model for concrete uniformly-confined with FRP [see 

Lam and Teng (2003a)]. Based on this basic form, a method for calculating the 

area of effectively confined concrete in the rectangular section is given, leading to 

the definition of the effective confinement ratio (the ratio of the 

effectively-confined area to the total area). Lam and Teng (2003b) then proposed 

modified equations for the compressive strength and ultimate axial strain for 

FRP-confined concrete in rectangular columns. Details will be discussed in 

Section 5.4.2.1. 

Ilki et al. (2004) proposed a stress-strain model for FRP-confined low strength 

concrete. It adopted the section geometry effective factor from Wang and Restrepo 

(2001) and the equivalent circular diameter 2 / ( )D bh b h= + , where b  and h 

are the longer and shorter side lengths of the rectangular section respectively. 
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Campione et al. (2004) studied the effect of corner radius on the confinement 

effectiveness of the FRP jacket, and adopted the approach of Cusson and Paultre 

(1995) for steel-confined concrete by combining the lateral confining pressures in 

the two directions of a rectangular section into the equivalent confining pressure. 

The proposed model includes only equations for the confined compressive strength 

and the ultimate axial strain based on Richart et al. (1929) model. 

Kumutha et al. (2007) only gave equations for the compressive strength of 

confined concrete based on regression analysis while the ultimate axial strain for 

confined concrete and the stress-strain curve were not addressed. 

Pantelides and Yan (2007) employed the four-parameter model of Richart and 

Abbott (1975) for the bilinear response of FRP-confined concrete. They also 

suggested a method of calculating the confined compressive strength and ultimate 

axial strain for both sufficiently and insufficiently confined concrete. 

Youssef et al. (2007) proposed different shape factor coefficients for rectangular 

columns from those for circular columns. The form of the stress-strain relationship 

is the same as that for circular specimens. 

Wu et al. (2007) proposed three models: one (Model I) is for sufficiently-confined 

concrete and the other two (Models II and III) are for both sufficiently- and 

insufficiently-confined concrete. Model II was modified from the model of 

Saadatmanesh et al. (1994) and Model III was a new model based on the bilinear 

(a parabolic first portion plus a linear second portion) response of the stress-strain 

curve. The models take the length of the longer side of cross-section to be the 

diameter of the equivalent circular section in calculating the reduction factor of the 

confined compressive strength. 



20 
 

Lee et al. (2010) proposed equations for the stress-strain curve of FRP-confined 

concrete in square columns based on their model for circular columns (Lee and 

Hegemier 2009). The total resistance of concrete in the section consists of the 

contributions from both the effectively-confined area and the unconfined area. The 

ultimate condition of the FRP-confined column was determined by the maximum 

strain of the FRP jacket which was derived from the dilation of the concrete as 

well as the flexural jacket strain due to the flexural deformation at the flat sides. It 

should be noted that the equivalent diameter of the square section is defined to be 

the distance between the centers of two diagonal corner arcs. 

Turgay et al.’s (2010) stress-strain model for FRP-confined concrete in rectangular 

columns is based on their model for circular columns (Turgay et al. 2009). The 

diameter of the equivalent circular section is given by 2 / ( )D bh b h= + , which is 

the same as that given by Ilki et al. (2004).  

Other Approaches 

Finite element approaches have also been proposed by some researchers (e.g. Liu 

and Foster 2000; Assa et al. 2001; Chen et al. 2001; Montoya et al. 2001; Malvar 

et al. 2004; Mukherjee et al. 2004; Karam and Tabbara 2005; Eid et al. 2007; Eid 

and Paultre 2007; Panigrahi and Pradhan 2007; Tsionis and Pinto 2007; Li and 

Velamarthy 2008; Karabinis et al. 2008; Xiao and Zhang 2008; Doran et al. 2009; 

Koksal et al. 2009; Lignola et al. 2009; Issa et al. 2009). However, these models 

not suitable for use in design and are thus not studied in the thesis. 

2.3.2 Test Database 

Most tests of FRP-confined circular plain concrete columns were conducted on 
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small-scale circular cylinders. During the present project, the test results of 221 

specimens were collected from 28 papers (Nanni et al. 1994; Harmon et al. 1995; 

Picher et al. 1996; Mirmiran and Shahawy 1997a; Miyauchi et al. 1997; Watanable 

et al. 1997; Matthys et al. 1999; Purba and Mufti 1999; Toutanji 1999; Kshirsagar 

et al. 2000; Rochette and Labossiere 2000; Shahawy et al. 2000; Xiao and Wu 

2000; Aire et al. 2001; Micelli et al. 2001; Pessiki et al. 2001; Wang and Cheong 

2001; De Lorenzis et al. 2002; Harries and Kharel 2002; Shehata et al. 2002; Lam 

and Teng 2004; Berthet et al. 2005; Carey and Harries 2005; Lam et al. 2006; Li 

2006; Jiang and Teng 2007; Teng et al. 2007). Most of the specimens exhibited 

ascending behavior in the second portion as suggested by Lam and Teng (2003a) 

under sufficient FRP confinement.  

Many tests have also been conducted on FRP-confined square/rectangular 

specimens. Most of these tests were conducted on square specimens, with much 

fewer tests on rectangular specimens. Some of the researchers were interested in 

finding a relationship between square and circular specimens, and their studies did 

not include rectangular specimens. For instance, Kestner et al. (1997) conducted 

tests on small-scale plain concrete circular and square columns wrapped with 

GFRP and CFRP. They also carried out tests on FRP-wrapped full-size RC circular 

and square columns; their results are further discussed in the next section. Test data 

of 146 square/rectangular specimens have been collected from 10 papers during 

this project.  
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2.4 FRP-CONFINED REINFORCED CONCRETE COLUMNS 

2.4.1 Existing Models 

If the amount of transverse steel reinforcement is so small that it provides little 

confinement to the concrete, then a stress-strain model for FRP-confined concrete 

can be used directly in predicting the behavior of FRP-confined RC columns. 

However, if the transverse steel reinforcement provides a significant amount of 

lateral confinement in addition to the available FRP confinement, then their 

combined effect needs to be considered. This section is concerned with such 

FRP-confined RC columns. 

Existing stress-strain models for concrete in FRP-confined circular RC columns 

with significant transverse steel confinement include those proposed by Legeron 

and Paultre (2003), Vintzileou and Panagiotidou (2008), Eid and Paultre (2008), 

Khaloo et al. (2008), Lee et al. (2008), and Toutanji et al. (2010). These models 

provide equations to calculate the confined compressive strength of concrete under 

a combined lateral pressure provided by the FRP jacket and the transverse 

reinforcement. Some of the models include equations for both circular and 

rectangular FRP-confined RC columns (e.g. Wang and Restrepo 2001; Legeron 

and Paultre 2003; Harajli 2006; Kumutha et al. 2007; Ilki et al. 2008; Vintzileou 

and Panagiotidou 2008; Rousakis and Karabinis 2008). Unlike other models in 

which the lateral confining pressures provided by the FRP jacket and the 

transverse reinforcement are added together, Lee et al. (2008) proposed a model 

for rectangular concrete columns assuming that the concrete strength can be found 

by summing up the strength enhancement of the concrete from the two sources of 

confinement separately. 
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Pellegrino and Modena (2010) as well as Wang et al. (2012a, 2012b) proposed 

their confined compressive strength model by adding up the lateral confining 

pressures provided by the FRP jacket and the transverse reinforcement. Pellegrino 

and Modena (2010) proposed equations for the stress-strain curve of confined 

concrete in FRP-confined circular RC columns based on the bilinear model of 

Richard and Abbott (1975). Wang et al. (2012b) adopted equations similar to those 

of Lam and Teng (2003a), which consists of a parabolic first portion and linear 

section portion, for their stress-strain model for concrete in FRP-confined RC 

square/rectangular columns. They also proposed equations for the concrete under 

cyclic compressive loading. De Luca et al. (2011) conducted tests on full-scale 

FRP-confined RC rectangular columns and assessed several strength models in the 

open literature based on their test results. They found that the strength model of 

Lam and Teng (2003b) predicted accurately both the square and rectangular RC 

columns with FRP jackets. 

It is commonly accepted (e.g. Kestner et al. 1997; Pessiki et al. 2001; Kumutha et 

al. 2007; Wang and Hsu 2008) that the axial compressive load carried by the 

longitudinal steel reinforcement can be worked out by multiplying the yield stress 

of the longitudinal steel reinforcement by its total cross-sectional area. The total 

axial load capacity of an RC column is thus the sum of the concrete contribution 

and the longitudinal steel reinforcement contribution. However, not all existing 

models give a clear statement on the contribution of the concrete core and that of 

the cover concrete to the column load capacity. This is more important in 

analyzing the behavior of the FRP-confined rectangular RC columns than that of 

circular RC columns because there are 3 types of concrete within in the former: 

concrete effectively confined by both the transverse reinforcement and the FRP 
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jacket, concrete effectively confined only by the FRP jacket and concrete 

effectively confined by neither the FRP jacket nor the transverse reinforcement. 

Some researchers proposed methods to calculate the relationship between the 

confined concrete compressive strength and the load capacity of the column 

(Kestner et al. 1997; Pessiki et al. 2001; Wang and Hsu 2008). 

Wang and Hsu (2008) assumed, according to Park and Paulay (1975), that the 

residual strength of unconfined concrete at the axial strain of 1% is 30% of its peak 

strength ( cof ′ ); the area of the concrete confined by both the steel hoops and the 

FRP jacket is within that of the concrete confined by the FRP jacket. Hence, in 

square/rectangular RC columns, the axial load capacity of the column is calculated 

by adding up the three parts of contributions: unconfined concrete, concrete 

confined by both the FRP jacket and the steel hoops, and concrete confined by the 

FRP jacket only.  

Kestner et al. (1997) proposed to calculate the normalized axial stress of concrete

cf  by transforming the area of the longitudinal steel reinforcement into an 

equivalent concrete area for the elastic phase of the longitudinal steel 

reinforcement, while for the yielding phase of the longitudinal steel reinforcement, 

the contribution of the longitudinal reinforcement is taken out from the total load 

to calculate the contribution of concrete. The strain-hardening phase of the 

longitudinal steel reinforcement was not discussed by them. 

Ilki et al. (2006) suggested that the full stress-strain relationship of longitudinal 

steel reinforcement including the yield plateau and hardening phase should be 

taken into account in calculating its contribution to the axial load resistance. These 

authors gave different stress-strain relationships for the hardening phase of steel 
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bars of 10 mm and 12-14 mm in diameter. The net contribution of the concrete in 

the specimens could be calculated after removing the contribution of the 

longitudinal steel reinforcement. 

Some detailed discussions on the models proposed by Eid and Paultre (2008) and 

Ilki et al. (2006) are presented in Chapters 4 and 5. 

2.4.2 Test Database 

Tests on RC columns have been fewer than those on plain concrete columns. In 

this study, only test data of RC columns with a diameter or longer side of 

square/rectangular columns larger than 200 mm were collected as these tests data 

are believed to be more reliable than those of smaller RC columns. Table 2.1 

summarizes the collected test data of FRP-confined circular RC columns. Kestner 

et al. (1997), Rocca et al. (2006) and Ilki et al. (2008) conducted experiments on 

both circular and rectangular RC columns. Yan (2005) conducted a series of tests 

on large-scale plain concrete circular, square and rectangular columns; however, 

the results are not included in the database as these columns were plain concrete 

columns. 

Another reason for not including in the database the test data of small-scale 

square/rectangular columns is that the corner radius ratios discussed in the papers 

may not be applicable in large-scale columns. Table 2.2 summarizes the collected 

tests on FRP-confined rectangular RC columns. In most of the existing tests on 

rectangular columns, the longer side length was around 200 mm or less which is 

rarely found in practical columns mainly for carrying axial loads. For instance, the 

width of all the 8 specimens in Turgay et al.’s (2010) study was just 200 mm, 
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which is the lower limit of normal columns; as these columns had a concrete cover 

of 4-7 mm, they are scaled-down columns. Darby et al. (2011) conducted a series 

of tests on eccentrically loaded columns of three different sizes; the two axially 

loaded large columns are included in the database. In the database, the rupture 

strain of the FRP jacket was not captured in a number of tests; this rupture strain is 

very important for predicting the ultimate condition of FRP-confined columns. 

2.5 SIZE EFFECT 

Tests by Masia et al. (2004) indicated that the effectiveness of confinement 

reduces as the size of the column increases. However, they did not discuss how to 

predict the size effect for large-size columns. Yeh and Chang (2007) suggested that 

there is no size effect in circular columns for fixed CFRP volumetric ratio ( 4 /t D ) 

based on test results of 150-450 mm diameter circular plain concrete columns, 

where t  is the total thickness of FRP jacket; D  is the diameter of the circular 

specimen. Wang and Wu (2011) particularly studied the size effect on 

FRP-confined small-scale circular and square columns and found that size effect is 

obvious only on the transitional stress between the two portions of the stress-strain 

curve and ultimate stress when the confinement ratio is relatively low. The size 

effect was observed to be significant as indicated by tests on large-scale 

rectangular RC columns (Pessiki et al. 2001; Rocca 2007; Rocca et al. 2008). 

2.6 CONCLUSIONS 

This chapter has presented a review of existing theoretical and experimental 

studies on FRP-confined concrete. Up till now, a large amount of experimental 

work has been conducted to investigate the stress-strain response of small-scale 
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plain concrete circular columns. The confining mechanism in such column is now 

clear, and the factors that affect the performance of these columns are well 

understood. Several stress-strain models have been shown to provide close 

predictions of small-scale circular column test results; they include models 

developed by Lam and Teng (2003a), Eid and Paultre (2007), and Teng et al. 

(2009).  

Compared to circular columns, FRP-concrete in rectangular columns is affected by 

more factors (e.g. aspect ratio and corner radius) and is much less understood. The 

accuracy of stress-strain models proposed by researchers so far do not possess the 

level of accuracy available with stress-strain models for small circular concrete 

columns. The confining mechanism is not yet clear. Although a large number of 

tests have been conducted on small-scale rectangular columns, this number is 

much smaller than that for small-scale circular columns and more work is still 

needed to clarify the confining mechanism. 

There have been studies (e.g. Youssef et al. 2007; Toutanji et al. 2010) in which 

models for small-scale circular columns were applied to large-scale reinforced 

circular columns. However, these attempts have been inconclusive as only a 

limited amount of test data is available for large-scale columns. The confining 

mechanism in large columns has not been well understood because the size of 

column may lead to the so-called size effect and transverse steel reinforcement 

complicates the lateral confinement provided to concrete. For FRP-confined 

large-scale rectangular RC columns, the mechanism is even more obscure. Though 

in Toutanji et al. (2010), several models are compared and a new model is 

proposed to give accurate predictions of the ultimate axial loads of both small and 
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large-scale rectangular columns, the number of large specimens used in the 

verification is limited. More tests are still needed on large-scale columns; this 

demand has also been pointed out by Toutanji et al. (2010). In addition, most of the 

specimens in previous studies were not designed according to existing codes to 

have realistic features, which may mean that their performance does not reflect the 

performance of real columns. 

In this study, the large-scale column specimens were designed according to an 

existing design code (i.e. ACI-318 2008) to have realistic characteristics. The 

effects of column size, transverse steel reinforcement ratio, section aspect ratio and 

corner radius of rectangular columns were paid particular attention in these tests. 

In addition to gaining new insight into the behavior of FRP-confined large-scale 

RC columns, the test results are also a valuable supplement to the existing 

database of FRP-confined large-scale RC columns. 
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Table 2.1 Existing data of circular RC columns 

Dimension no. cof ′  
(MPa) 

ρ  
% 

s  
mm 

Type 
of FRP Remark 

Matthys et al. (2005,2006) 
400×2000 2 34.3 0.9 140 C  

400×2000 3 39.1~39.3 0.9 140 G  

Demers and Neale (1999) 
300×1200 2 25~40 1.4~3.5 150~300 C  

Eid et al. (2006, 2009) 
303×1200 1 29.4~31.7 1.67 45~150 C  
303×1200 6 31.7~50.8 1.67 sp-100 C spiral 
303×1200 2 31.7~36.0 1.67 100 C  
303×1200 9 31.7~50.8 1.67~2.62 sp-65 C spiral 
253×1200 1 50.8 2.62 sp-65 C spiral 

Kestner et al. (1997); Pessiki et al. (2001) 
508×1830 1 32.8 1.9 356 G  

508×1830 1 32.8 1.9 356 C  

Ilki et al. (2008) 
250×500 4 32.8 1.9  C  

Total 33 29.4~50.8 0.9~2.62  C:29; 
G:4 

Spiral: 
16 
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Table 2.2 Existing data of square/rectangular RC columns 

Dimension no. cof ′  
(MPa) 

ρ  
% 

s  
mm 

Type of 
FRP Remark

Kestner et al. (1997); Pessiki et al. (2001) 
457×457×1830 1 31.5 1.9 356 G 1- cR =51

457×457×1830 1 31.5 1.9 356 C 1- cR =51

Toutanji et al. (2010) 
355×355×2000 1 39.1 0.98 140 C 1- cR =30

355×355×2000 1 37.7 0.98 140 C 1- cR =15

250×500×2000 1 37.7 0.99 140 C 1- cR =30

Turgay et al. (2010) 
200×200×1030 8 19.36 0.80~1.59 100 C cR =25 

Darby et al. (2011) 
300×300×1850 1 25(cube) 2.18 250 C cR =40 

450×450×2400 1 25(cube) 2.18 300 C cR =60 

Ilki et al. (2008) 
250×250×500 7 15.92 1.01 200 C cR =40 

150×300×500 8 14.2~15.9 1.04 175 C 2- cR =40

250×250×500 7 27.58 1.01 50~200 C cR =40 

150×300×500 6 27.58 1.04 50~175 C cR =40 

Total 43 14.22~39.1 0.8~2.18  C:42; 
G:1  
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Fig. 2.1 Determination of compressive strength of confined concrete from 
lateral confining stresses for a rectangular section [from Mander et al. 

(1988a)] 
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(a) 
 

 

 

(b) 

Fig. 2.2 Classification of stress-strain curves of FRP-confined concrete [from 
Hollaway and Teng (2008)] 

 

 

Fig. 2.3 Effectively confined and ineffectively confined concrete areas 
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CHAPTER 3 

EXPERIMENTAL PROGRAM 

3.1 INTRODUCTION 

In this chapter, details of the experimental program are presented. The 

experimental program included 18 axial compression tests (including 1 trial test) 

on large-scale RC columns of circular, square and rectangular sections, with and 

without confinement by wet layup carbon FRP (CFRP) jackets. The use of CFRP 

in this study was because of its higher elastic modulus and tensile strength than 

GFRP. For the same level of confinement, CFRP jackets are much lighter than 

GFRP jackets, and the handling is much easier. The trial test on a square column 

(specimen SF2T300-t) was first conducted to examine the specimen design, the 

test setup as well as the test procedure. The remaining 17 tests were conducted on 

9 circular columns, 6 square columns and 2 rectangular columns (Table 3.1). The 

parameters examined include the shape of the column section, the spacing of the 

transverse steel reinforcement (i.e. steel ties or steel hoops), the thickness of the 

FRP jacket, and the radius of rounded corners in the case of a square column. 

Compression tests on plain concrete cubes and cylinders were conducted to 

determine the mechanical properties of concrete. Because the test machine for 

CFRP coupon tests was not working properly during the period of this project, and 

it was more important to obtain the actual hoop rupture strains in the tests than to 

obtain the tensile properties from coupon tests, coupon tests were thus not carried 

out. Instead, the properties of CFRP were provided by the manufacturer. 
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3.2 EXPERIMENTAL PROGRAM 

3.2.1 Test Matrix 

The specimens were designed to study the influence of the following variables: the 

amount of FRP (i.e. the thickness of the FRP jacket), the aspect ratio of a 

rectangular section, the corner radius as well as the interaction between the 

transverse steel reinforcement and the external FRP jacket. 

A trial test was first conducted to examine the specimen design, the test setup, and 

the test procedure. The concrete for the trial test was prepared in the laboratory. 

Because of the limited capacity of the concrete mixer, the specimen for the trial 

test was cast with two batches of concrete with nominally the same mix design 

within the same day. 

Following the trial test, a total of 17 specimens were tested. The design details of 

the specimens are shown in Table 3.1. The specimens are named according to 

following rules: 1) sectional shape: C = circular section; S = square section; R = 

rectangular section; 2) aspect ratio for a rectangular section; 3) number of FRP 

layers (i.e. plies): F0 = without FRP; F1 = one full-thickness layer of FRP (with a 

nominal thickness of 0.337 mm per layer), F0.5: one half-thickness layer of FRP 

(with a nominal thickness of 0.171 mm per half-thickness layer); 3) spacing of 

transverse steel reinforcement (mm) (e.g. T300 = ties at a 300 mm spacing); 4) 

corner radius for a square or rectangular column: R25 = radius of rounded corners 

= 25.4 mm; R50 = radius of rounded corners = 50.8 mm. Fig. 3.1 gives a clear 

illustration.  

In Table 3.1, slρ  is the area ratio of the longitudinal steel reinforcement and stρ  
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is volumetric ratio of the transverse steel reinforcement. frpρ  is the volumetric 

ratio of the FRP jacket calculated from the following equation (Harajli 2006): 

4
                  for circular columns

2 ( )
       for square/rectangular columns

frp frp

frp
frp frp

n t
D

n t b h
bh

ρ

⎧
⎪⎪= ⎨ +⎪
⎪⎩

    (3.1) 

where frpn  is the number of FRP layers, frpt  is the nominal thickness of FRP per 

layer, D  is the diameter of a circular column section, and b  and h  are the 

depth and width of a rectangular column section respectively.   

3.2.2 Specimen Design 

The specimens were designed to study the influence of the following variables: the 

amount of FRP, the section aspect ratio, the corner radius, and the interaction 

between the transverse steel reinforcement and the FRP jacket. The diameter of the 

circular columns and side length of the square columns were both 350mm, chosen 

based on the loading capacity of the 10,000 kN test machine. All the columns had 

a total length of 1,340 mm (including a 20 mm thick end steel plate at each end). 

Each column was designed with a test portion of 900 mm in length in the middle 

portion where failure was expected to occur; a 200 mm long region was included 

at each end as the loading portion to ensure uniform loading in the test portion. 

The loading portions were heavily reinforced in the transverse direction with either 

additional steel stirrups (Batch 1) or extra FRP layers (Batches 2 & 3). Fig. 3.2 

illustrates the two methods of strengthening the loading portions. Extra FRP layers 

are preferred because the FRP provides more effective confinement to the concrete 

at the ends of the column and prevents the spalling of concrete cover. The end 

plates were used to assist in the transfer of the load from the loading machine to 
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the column. An opening of 120 mm in diameter was provided on the top end plate 

to allow the pouring of concrete. The rectangular columns were designed to have 

approximately the same gross sectional area as the square columns, with an aspect 

ratio of 1.5 or 2. The columns were tested under displacement control at a constant 

displacement rate of 0.325 mm per minute, corresponding to an average axial 

strain ratio of 250μ mm/mm per min.  

The column specimens were designed to have a longitudinal steel reinforcement 

ratio being around 2%. As a result, each circular column was reinforced with six 

20 mm diameter deformed bars (T20); each square or rectangular column was 

reinforced with eight T20 deformed bars. The columns were also reinforced with 

transverse steel hoops which were 8 mm diameter mild steel round bars (R8). The 

centre-to-centre spacing of the transverse steel reinforcement in the test portion 

was 300 mm for CFXT300, SFXT300(R50), RXF2T300 and 150 mm for 

CFXT150, etc. A smaller spacing of 90 mm was used in the test portion of 

CFXT90 and SFXT90, etc. The reinforcement details were designed according to 

ACI-318M (2008). To prevent pull-out failure of the transverse steel reinforcement, 

the ends of each steel tie were bent to form a 135° hook according to the Hong 

Kong Concrete Code (2004). Fig. 3.3 illustrates the details of the transverse steel 

reinforcement. 

For the test portion of FRP-wrapped columns, the FRP amount was designed 

according to the stress-strain model of Lam and Teng (2003a) as refined by Teng et 

al. (2009) for circular columns and the stress-strain model of Lam and Teng 

(2003b) for square/rectangular columns. A 200 mm overlap length in the hoop 

direction was adopted for all confining FRP sheets to avoid debonding in the 
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overlapping zone according to the study of Lam and Teng (2004). For specimens 

in Batches 2 and 3, two extra layers (with a thickness of 0.674 mm in total) of 

CFRP were applied on the loading portions of the specimen (Fig. 3.2) to prevent 

premature failure in these areas. 

3.3 PREPARATION OF SPECIMENS 

Four steel moulds (two circular and two square ones) were designed and fabricated. 

The photos and design of the steel moulds are shown in Fig. 3.4. The specimens in 

Batches 1 and 2, as well as two circular specimens (CF0T90 and CF1T90) and two 

square specimens in Batch 3 were cast in the steel moulds. As the fabrication of 

steel moulds took quite long, moulds with either PVC pipes or timber (plywood 

boards) were also built to save time. The remaining specimens in Batch 3 were 

cast in either PVC moulds (the CFXT150 series, see Fig. 3.5) or timber moulds 

(the rectangular specimens, see Fig. 3.6). The difference in surface finish due to 

the use of different moulds did not have an effect on the FRP-concrete bond 

because the surfaces of all specimens were ground and the voids were filled with 

putty before the application of FRP.  

The specimens were prepared following the procedure described below.  

1. Welding of longitudinal reinforcing bars to the steel end plates. For the 

trial test and specimens of Batches 1 & 2, small recesses were made on the 

steel plates to locate the longitudinal steel bars. The longitudinal steel bars 

were then welded to the steel plates (Fig. 3.7a). For specimens in Batch 3, the 

ends of longitudinal steel bars were machined in a lathe so that the bars were 

inserted into the steel plate at the bottom and were pinned to the steel plate at 

the top using short 8-mm diameter steel bars before welding to ensure a better 
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contact with the steel plate and a better alignment in the longitudinal direction 

(Fig. 3.7b)  

2. Fixing of transverse steel reinforcement. The steel hoops, which were placed 

around the longitudinal steel bars before the top steel end plate was in position, 

were fixed with the longitudinal steel bars using tying wires to form a steel 

cage (Fig. 3.8). 

3. Installation of strain gauges. The strain gauges were installed on the steel 

bars at the designated positions where a smooth surface had previously been 

produced by grinding on the deformed bar. Waterproof coating was then 

applied to protect the strain gauges.  

4. Assembly of moulds. The mould was assembled by fixing the bolts and 

sealing the joints. At first, all moulds were half assembled, leaving one side 

open. Then, the reinforcement cage was put into the mould and the cast-in 

sockets were fixed onto the moulds with M12 bolts (the steel sockets for lifting 

the specimens after the casting of concrete; the dimensions and usage of the 

sockets are illustrated in Fig. 3.9). For square/rectangular columns, 

appropriately shaped wood battens were then glued to the corners of the 

moulds to form the rounded corners. After checking to ensure that the wires of 

the strain gauges were properly protected and stretched out from the holes in 

the moulds, the moulds were completely assembled. Bolts were then fastened; 

the joints and gaps were sealed with glass cement. 

5. Pouring of concrete. The columns were cast using Grade 30 ready-mixed 

concrete with the maximum nominal aggregate size being 20 mm and a slump 

of 100-125 mm. The concrete was poured through the opening on the top end 

plate into the mould in 4 layers. The compaction of concrete was achieved by 
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inserting a mechanical vibrator into the concrete. Cubes and cylinders were 

also cast from the same batch of concrete for the determination of material 

properties.  

6. De-moulding and curing. The mould was stripped 1-2 days after pouring the 

concrete. High strength gypsum was used to fill the gap between the top end 

plate and concrete and to fill the opening allowed for pouring the concrete (Fig. 

3.10). The corners of square/rectangular columns were then ground to achieve a 

smooth surface of rounded corners (Fig. 3.11). Putty was applied to fill in the 

voids on the surface of the specimens. The specimens were wrapped with 

plastic films for retention of water. Water was poured on the specimens 2 times 

daily before the wrapping of FRP sheets. 

7. FRP wrapping. The specimens were wrapped with FRP sheets after curing at 

room temperature for 28 days. Fig. 3.12 shows the key steps of FRP wrapping. 

A two-component epoxy resin was used. The resin, after thorough mixing in a 

vessel with an electrically driven mixer, was applied both to the surface of 

column and the carbon fibre sheets. The fibre sheets impregnated with resin 

were then applied to the column. A roller was used to remove air entrapped in 

the fibre sheets and to ensure full contact between the FRP sheets and the 

concrete surface. A 200 mm overlap was used between the beginning and 

finishing ends of a fibre sheet to ensure the development of the full tensile 

strength of the FRP. The FRP-wrapped specimens were further cured for at least 

7 days before testing. 
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3.4 COMPRESSION TESTS 

3.4.1 Instrumentation 

For each specimen, a total of twelve linear variable differential transformers 

(LVDTs) were used to measure the deformations. These included four LVDTs in 

two pairs used to measure the axial shortening of the column in the mid-height 

region, covering the ranges of 400 mm and 700 mm respectively (Fig. 3.13). 

Another four LVDTs were used to monitor the lateral expansion of the column at 

the mid-height of the column in four directions (Fig. 3.14). The rest were used to 

measure the full-height axial displacement of the column. 

A large number of electric resistance strain gauges were installed on each column 

specimen to monitor the strains in the concrete (for the un-strengthened columns 

only) and FRP jacket for all the three batches of specimens. For specimens of 

Batches 2 and 3, strain gauges were also installed on longitudinal steel bars to 

monitor the strains in steel reinforcement. The gauge lengths of the strain gauges 

were 5 mm (BX120-5AA) for steel bars, 20 mm for FRP jackets (PFL-20-11, 

PFLC-20-11), and 50 mm (BX120-50AA) for the concrete. The strain gauges were 

installed at the mid-height of the column (Level 1) and at another level between 

two adjacent layers of transverse steel reinforcement in the test portion (Level 2). 

Although the exact location of column failure was unknown prior to the test, the 

mid-height level (Level 1) was expected to be a likely location. The height of 

Level 2 for the each column was different; it was decided according to the 

expected location of failure based on results of preceding tests. Only vertical strain 

gauges were installed on longitudinal reinforcing bars in columns of Batches 2 and 

3. For circular columns, the strain gauges were installed on every longitudinal 
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reinforcing bar at both Level 1 and Level 2; for rectangular columns, the strain 

gauges at Level 1 were installed on the longitudinal steel reinforcing bars located 

at the corners; at Level 2, they were installed on every longitudinal reinforcing bar.  

Both vertical and horizontal (i.e. hoop) strain gauges were installed on the concrete 

surface of the control specimens in Batch 1, but only horizontal strain gauges were 

installed on the control specimens of Batches 2 and 3. The results of vertical strain 

gauges in Batch 1 specimens on concrete were found to be similar to those from 

LVDTs and LVDTs reflected the behavior of the column in a wider region, only 

LVDTs were subsequently used for measuring axial strains of concrete. Four strain 

gauges were installed at every level and were evenly distributed around the 

perimeter. Fig. 3.15 and Fig. 3.16 illustrate the locations of strain gauges on the 

Batch 1 control specimens. Fig. 3.17 - Fig. 3.20 illustrate the locations of strain 

gauges on the Batch 2 and 3 control specimens.  

The strain gauges for FRP were installed at Level 1 only in the Batch 1 

FRP-wrapped specimens and at both Level 1and Level 2 in the FRP-wrapped 

specimens of Batches 2 and 3. In Batch 1, eight strain gauges were installed in the 

hoop direction including four bi-directional strain gauges on specimen CF1T300 to 

measure both axial and lateral strains. On SF2T300, sixteen strain gauges were 

employed, including a bi-directional gauge at the mid-width of each lateral face, a 

uni-directional gauge at the centre of each rounded corner, and two uni-directional 

gauges at the two transition points between a corner and the two adjacent flat faces. 

Fig. 3.21 - Fig. 3.22 illustrate the locations of strain gauges of the Batch 1 

specimens.  

On specimens in Batches 2 and 3, the strain gauges on the surface of the FRP 
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jacket were installed only in the hoop direction. For circular columns, eight strain 

gauges were evenly distributed around the perimeter at both levels. Fig. 3.23 - Fig. 

3.26 illustrate the locations of strain gauges of the Batch 2 and 3 circular 

specimens. On square/rectangular columns in Batches 2 and 3, sixteen strain 

gauges were installed at each level: four strain gauges were installed at the 

mid-width of each lateral face while four other strain gauges were installed at the 

middle of the corners; in addition, eight strain gauges were installed at the 

transition points between corners and flat faces. Fig. 3.27 - Fig. 3.31 illustrate the 

locations of strain gauges on the Batch 2 and 3 square/rectangular specimens.  

Failures in most of the Batch 1 specimens occurred in the upper part of the column 

and this was believed to be due to the non-uniformity of concrete quality as a 

result of casting the column in the vertical position. To prove that this explanation 

and to exclude the test setup influence, all specimens of Batch 2 and Batch 3 were 

tested upside down. That is, the column was turned upside down from its casting 

position before it was moved into the loading frame. The subsequent test results 

showed that failure did still occur in the upper part of the column in the casting 

position. In the rest of the thesis, all descriptions of locations on the test columns 

refer to columns in the testing position instead of the casting position. It was a 

mistake that for Batch 2 specimens the Level 2 strain gauges were still installed 

above the mid-height in the testing position where the failure did not first occur. 

3.4.2 Loading Tests 

The columns were tested using a loading frame with an axial loading capacity of 

10,000 kN. Fig. 3.32 presents the set-up of a specimen. Axial loads were applied 

using an actuator through a ball hinge above the top of the column at a constant 
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displacement rate (stroke rate) of 0.325 mm per minute. The magnitude of the load 

was monitored using a load cell. The specimen were carefully centered and 

preloaded with a maximum of 300 kN (corresponding to a axial stress on the 

concrete of about 2.8 N/mm2). The test was terminated when the load had dropped 

to 70% of the peak load (the maximum load) or if severe damage leading to a 

sudden drop of load had occurred. 

3.5 MATERIAL PROPERTIES 

3.5.1 Concrete 

The concrete used to prepare the specimens was ready-mixed concrete from a local 

supplier with a target 28-day cube strength of 30 MPa. As most specimens were 

tested at ages older than 60 days, the actual compressive strengths of concrete on 

the testing days were not the same as the designed 28-day strength. Concrete 

cylinders of 152 mm in diameter and 305 mm in height, and concrete cubes of 150 

mm in side length were prepared from the same batch of concrete that was used to 

cast the column specimens. At least three cubes and two cylinders were tested to 

evaluate the unconfined concrete strength cof ′  of the specimens, when the column 

specimens from the same batch of concrete were tested.  

The compression tests of concrete cubes and cylinders were performed using either 

a 5,000 kN capacity MTS testing system, a Forney universal testing machine with 

a 2,000 kN capacity, or a Servotronic testing machine, depending on their 

availability. All test machines had appropriate calibrations. Fig. 3.33 shows the 

testing machines for concrete strength tests. 

The workability of the concrete mixes was monitored by performing slump tests in 
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the laboratory on arrival of each batch of ready-mixed concrete. The properties of 

concrete determined from slump tests and compression tests are shown in Table 

3.2. In Fig. 3.34, a plot of cube compressive strength versus age is shown as well 

as the best-fit curve which is used in the interpretation of experimental results later. 

Material tests were conducted in the same week as the compression tests of the 

column specimens. For specimens of Batches 1 and 2, the cube strength was 

averaged from four specimens as listed in Table 3.2; for Batch 3 specimens, the 

cube strengths were obtained from the best-fit curve in Fig. 3.34. The cylinder 

strengths for all columns were obtained by averaging the results of corresponding 

specimens. The concrete mix proportions, provided by the supplier, are shown in 

Table 3.3. 

3.5.2 Steel Reinforcement 

T20 and R8 steel rebars were used for the longitudinal and transverse 

reinforcements respectively. Tensile tests were conducted on every batch of steel 

bars. The steel bars were tested with load control at a stress rate of 7-9 MPa per 

second on the Forney test machine (Fig. 3.33(2)). This stress rate was within the 

range of 6-60 MPa per second in BS EN ISO 6892-1 (2009) for materials with an 

elastic modulus higher than 150,000 MPa; the loading process was manually 

controlled. A 100 mm gauge length extensometer was used in these tensile tests. 

Fig. 3.35 shows the test setup of tensile tests of steel rebars. As the deformation of 

steel bars at the breaking point is likely to exceed the range of the extensometer, 

the extensometer was removed after the steel bar had reached their maximum 

capacity; the final elongation was measured manually with rulers after the test. 

Table 3.4 presents the material properties of the T20 and R8 steel rebars. ISO 6892 
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(1998), BS 4449 (1988) and BS EN ISO 15630-1 (2002) were referred to in 

conducting these tests. In Table 3.4, yf  is the yielding strength of the steel 

reinforcement; sf  is the ultimate tensile strength of the steel reinforcement. Fig. 

3.36 shows the experimental stress-strain curve of a T20 steel bar. 

3.5.3 FRP 

Two kinds of unidirectional CFRP sheets were used in the tests. According to the 

manufacturer, the only difference between the sheets is the nominal thickness of 

the sheets. It is well-known that the hoop tensile rupture strain of a CFRP jacket is 

much lower than that obtained from flat coupon tests (Lam and Teng 2004), so it is 

more important to make carefully observations of ruptures strains of FRP jackets 

in column tests than to do tensile coupon tests. The elastic modulus of carbon 

fibers as reported by the manufacturer is generally reliable. Therefore, it is 

acceptable to use the elastic modulus value provided by the manufacturer in the 

interpretation of test results. Given this understanding and as the test machine for 

FRP coupon tests was not working properly during the period of the present 

project, coupon tensile tests of the CFRP material were not carried out during the 

project. The material properties of the CFRP as provided by the manufacturer are 

listed in Table 3.5. The fiber overlapping zone is 200 mm wide. Sikadur 300, a 

2-part epoxy resin, was used for the wet layup formation of FRP jackets. 

3.6 CONCLUSIONS 

In this chapter, details of the experimental programme and the preparation work 

have been thoroughly described. The test matrix and specimen design have been 

introduced. Parameters to be studied included the shape of column section, the 
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spacing of transverse steel reinforcement, the thickness of FRP jacket, and the 

radius of rounded corners in square and rectangular specimens. The step-by-step 

preparation of specimens has been explained. Information on the equipment used 

for specimen tests and material tests has been provided. The properties of materials 

used in the experiments have also been presented. 
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Table 3.1 Test matrix 
 

Specimen Shape 
Section 

dimension 
(mm) 

Corner 
radius 
(mm) 

slρ  

(%) 
s  

(mm)
stρ

(%) 
frpt

(mm) 
frpρ  

 (%) 
Batch 
No. 

Mould 
material

Rotated 
when 
testing 

CF0T300-1 Circular φ 350 - 1.96 300 0.256 0 0 1 Steel N 
CF1T300 Circular φ 350  - 1.96 300 0.256 0.337 0.385 1 Steel N 

CF0T300-2 Circular φ 350  - 1.96 300 0.256 0 0 2 Steel Y 
CF0.5T300 Circular φ 350  - 1.96 300 0.256 0.171 0.195 2 Steel Y 

CF0T90 Circular φ 350  - 1.96 90 0.853 0 0 3 Steel Y 
CF1T90 Circular φ 350  - 1.96 90 0.853 0.337 0.385 3 Steel Y 
CF0T150 Circular φ 350  - 1.96 150 0.512 0 0 3 PVC Y 
CF1T150 Circular φ 350  - 1.96 150 0.512 0.337 0.385 3 PVC Y 

CF1.5T150 Circular φ 350  - 1.96 150 0.512 0.513 0.586 3 PVC Y 
SF2T300-t Square 350×350 25.4 2.06 300 0.256 0.674 0.770 Trial Steel N 
SF0T300 Square 350×350 25.4 2.06 300 0.256 0 0 1 Steel N 
SF2T300 Square 350×350 25.4 2.06 300 0.256 0.674 0.770 1 Steel N 
SF3T300 Square 350×350 25.4 2.06 300 0.256 1.011 1.155 3 Steel Y 

SF2T300R50 Square 350×350 50.8 2.06 300 0.256 0.674 0.770 3 Steel Y 
SF0T90 Square 350×350 25.4 2.06 90 0.853 0 0 2 Steel Y 
SF2T90 Square 350×350 25.4 2.06 90 0.853 0.674 0.770 2 Steel Y 

R1.5F2T300 Rectangular 290×435 25.4 2.00 300 0.262 0.674 0.775 3 Wood Y 
R2F2T300 Rectangular 250×500 25.4 2.02 300 0.288 0.674 0.809 3 Wood Y 
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Table 3.2 Concrete slump and concrete compressive test results 
 

Batch Slump 
(mm) 

Age 
(days) 

Cube (MPa) Cylinder (MPa)
1 2 3 4 1 2 

1 100 

63 28.7 31.2 28 30.9 25.8 24.5 
65 31.7 30.5 33.5 31.2 - - 
82 31.4 29.9 30.5 30.2 25.8 - 
83 - - - - - 24.2 
91 31.0 32.7 29.9 30.8 25.4 24.8 

2 120 

8 29.3 29.7 29.6 - - - 
84 35.2 34.9 33.4 34.6 - - 
85 - - - - 31.8 33.3 
92 36.1 36.4 35.9 36.8 34.0 32.8 

3 100 

7 41.5 39.4 39.9 - - - 
14 49.1 49.7 50.4 - - - 
21 46.4 55.5 51.3 - - - 
28 51.3 51.3 54.1 - - - 
62 54.9 54.4 59.9 - - - 
63 - - - - 44.6 44.3 
68 56.2 57.5 58.3 - - - 
69 - - - - 44.6 45.2 
75 51.0 50.0 56.3 - - - 
77 - - - - 46.0 46.9 
82 51.7 55.0 58.1 - - - 
83 - - - - 43.6 44.8 
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Table 3.3 Proportioning of concrete 

 

Concrete

Grade 

Slump 

(mm) 

Cement

(kg) 

PFA

(kg) 

20mm

(kg) 

10mm

(kg) 

River

Sand

(kg)

Stone

Fine

(kg)

Water

(kg) 

Daratard 

17D 

-- Free

W/C

A/C 

Ratio 

In 

(kg)

In 

(lit.)

In 

(kg)

In 

(lit.)

30D/20 100 365 0 650 295 0 790 206 3.41 3.10 0 0 0.56 4.75 
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Table 3.4 Reinforcement properties 
 

Reinforcement 
Type Specimens Used fy 

(MPa) 
fs 

(MPa) 
Elongation   

(%) 

T20 
Batch 1 494.7 603.8 23.50 
Batch 2 496.7 598.8 25.33 
Batch 3 510.1 624.7 23.00 

R8 
Batch 1&2 430.4 543.8 26.25 
Batch 3-Cir 358.3 456 19.75 

Batch 3-Squ&Rec 407 503.26 28.80 

 

 

 

Table 3.5 FRP material properties 
 

Carbon Fiber Type 
Tensile 
Strength 
(N/mm2)

Tensile 
E-modulus 
(N/mm2) 

Elongation 
at break 

(%) 

Fabric 
Design 

Thickness 
(mm) 

Areal 
Weight 
(g/m2)

SikaWrap-600C/120 3,800 242,000 1.55 0.337 610 
SikaWrap-300CZ/60 3,800 242,000 1.55 0.171 309 
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Fig. 3.1 Identity of specimens 

 

 

 

 

Fig. 3.2 Two methods of strengthening the loading portions 
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Circular columns                   Square/Rectangular columns 

Fig. 3.3 Transverse steel reinforcement details 
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a) Photo of circular steel moulds 

 

b) Design of circular steel moulds 
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c) Photo of square steel moulds 
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d) Design of square steel moulds (all dimensions in mm) 

 

Fig. 3.4 Steel moulds 
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Fig. 3.5 Circular PVC mould 

 

 

 

Fig. 3.6 Rectangular timber mould 
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a) Welding details for specimens in Batches 1&2 

 
 
 

 

 
b) Welding details for specimens in Batch 3 

 

Fig. 3.7 Welding of longitudinal steel bars to steel end plates 
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Fig. 3.8 Steel cages 
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a) Dimensions of cast-in sockets 

 

 

 

b) Illustration of use of cast-in sockets 
 

Fig. 3.9 Dimensions and usage of cast-in steel sockets 
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Fig. 3.10 Shrinkage gap before and after filling with gypsum 

 

 

 

 

 

 

 
Fig. 3.11 Grinding the corner of a column 
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Mixing epoxy               Soaking fibre sheets with epoxy 

 

 

 

 

Applying epoxy on column surface               Removing air 

Fig. 3.12 Wrapping of FRP sheets 
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Fig. 3.13 Vertical LVDT locations 

 

 

 

 

Fig. 3.14 Horizontal LVDT locations 
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Fig. 3.15 Strain gauge locations of CF0T300-1 
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Fig. 3.16 Strain gauge locations of SF0T300 
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Fig. 3.17 Strain gauge locations of CF0T300-2 
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Fig. 3.18 Strain gauge locations of SF0T90 
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Fig. 3.19 Strain gauge locations of CF0T90 
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Fig. 3.20 Strain gauge locations of CF0T150 
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Fig. 3.21 Strain gauge locations of CF1T300 
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Fig. 3.22 Strain gauge locations of SF2T300 
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Fig. 3.23 Strain gauge locations of CF0.5T300 

 

 

2-2

1 1

2
00

3
00

30
0

3
00

20
0

2
0

1
3
00

20
2 2

6
50

3
00

1-1

CF0.5T300



83 
 

 

Fig. 3.24 Strain gauge locations of CF1T90 
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Fig. 3.25 Strain gauge locations of CF1T150 
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Fig. 3.26 Strain gauge locations of CF1.5T150 
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Fig. 3.27 Strain gauge locations of SF2T90 
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Fig. 3.28 Strain gauge locations of SF3T300 
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Fig. 3.29 Strain gauge locations of SF2T300R50 
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Fig. 3.30 Strain gauge locations of R1.5F2T300 
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Fig. 3.31 Strain gauge locations of R2F2T300 
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Fig. 3.32 Test set-up 
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(1) MTS test machine 

 

 

 

(2) Forney test machine 
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(3) Servotronic test machine 

Fig. 3.33 Test machines for concrete strength tests 

 

 

 

 

Fig. 3.34 Standard concrete cube compressive test results for the Batch 3 
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Fig. 3.35 Tensile test of a steel bar 

 

Fig. 3.36 Experimental stress-strain curve of a T20 steel rebar 
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CHAPTER 4 

BEHAVIOR OF FRP-CONFINED CIRCULAR RC 

COLUMNS 

4.1 INTRODUCTION 

Tests on large-scale FRP-confined circular RC columns have been carried out by 

previous researchers (e.g. Demers and Neale 1999; Pessiki et al. 2001; Matthys et 

al. 2005, 2006; Rocca et al. 2006; Eid et al. 2006, 2009). The details were provided 

in Chapter 2.  

As has been reported in Chapter 3, three batches of RC columns specimens were 

prepared and tested in the present experimental program; each batch included both 

circular and square/rectangular RC columns. This chapter reports the results of the 

axial compression tests on circular columns. The results of axial compression tests 

on rectangular columns will be reported in the next chapter. The nine circular 

columns consist of five FRP-jacketed columns and four control columns (i.e. 

without FRP confinement). Key results of the nine specimens are given in Table 

4.1. The test observations, including the behavior and failure modes of the 

columns are described. The responses of the steel reinforcement, FRP and concrete 

are all discussed in detail.  

4.2 GENERAL OBSERVATIONS 

4.2.1 Tests of the Batch 1 Specimens 

The Batch 1 tests included a total of four column specimens (two circular column 
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specimens and two square column specimens). The Batch 1 tests were conducted 

at ages of 62 days to 91 days. The compressive strengths of concrete were 29.9 to 

31.7 MPa from cube tests and 25.0 to 25.1 MPa from cylinder tests. The material 

tests on cubes were conducted using the Forney test machine under load control; 

the tests on concrete cylinders were conducted using the MTS test machine under 

displacement control. The two circular specimens tested in Batch 1 included one 

control specimen (CF0T300-1) and one FRP-jacketed specimen (CF1T300). Both 

specimens were reinforced with 8-mm diameter mild steel hoops at a 

centre-to-centre spacing of 300 mm in the 900 mm long test portion in the 

mid-height region of the column. The 200 mm long loading portion at each end of 

the column was reinforced with the same steel hoops at a smaller spacing of 50 

mm. The yield stresses of the longitudinal and transverse steel reinforcing bars are 

494.7 MPa and 430.4 MPa respectively; their tensile strengths are 603.8 MPa and 

543.8 MPa respectively. The material tests of reinforcements were tested using the 

Forney test machine under load control; an extensometer with gauge length of 100 

mm was used to measure the axial strain. In the axial compression tests, the 

column specimens were oriented in their original casting position; that is, the top 

end of the column during the casting of the concrete remained the top end during 

the loading test. 

4.2.1.1 Specimen CF0T300-1 

The control specimen (CF0T300-1) was tested at the age of 62 days. The cube 

compressive strength ( cuf ) averaged from 4 specimens tested using the Forney 

machine at the age of 63 days was 29.9 MPa. The cylinder compressive strength 

( cf ′ ) averaged from 2 specimens tested using the 5,000 kN capacity MTS system 
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at the age of 63 days was 25.1 MPa. No CFRP sheet was wrapped on the control 

specimen. The spacing between adjacent layers of transverse steel reinforcement in 

the 900-mm test region was 300 mm. The specimen experienced a maximum load 

(the peak load) of 2,504.5 kN in the axial compression test. The failure of this 

specimen was progressive. Cracking of the cover concrete was observed after the 

peak load had been reached in the upper region of the test portion at a level near 

the loading portion. This was then followed by the spalling of the cover concrete 

and the buckling of the longitudinal steel reinforcement in the middle zone of the 

upper segment. The test terminated when the load dropped to 2,008.2 kN. Fig. 4.1 

shows the image of the specimen after failure. An inspection of the specimen after 

the loading test revealed that the buckling of longitudinal steel bars occurred in the 

upper region of the 900-mm long test portion between the first two layers of steel 

hoops spaced at 300 mm. The major cracking of concrete cover in the lower part of 

the 200-mm long top end loading region was a result of longitudinal steel bar 

buckling near this region.    

The test ultimate load of a large-scale RC column can be expected to be similar to 

the nominal strength ( 0P ) of the column without considering the contribution of 

lateral steel confinement. This nominal ultimate load is given by (ACI 318-08 

2008):  

0 0.85 c c yl slP f A f A′= +                                              (4.1) 

where 0.85 is a factor to account for the difference in concrete strength between a 

standard cylinder and a large-scale real column; cA  is total cross-sectional area of 

the concrete; slA  is the total cross-sectional area of the longitudinal reinforcement; 

ylf  is the yield stress of the longitudinal steel reinforcement; cf ′  is the cylinder 
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compressive strength of concrete. 

The ratio between the test ultimate load of specimen CF0T300-1 ( maxP ) and the 

reference ultimate load ( 0P ) is 0.85 (Table 4.1); that is, the test ultimate load of 

2,504.5 kN is significantly lower than the nominal strength of this column which is 

2,944.9 kN. A possible reason for the lower test ultimate load may be the 

non-uniform distribution of concrete strength along the column height due to the 

segregation of coarse aggregate during concrete casting. It was observed during 

the test that the concrete in the upper region cracked first, bringing about the 

buckling of the longitudinal steel reinforcement in the same area. As a result, the 

column did not achieve the expected nominal strength of Eq. (4.1). 

4.2.1.2 Specimen CF1T300 

The FRP-jacketed specimen CF1T300 was tested at the age of 83 days. The cube 

compressive strength ( cuf ) was 30.5 MPa as averaged from 4 specimens tested 

using the Forney test machine at the age of 82 days. The cylinder compressive 

strength ( cf ′ ) was 25.0 MPa as averaged from 2 specimens tested using the 5,000 

kN capacity MTS system at the age of 82-83 days. The specimen was wrapped 

with 1 full-thickness layer (0.337 mm in thickness) of CFRP; the spacing of the 

transverse steel hoops within the 900-mm long test region was 300 mm.  

The column attained a maximum load of 4,253.4 kN, which was recorded before it 

failed by the rupture of the FRP jacket. Contrary to the progressive failure of the 

control specimen, the failure of specimen CF1T300 by FRP rupture was sudden 

and explosive. Before the sudden rupture of the FRP jacket, some small noise was 

heard first. The test was terminated immediately after the sudden rupture of the 
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FRP jacket. Fig. 4.2 shows the specimen after failure. Fig. 4.3 shows a close-up 

image of longitudinal steel bar buckling between two steel hoops. It is clear from 

Figs 4.2 and 4.3 that buckling of longitudinal steel bars occurred between the first 

two steel hoops spaced at 300 mm in the upper region of the test portion, leading 

to the rupture of the FRP jacket and spalling of cover concrete in the same region. 

The reference ultimate load of the specimen without considering the benefit of the 

FRP jacket, according to Eq. (4.1), is 2,936.9 kN. It can be seen from Table 4.1 

that the ratio of max 0/P P  is 1.448 for this specimen, much greater than the value 

of 0.85 for the control specimen CF0T300-1 with the same transverse steel 

reinforcement but without the FRP jacket. 

4.2.2 Tests of the Batch 2 Specimens 

The Batch 2 tests covered a total of four column specimens (two circular 

specimens and two square specimens). The tests were conducted at the ages of 83 

days to 91 days. The cube and cylinder compressive strengths of the concrete were 

34.5 to 36.3 MPa and 33.2 to 33.4 MPa respectively. The material tests of cubes 

and cylinders for the circular columns were all conducted using the Forney 

machine with load control because the MTS test system was under repair then. The 

yield stress and ultimate tensile stress of steel were 496.7 MPa and 598.8 MPa 

respectively for the longitudinal steel reinforcement, and were 430.4 MPa and 

543.8 MPa respectively for the transverse steel reinforcement. The material tests of 

steel reinforcing bars were conducted using the Forney test machine with load 

control; the strains of the reinforcement were measured using an extensometer 

with a gauge length of 100 mm. As the cylinder compressive strength of concrete 

from the cylinder tests conducted using the Forney machine which was found to be 
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unreliable for cylinder tests, the unconfined concrete strength for further analysis 

was taken as 0.8 times the cube compressive strength given in Table 4.1. One 

possible reason for the unreliable cylinder test results is that the test was manually 

operated; another reason may be that the tests were load-controlled instead of 

being displacement-controlled.  

The two circular columns tested in this batch included a control specimen 

(CF0T300-2) and an FRP-jacketed specimen (CF0.5T300). These two specimens 

were reinforced with 8-mm diameter mild steel hoops at a centre-to-centre spacing 

of 300 mm throughout the entire length of the column. Instead of using a smaller 

transverse steel reinforcement spacing of 50 mm as in the Batch 1 specimens, the 

loading portion at each end of the column was strengthened with an additional 

two-ply FRP jacket. This was to provide sufficient lateral confinement to the 

concrete to prevent premature failure near the ends of the column. Besides, in the 

Batch 2 tests, as well as the Batch 3 tests, the columns were turned upside down 

when they were placed in the loading frame. This means the top end of the column 

in the casting position became the bottom end in the testing position. In the rest of 

the thesis, all descriptions of locations refer to columns in the testing position 

instead of the casting position.  

4.2.2.1 Specimen CF0T300-2 

Specimen CF0T300-2 was the same as specimen CF0T300-1 tested in Batch 1 

except for the transverse reinforcement in the two loading portions and the 

material properties. The spacing of transverse steel hoops was 300 mm throughout 

the entire length. As described above, this specimen was strengthened in both end 

loading regions with a two-ply FRP jacket and was turned upside down in the 
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testing position.  

The cube compressive strength ( cuf ) averaged from 4 specimens at the age of 84 

days was 34.5 MPa. The cylinder compressive strength ( cf ′ ) averaged from 2 

specimens at the age of 85 days was 33.2 MPa. No CFRP sheet was wrapped on 

the specimen, except the two loading portions. Cracking of concrete first occurred 

in the horizontal direction and then occurred in the vertical direction in the lower 

region of the test portion after the specimen had reached the peak load of 3,230 kN. 

The test terminated when the load had dropped to 2,589.2 kN. Fig. 4.4 shows an 

image of the specimen after failure. An inspection of the specimen after test 

showed that buckling of the longitudinal steel reinforcement occurred in the 

middle region of the test portion.  

According to Eq. (4.1), the reference ultimate load 0P  of the specimen is 3,149.2 

kN. The ratio of max 0/P P  of the specimen is 0.898, similar but slightly higher 

than that of specimen CF0T300-1. 

4.2.2.2 Specimen CF0.5T300 

The FRP-jacketed specimen CF0.5T300 was tested at the age of 86 days. The cube 

compressive strength ( cuf ) averaged from 4 specimens at the age of 84 days was 

34.5 MPa. The cylinder compressive strength ( cf ′ ) averaged from 2 specimens at 

the age of 85 days was 33.2 MPa. The spacing of the transverse steel hoops was 

300 mm. The column was wrapped with a 0.171-mm thick CFRP jacket (i.e. the 

thickness of the FRP jacket was 0.171 mm in the test portion). The specimen 

experienced a maximum load of 3,769.7 kN. The test terminated at the sudden 
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rupture of the FRP jacket immediately after the peak load which was recorded 

before the specimen failed by the rupture of the FRP jacket. Fig. 4.5 shows the 

destroyed specimen after test. Fig. 4.6 shows the buckling of longitudinal steel 

bars. The buckling deformations of different longitudinal steel bars were quite 

similar (Fig. 4.5). 

The reference ultimate load 0P  of the specimen without considering the benefit of 

FRP confinement is 3,149.2 kN. The ratio of max 0/P P  of the specimen is 1.048, 

which is significantly greater than 0.898 for the control specimen CF0T300-2 

without FRP wrapping but smaller than 1.45 for CF1T300 from Batch 1. 

4.2.3 Tests of the Batch 3 Specimens 

The Batch 3 tests included a total of nine specimens (five circular specimens, two 

square specimens and two rectangular specimens). The Batch 3 tests were 

conducted at the ages of 62 days to 82 days. The compressive strengths of concrete 

were 55 to 56.4 MPa from 10 cube tests and 44.2 to 46.4 MPa from 12 cylinder 

tests. The material tests on cubes were conducted using the Servotronic test 

machine with load control; the tests on cylinders were conducted using the MTS 

test machine with displacement control.  

Five circular specimens were tested in Batch 3, including two control specimens 

(CF0T90 and CF0T150) and three FRP-jacketed specimens (CF1T90, CF1T150 

and CF1.5T150). All the circular specimens were reinforced with 8-mm diameter 

mild steel hoops. The spacing of the steel hoops over the entire column was 90 mm 

for two of the specimens (CF0T90 and CF1T90), and 150 mm for the rest. The 

yield and ultimate tensile stresses were 510.7 MPa and 624.7 MPa respectively for 
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the longitudinal steel bars, and 358.3 MPa and 456 MPa respectively for the 

transverse steel bars. The material tests of steel bars were tested using the Forney 

test machine with load control and the strains of the steel bars were measured 

using an extensometer with a gauge length of 100 mm. As for the Batch 2 

specimens, the 200 mm long loading portion at each end of the column was 

strengthened with 2 extra layers of CFRP. 

4.2.3.1 Specimen CF0T90 

This control specimen with a steel hoop spacing of 90 mm was tested at the age of 

62 days. The cube compressive strength ( cuf ) was 55.0 MPa as obtained from the 

best-fit cube strength-age curve for cubes tested for the Batch 3 concrete (Fig. 

3.34). The cylinder compressive strength ( cf ′ ) was 44.4 MPa as averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 63 days. 

No CFRP sheet was wrapped within the 900-mm long test portion. The spacing of 

the transverse steel hoops was 90 mm. This control specimen (CF0T90) reached a 

maximum load of 3,842.2 kN in the axial compression test. The failure of this 

specimen was progressive. In the test, after the column had reached its peak load, 

cracks were observed all over the surface of concrete within the test portion. The 

test was terminated when the load had dropped to 2,306.6 kN. Fig. 4.7 shows the 

specimen after test. Fig. 4.8 shows the buckling of the longitudinal steel bars 

between steel hoops.  

The reference ultimate load 0P  of the specimen is 4,521.4 kN. The ratio of 

max 0/P P  of the specimen is 0.85, which is the same as that of the control specimen 

in Batch 1 (CF0T300-1), but lower than 0.9 of the control specimen in Batch 2 
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(CF0T300-2). Both of the previous control specimens had a larger transverse 

reinforcement spacing and a lower concrete strength. 

4.2.3.2 Specimen CF0T150 

This control specimen with a steel hoop spacing of 150 mm (CF0T150) was tested 

at the age of 63 days. The cube compressive strength ( cuf ) was 55.0 MPa as 

obtained from the cube strength-age curve for the Batch 3 concrete (Fig. 3.34). The 

cylinder compressive strength ( cf ′ ) was 44.4 MPa which was averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 63 days. 

No CFRP sheet was applied on the specimen within the test portion. The spacing 

of the transverse steel reinforcement was 150 mm. This control specimen 

(CF0T150) experienced a maximum load of 3,568.9 kN in the axial compression 

test, and the test was terminated when the load had dropped to 2,848.1 kN. In the 

test, like specimen CF0T300-2, after the column had achieved its peak load, cracks 

in the horizontal direction were observed in the middle and lower parts of the test 

portion, followed by vertical cracks propagating towards the upper segment. The 

buckling of the longitudinal steel reinforcement occurred almost in all spaces 

between steel hoops. Fig. 4.9 shows the specimen after test. Fig. 4.10 shows the 

buckling of the longitudinal steel bars between steel hoops.  

The reference ultimate load 0P  of the specimen is 4,521.4 kN. The ratio of 

max 0/P P  of this specimen is 0.789, lower than 0.85 of the other control specimen 

in the same batch (CF0T90) with a smaller transverse reinforcement spacing. This 

suggests that in the same batch, when the concrete has similar properties, reducing 

the spacing of the transverse steel reinforcement can improve the ultimate load of 
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the column. 

4.2.3.3 Specimen CF1T90 

The FRP-jacketed specimen CF1T90 was tested at the age of 76 days. The cube 

compressive strength ( cuf ) was 56.0 MPa as obtained from the cube strength-age 

curve for the Batch 3 concrete (Fig. 3.34). The cylinder compressive strength ( cf ′ ) 

was 46.4 MPa which was averaged from 2 specimens tested using the 5,000 kN 

capacity MTS system at the age of 77 days. The spacing between steel hoops was 

90 mm. The specimen was wrapped with one full-thickness layer of CFRP (i.e. the 

thickness of the CFRP within the loading portion was 0.337 mm). The ultimate 

load from the tests was 5,575.9 kN, and the test was terminated at the sudden 

rupture of the FRP jacket at 5,571.7 kN that happened only four seconds after the 

column reached its peak load. Fig. 4.11 shows the specimen after failure. The 

buckling of longitudinal steel bars is shown in Fig. 4.12. 

The reference ultimate load 0P  of the specimen without considering the benefit of 

FRP confinement is 4,681.7 kN. The ratio of max 0/P P  for the specimen is 1.191, 

which is 34.1% higher than the corresponding control specimen (CF0T90) without 

FRP confinement. 

4.2.3.4 Specimen CF1T150 

The FRP-jacketed specimen CF1T150 was tested at the age of 75 days. The cube 

compressive strength ( cuf ) was 56.0 MPa as obtained from the cube strength-age 

curve for the Batch 3 concrete shown in Fig. 3.34. The cylinder compressive 

strength ( cf ′ ) was 46.4 MPa as averaged from 2 specimens tested using the 5,000 
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kN capacity MTS system at the age of 77 days. The specimen was reinforced with 

8-mm diameter mild steel hoops at a centre-to-centre spacing of 150 mm and 

wrapped with one ply of 0.337 mm thick CFRP. The specimen experienced a 

maximum load of 5,275.7 kN, which was recorded before failure by the rupture of 

the FRP jacket. Contrary to the progressive failure of the corresponding control 

specimen, the failure by FRP rupture was sudden and explosive. Some sounds of 

fibre rupture were first heard, followed by the sudden rupture of the FRP jacket. 

The test was terminated immediately after the sudden rupture of the FRP jacket. 

Fig. 4.13 shows the specimen after failure. Fig. 4.14 shows the buckling of 

longitudinal steel bars. 

The reference ultimate load 0P  of the specimen without considering the benefit of 

FRP confinement is 4,681.7 kN. The ratio of max 0/P P  for this specimen is 1.127, 

33.8% higher than the corresponding control specimen (CF0T150) without FRP 

confinement. 

4.2.3.5 Specimen CF1.5T150 

The FRP-jacketed specimen CF1.5T150 was tested at the age of 77 days. The cube 

compressive strength ( cuf ) was 56.1 MPa as obtained from the cube strength-age 

curve for the Batch 3 concrete (Fig. 3.34). The cylinder compressive strength ( cf ′ ) 

was 46.4 MPa as averaged from 2 specimens tested using the 5,000 kN capacity 

MTS system at the age of 77 days. The specimen was transversely reinforced with 

8-mm diameter steel hoops at a centre-to-centre spacing of 150 mm and was 

wrapped with 3 half-thickness layers of CFRP with each layer have a nominal 

thickness of 0.171 mm. The specimen experienced a maximum load of 6,797.7 kN; 
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the test was terminated at the sudden rupture of the entire FRP jacket in the test 

portion at the peak load. The failure of this specimen was the most explosive 

among all specimens tested in this project as the FRP jacket within the 900-mm 

long test region ruptured all at the same time. Great noise was generated at the 

failure of the specimen. The buckling of longitudinal steel bars was not 

concentrated in a single segment between steel hoops; the buckling formations 

were distributed in the 3 segments between steel hoops. Fig. 4.15 shows the 

destroyed specimen after test. Fig. 4.16 shows the buckling of longitudinal steel 

bars. 

The reference ultimate load 0P  of the specimen is 4,681.7 kN. The ratio of 

max 0/P P  for the specimen is 1.451, 66.2% higher than the corresponding control 

specimen (CF0T150) and 32.4% higher than specimen CF1T150. 

4.3 DISCUSSION OF RESULTS 

This section discusses the results of the circular column compression tests 

presented above.  

4.3.1 Axial Strains of Concrete 

The axial displacements of the column specimens during tests were measured 

using two pairs of LVDTs, covering the two measurement ranges of 400 mm and 

700 mm within the test portion respectively. The axial compressive strains in 

concrete were then deduced from these displacements. In Fig. 4.17 to Fig. 4.25, the 

axial load is shown against the average compressive strain of concrete, obtained 

from both the 400-mm gauge length LVDTs and the 700-mm gauge length LVDTs, 
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respectively. These curves are referred to as “the axial load-concrete strain curves” 

hereafter for simplicity. Some axial load-concrete strain curves are terminated 

before the termination of the test because either or both of LVDTs stopped 

functioning by then. 

4.3.1.1 Control Specimens 

As is mentioned in Section 4.2, four circular control specimens were tested in this 

experimental program. The axial load-concrete strain curves of these specimens 

are shown in Fig 4.17 - Fig. 4.20. 

Fig. 4.17 shows the axial load-concrete strain curves of CF0T300-1 with the 

concrete compressive strains (axial strains) obtained from both the 700-mm and 

400-mm gauge length LVDTs. The axial strains of concrete obtained from the 

700-mm and 400-mm gauge length LVDTs are only slightly different before the 

peak load; the 700-mm gauge length LVDTs were not working properly after 

reaching the peak load. The axial strain of concrete obtained from the 400-mm 

gauge length LVDTs is 0.002087 at the peak load and 0.003012 at the termination 

of test. 

Fig. 4.18 shows the axial load-concrete strain curves of CF0T300-2. The 400-mm 

gauge length LVDTs failed to function soon after the column had reached its peak 

load. The axial strain at the peak load is 0.002693 from the 700-mm gauge length 

LVDTs and 0.002229 from the 400-mm gauge length LVDTs. 

Fig. 4.19 shows the axial load-concrete strain curves of CF0T90. The axial strains 

at the peak load measured by the 400-mm and 700-mm gauge length LVDTs are 

0.002813 and 0.002600 respectively. Three of the four LVDTs stopped working 
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after the column had reached its peak load. Consequently, the load-concrete strain 

curve with the strain being from the 400-mm gauge length LVDTs terminates after 

the peak load. Only one 700-mm gauge length LVDTs remained working in the 

post-peak load range. In Fig. 4.19, a load-concrete strain curve with the strain 

obtained from only one 700-mm gauge length LVDT is also provided and is 

denoted as “700-1”. This curve matches the curve with the strain from the average 

displacements of the two 700-mm gauge length LVDTs before the peak load. The 

compressive strain of concrete at peak load, measured from the single 700-mm 

gauge length LVDT, is 0.002657 which is only slightly different from the value of 

0.002600 averaged from the two LVDTs.  

Fig. 4.20 shows the axial load-strain curves of specimen CF0T150. The 700 mm 

gauge length LVDTs did not work before the peak load while the 400-mm gauge 

length LVDTS did not work after the peak load. The compressive strain of 

concrete at the peak load, measured by the 400-mm gauge length LVDTs, is 

0.002963.  

It can be seen from Fig. 4.17 to Fig. 4.20 that the axial load-concrete strain curves 

from the 400-mm and 700-mm gauge lengths agree with each other closely 

provided that every LVDT was working. That is, the difference in the measured 

axial strain between the two gauge lengths can be ignored. 

4.3.1.2 FRP-jacketed Specimens 

A total of five FRP-jacketed circular column specimens were tested in this project. 

The axial load-concrete strain curves for these specimens are shown in Fig. 4.21 - 

Fig. 4.25. 
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Fig. 4.21 shows the axial load-concrete strain curves of specimen CF1T300. It can 

be seen from Fig. 4.21 that the strain obtained from the 700-mm gauge length 

LVDTs is very close to that obtained from the 400-mm gauge length LVDTs. The 

ultimate axial strain of concrete, averaged from both sets of LVDTs, is 0.0152. 

Fig. 4.22 shows the axial load-concrete strain curves of specimen CF0.5T300. As 

shown in the figure, the strain obtained from the 700-mm gauge length LVDTs is 

close to that obtained from 400 mm gauge length LVDTs. The ultimate axial strain 

averaged from both sets of LVDTs is 0.006311. 

Fig. 4.23 shows the axial load-concrete strain curves of specimen CF1T90. It can 

be seen from Fig. 4.23 that the strain obtained from the 700-mm gauge length 

LVDTs is very close to that obtained from the 400-mm gauge length LVDTs. The 

ultimate axial strain averaged from both sets of LVDTs is 0.009768. 

Fig. 4.24 shows the axial load-concrete strain curves of specimen CF1T150. It can 

be seen from Fig. 4.24 that the strain obtained from the 700-mm gauge length 

LVDTs is very close to that obtained from the 400-mm gauge length LVDTs. The 

ultimate axial strain averaged from both sets of LVDTs is 0.009905.  

Fig. 4.25 shows the axial load-concrete strain curves of specimen CF1.5T150. It 

can be seen from Fig. 4.25 that the strain obtained from the 700-mm gauge length 

LVDTs is very close to that from the 400-mm gauge length LVDTs. The ultimate 

axial strain averaged from both sets of LVDTs is 0.014774. 

It can be conclude from Fig. 4.21 to Fig. 4.25 that the LVDTs worked throughout 

the tests for FRP-jacketed specimens. The differences between the strains 

measured from LVDTs of the two different gauge lengths are small and may be 
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ignored. 

Fig. 4.26 summarizes the axial load-axial strain curves of all the circular columns. 

It shows that all FRP-confined specimens were sufficiently confined, and gained 

great improvements in the load capacity and ductility. In Batch 1, CF1T300 was 

wrapped with 1 layer of CFRP, which gained more in capacity and ductility 

compared to CF0.5T300 in Batch 2 which was wrapped with half the amount of 

CFRP. In Batch 3, the results of CF1T150 and CF1.5T150 (with the same hoop 

steel spacing) also indicate that more FRP also helped in improving the load 

capacity and ductility. The effect of transverse steel reinforcement can also be seen 

in the Batch 3 specimens, for both the reference columns and the FRP-confined 

columns; CF0T90 and CF1T90 with a hoop steel spacing of 90 mm exhibited 

higher load capacities than CF0T150 and CF1T150 with a 150 mm hoop steel 

spacing. In Batch 1, the transition point of CF1T300 is much higher than the peak 

load of CF0T300 while in other batches, the values are more similar as may be 

expected from theory; this means that CF0T300 could have experienced premature 

failure. The FRP wrap not only improved the load capacity but also prevented 

premature failure, so the size effect can be different in FRP-confined specimens. 

4.3.2 Strains in Longitudinal Steel Bars 

The strains in the longitudinal reinforcing bars were measured for specimens tested 

in Batches 2 and 3. For each longitudinal steel bar in the Batch 2 and 3 specimens, 

two 5-mm gauge length strain gauges were installed at different levels; the details 

are available in Section 3.4.1. For each steel bar in the Batch 2 circular specimens, 

the two strain gauges were installed at the mid-height of the column and at 300 

mm above the mid-height which was between two adjacent steel hoops. In Batch 3, 
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for CF0T90 and CF1T90, the two strain gauges on each steel bar were installed at 

the mid-height and at 180 mm below the mid-height. For CF0T150, CF1T150 and 

CF1.5T150, the two strain gauges were installed at the mid-height and at 150 mm 

below it. The strains in the longitudinal bars measured at the mid-height or at the 

other level are shown against the axial load in Fig. 4.18 - Fig. 4.20 and Fig. 4.22 - 

Fig. 4.25; these curves are referred to as axial load-steel strain curves hereafter. In 

these figures, the curves for the steel strains measured at the mid-height, above it 

and below it are respectively denoted as Steel-M, Steel-U and Steel-L. From the 

results, it can be concluded that the axial strains of the longitudinal steel bars are in 

close agreement with those of the concrete. The same observation has been made 

by others such as Kestner et al. (1997). 

4.3.3 Strains in the FRP Jackets 

According to Lam and Teng (2003b), the actual hoop rupture strain ,h rupε  

measured in the FRP jacket is generally significant smaller than the FRP material 

ultimate tensile strain ,frp uε ; according to them, the average ratio of ,h rupε  to 

,frp uε  is 0.586 for circular concrete specimens with CFRP jackets. A number of 

reasons have been suggested for the FRP hoop rupture strain being significantly 

lower than the FRP material ultimate tensile strain (e.g. Lam and Teng 2004). The 

average ratio of ,h rupε  to ,frp uε  for the present tests is 0.469; the detailed values 

are given below. 

The material ultimate tensile strain of the CFRP used in this study was 1.55%. The 

average FRP hoop rupture strain for each column measured from strain gauges 

outside the overlapping zone varied from 0.004685 to 0.008841, with the ratio of 
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,h rupε  to ,frp uε  being from 30.2% to 57%. These values are similar to the test data 

reported for CFRP-wrapped small cylinders by Xiao and Wu (2000). The curves of 

the average FRP hoop strain versus the applied axial load are provided in Fig. 4.21 

- Fig. 4.25 for the CFRP-jacketed column specimens presented in this chapter.  

The distribution of the hoop strain around the circumference was found to be 

highly non-uniform as was observed in tests on CFRP-confined small concrete 

cylinders. The hoop strains in the overlapping zone are the smallest; the positions 

of the largest hoop strains are uncertain. Fig. 4.27 - Fig. 4.35 present the 

distributions of FRP hoop strains around the circumference. 

Fig. 4.27 shows the hoop strain distribution at the ultimate condition of CF1T300. 

The average hoop strain at the ultimate condition is 0.008317, or 53.7% of the FRP 

material tensile strain from coupon tests. 

Fig. 4.28 and Fig. 4.29 show the hoop strain distributions at the ultimate condition 

at two different levels of CF0.5T300. The hoop strains at the upper level are much 

smaller than those at the mid-height. The average hoop strain at the ultimate 

condition at mid-height is only 0.004685, which is 30.2% of the FRP material 

tensile strain.  

Fig. 4.30 and Fig. 4.31 show the hoop strain distributions in CF1T150 at the 

ultimate condition. Unfortunately, the strain gauges in the hoop direction did not 

capture the rupture strain of the FRP jacket; the average hoop strains at the 

ultimate condition at mid-height and at the lower level are 0.006941 and 0.007021, 

44.8% and 45.3% of the FRP material tensile strain, respectively.  

Fig. 4.32 and Fig. 4.33 show the hoop strain distributions in CF1.5T150 at the 
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ultimate condition. The two strain gauges at the two different levels at position D 

captured the rupture strain. The captured rupture strains are 0.009698 at 

mid-height and 0.008365 at the lower level; however, they are not the largest hoop 

strain at the same level. The average hoop strains at the ultimate condition at 

mid-height and at the lower level are 0.008841 and 0.008137 respectively. The 

average hoop rupture strain at mid-height is 57.0% of the FRP material tensile 

strain. 

Fig. 4.34 and Fig. 4.35 show the hoop strain distributions at the two different 

levels of CF1T90 at the ultimate condition. The average hoop strain at the ultimate 

condition at the lower level is 0.007473. The strain gauge at position A at the lower 

level captured the strain at rupture; the captured rupture strain is 0.007878, but it is 

not the largest hoop strain at the same level. The average hoop strains at the 

ultimate condition at mid-height and at the lower level are 0.006590 and 0.007473 

respectively. The average rupture strain at the lower level is 48.2% of the FRP 

material tensile strain. 

4.4 COMPARISON WITH EXISTING PREDICTIVE MODELS 

4.4.1 Control Columns 

In this section, the effect of transverse steel reinforcements on the behavior of 

circular RC columns is studied by examining the results of the 4 circular control 

column tests of the present experimental programme. The confined concrete 

strengths are calculated and the predicted ultimate loads are compared with the test 

results given in Table 4.1. 

Mander et al. (1988a) established a theoretical model for steel bar-confined 
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concrete in RC columns based on a model suggested by Popovics (1973). The 

model proposed by Mander et al. (1988a) is as follows: 
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where ccf ′  is the confined concrete strength; cof ′  is the un-confined concrete 

strength; lhf ′  is the effective lateral confining stress acting on the concrete and 
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area of the concrete core enclosed by the steel hoop excluding the area of the 

longitudinal steel and ( )2 1
4cc s ccA dπ ρ= − ; sd  is the diameter of steel hoops; s′

is the clear spacing between steel hoops; ccρ  is the ratio of the area of the 

longitudinal steel reinforcement to the area of the core section; ccε  is the axial strain at 

the confined concrete strength; coε  is the axial strain at the un-confined concrete 

strength.  
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In Mander et al. (1988b), the ultimate load of the RC column is calculated by 

adding up the contributions of the core concrete, the longitudinal steel 

reinforcement and the concrete cover. That is, 

c core sl c-cover c-core c core sl sl c-cover c-coverP P P P A A Aσ σ σ− −= + + = + +       (4.4) 

where c coreP − , slP  and c-coverP  are the loads carried by the core concrete, the 

longitudinal steel reinforcement and the concrete cover, respectively; c coreσ − , slσ

and c-coverσ  are the corresponding stresses and c coreA − , slA  and c-coverA  are the 

corresponding cross-sectional areas. In making the prediction, c coreσ −  is obtained 

from the model of Mander et al. (1988a), slσ  and c-coverσ  are obtained from the 

material stress-strain relationships at the axial strain ccε  at the peak load. 

The present tests on the four circular control specimens indicated the tests ultimate 

loads maxP  are lower than the corresponding predictions based on Eq. (4.1) (i.e.

0 0.85 c c yl slP f A f A′= + ). This means that in these large-size RC columns, the 

cylinder compressive strength, even with a reduction factor of 0.85, was not 

achieved in the tests. In Table 4.2, the test results are compared with the 

predictions from the model of Mander et al. (1988a). In the table, D  is the 

diameter of cross-section; c  is the thickness of the concrete cover; ylf  is the 

yield stress of longitudinal steel reinforcement; sln  is the number of longitudinal 

steel bars; slφ  is the diameter of longitudinal steel reinforcement; yhf  is the 

yield stress of transverse steel reinforcement; s  is the center-to-center spacing of 

transverse steel reinforcement; shφ  is the diameter of transverse steel 

reinforcement. The differences between the test results and the predictions are 
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quite obvious. The errors are from 13.5% to 31.2%. From the test results, we can 

conclude that the steel bar-confined concrete strength of the column is smaller than 

the concrete strength from the cylinders ( cf ′ ) cast and tested on the same day. The 

failure modes of the column specimens are similar, with the buckling of the 

longitudinal steel reinforcement being the major cause for the spalling of the 

concrete cover and the premature failure of the column specimen. Furthermore, as 

ready-mixed concrete was used, the concrete strength could not be well-controlled 

and the difference in concrete strength between batches was significant. 

4.4.2 FRP-jacketed Columns 

4.4.2.1 Axial Strength of FRP-jacketed Columns 

To study the effect of CFRP confinement on circular RC columns, 5 column 

specimens wrapped with CFRP sheets were tested in the present study. The test 

results are compared with several existing predictive models below. The results are 

listed in Table 4.3. In these models, contributions of both the discontinuous 

confinement by the transverse steel reinforcement and the continuous confinement 

by the FRP jacket are considered. 

Teng et al.’s Model 

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

design-oriented stress-strain model, in which the compressive strength and the 

ultimate axial strain of concrete are given by the following equations: 
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( )1 3.5 0.01 ,    if 0.01

1,                                   if 0.01

cc
K K

co

cc
K

co

f
f
f
f

ερ ρ ρ

ρ

′⎧ = + − ≥⎪ ′⎪
⎨ ′⎪ = <
⎪ ′⎩

        (4.5) 

0.8 1.451.75 6.5cu
K

co
ε

ε ρ ρ
ε

= +             (4.6) 

where cuε is the ultimate axial strain of concrete; Kρ  and ερ  are the confinement 

stiffness ratio and the strain ratio respectively and are defined as 

( )
2

/
frp

K
co co

E t
f D

ρ
ε

=
′  and ,h rup

co
ε

ε
ρ

ε
= ; Kρ  was shown by Teng et al. (2009) to be 

an important factor in determining the performance of FRP-confined concrete. In 

this model, the minimum amount for sufficient confinement is defined as 

0.01Kρ = . frpE  is the elastic modulus of FRP; t  is the total thickness of the 

FRP jacket; and D  is the diameter of circular columns. 

The stress-strain relationship of the confined concrete is given by 

( ) ( )

( ) ( )

2
2 2
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     if 0.01
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c c c c t

co

c co c K

t c cuco cu
co c co K

cu co

E E
E

f
f E

f ff

ε ε ε ε

σ ε ρ
ε ε ε

ε ε ρ
ε ε

⎧ −
− ≤ ≤⎪

′⎪
⎪= ′⎨ + ≥⎧
⎪⎪ ′ ′ < ≤−⎨⎪ ′ − − <⎪⎪ −⎩⎩

   (4.7) 

where cσ  is the compressive stress of concrete; cε  is the compressive strain of 

concrete; cE  is the elastic modulus of un-confined concrete; 2E  is the slope of 

the linear second portion of the stress-strain curve; and tε  is the strain at the 

transition point between the two portions of the curve. 
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In this design-oriented stress-strain model, the strength and strain enhancement 

due to the transverse steel reinforcement is not included; this is a conservative 

approach for design use if the amount of transverse steel reinforcement is limited. 

Among the circular CRRP-confined column specimens tested, the spacing of 

transverse steel reinforcement of specimens CF1T300 and CF0.5T300 are 300 mm; 

the confining pressure from the transverse steel reinforcement according to 

Mander et al.’s (1988a) model (
1
2lh eh sh yhf k fρ′ = ) is only 0.1 MPa, which is much 

smaller than the confining pressure provided by the FRP jacket ( ,frp h rup
lf

E t
f

R
ε

′ = , 

where R  is the radius of circular columns) which is 3.9 MPa for CF1T300 and 

1.1 MPa for CF0.5T300. Accordingly, the expected strength enhancement 

according to Mander et al.’s (1988a) model due to the transverse steel 

reinforcement is only 2%-3%. As the confinement effect of the transverse steel 

reinforcement is very small, these two column specimens can be regarded as 

large-scale CFRP-confined concrete column without enhancement from the 

transverse steel reinforcement. The test results can thus be compared with the 

predictions based on Teng et al.’s (2009) design-oriented stress-strain model. In the 

comparison, the unconfined concrete strengths cof ′  are taken as 0.85 cf ′ , where 

cf ′  is the concrete strength obtained from standard cylinder tests. The 

comparisons of axial load-axial strain responses are shown in Fig. 4.36, where the 

predicted axial load is calculated from 

c c sl slP A Aσ σ= +              (4.8) 

where cσ  is the axial stress of concrete; cA  is the cross-sectional area of the 
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concrete; slA  is cross-sectional area of the longitudinal steel reinforcement; slσ  

is stress of the longitudinal steel reinforcement calculated from the model 

proposed by Dhakal and Maekawa (2002) which is as follows: 

( )

                                         if 

                                            if 

     if 

s sl sl yl

sl yl yl sl sh

P

su sl
su y su sh sl su

su sh

E

f

f f f

ε ε ε

σ ε ε ε

ε ε ε ε ε
ε ε

⎧
⎪

≤⎪
⎪

= < ≤⎨
⎪

⎛ ⎞−⎪
+ − < ≤⎜ ⎟⎪ −⎝ ⎠⎩

     (4.9) 

where sE  is the modulus of elasticity of steel and is taken as 200 GPa according 

to the Hong Kong Concrete Code (Buildings Department 2004); slε  is the axial 

strain of the longitudinal steel reinforcement; cε  is the axial strain of the column; 

ylf  is the yield stress of the longitudinal steel reinforcement; ylε  is the yield 

strain of the longitudinal steel reinforcement; shε  is the strain at the starting point 

of strain hardening of the longitudinal steel reinforcement; suf  is stress of the 

longitudinal steel reinforcement at the ultimate point; and suε  is the strain of the 

longitudinal steel reinforcement at the ultimate point. 

These comparisons show that the model of Teng et al. (2009) predicts the ultimate 

load and the ultimate axial strain closely once the concrete strength in the columns 

is taken as 85% of the cylinder strength. The initial slope from the prediction also 

matches the test result well, but the two curves separate from each other in the 

transition zone between the two linear portions; this difference is more obvious for 

specimen CF0.5T300. In making the predictions, the average hoop rupture strain 

of the FRP jacket from the test was used. The discrepancy in the transition zone 
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might have been due to the stabilizing effect of the transverse and longitudinal 

steel reinforcements. In general, the models predict the ultimate point of failure 

well, indicating that the stress-strain model for FRP-confined concrete based on 

small cylinder tests are applicable to large circular columns; the size effect for 

circular columns can be neglected. 

Several models (Jiang and Teng 2007; Ilki et al. 2006; Eid & Paultre 2008) exist 

for predicting the axial strengths and strains of FRP-confined circular RC columns 

with a significant amount of confinement from transverse steel reinforcement. 

Jiang and Teng’s Model 

Jiang and Teng (2007) proposed an analysis-oriented model for FRP-confined 

concrete. This model can be easily extended for application to all sorts of confined 

concrete as long as the confining pressure at a given axial strain can be found. For 

FRP-confined concrete, the concrete compressive strength and the corresponding 

axial strain under a certain active confining pressure are given by this model as: 

*

1 3.5cc l

co co

f
f f

σ′
= +

′ ′
              (4.10) 

1.2*

1 17.5cc l

co cof
ε σ
ε

⎛ ⎞
= + ⎜ ⎟′⎝ ⎠

             (4.11) 

where *
ccf ′  is the peak axial stress of concrete under a specific constant confining 

pressure; *
ccε  is the axial strain at *

ccf ′ ; lσ  is the confining pressure and 

frp l
l

E t
R
ε

σ = − for FRP-confined concrete; it is recommended that 
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40.000937co cofε ′=  if no test value is available; and lε  is the hoop tensile strain 

in the FRP jacket.  

For all confinement conditions (including unconfined, actively-confined and 

FRP-confined concrete), the lateral strain-axial strain relation of concrete is 

described in the model as: 

0.7

0.85 1 8 1 0.75 exp 7c l l l

co co co cof
ε σ ε ε
ε ε ε

⎧ ⎫⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞− −⎪ ⎪= + + − −⎨ ⎬⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟′⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦⎪ ⎪⎩ ⎭
    (4.12) 

The axial stress-axial strain relationship of actively-confined concrete is predicted 

using an equation proposed by Popovics (1973) which was also adopted by 

Mander et al. (1988a). This equation is given by 

( )
( )

*

* *

/

1 /
c ccc

r
cc c cc

r
f r

ε εσ

ε ε
=

′ − +
            (4.13) 

where r  is a constant for a certain lateral confinement pressure 

( * */
c

c cc cc

Er
E f ε

=
′− ), and cE  is the elastic modulus of concrete and can be found 

from 4730c coE f ′= . 

For the circular RC columns with a significant amount of transverse steel 

reinforcement tested in the present project, this analysis-oriented model cannot be 

used directly for predicting the behavior of the core concrete. As the core concrete 

is not only confined by a CFRP jacket but also by the transverse steel 

reinforcement, the lateral confining pressure lσ  needs to include the two 

components contributed by the FRP jacket and the transverse steel reinforcement 
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respectively; the latter is given by 

2
frp l eh sh sh

l

E t k
R
ε ρ σσ = − +             (4.14) 

where ehk  is the confinement coefficient for transverse-reinforced concrete; shρ  

is the volume ratio between the transverse confining steel to the confined concrete 

core; and shσ  is the stress in the transverse steel reinforcement given by 

        for 

            for 
lh s lh yh

sh
yh yh lh

E

f

ε ε ε
σ

ε ε

− ≤⎧⎪= ⎨ <⎪⎩
           (4.15) 

where lhε  is the hoop strain of the transverse steel reinforcement which is 

approximately assumed to be the same as the hoop strain in the FRP jacket; and 

ylε  is the yielding strain of longitudinal steel reinforcement. 

Ilki et al.’s Model 

Ilki et al. (2006) proposed a design-oriented stress-strain model for FRP-confined 

RC columns. Both the ultimate strength and the ultimate axial strain are composed 

of two components contributed by the internal transverse reinforcement (ITR) and 

the CFRP jacket respectively. The relationship between these two components and 

the confined strength is given as follows: 

1 1cc co cc cc

co co coTOTAL CFRP ITR

f f f f
f f f

⎡ ⎤ ⎡ ⎤ ⎡ ⎤′ ′ ′ ′−
= − + −⎢ ⎥ ⎢ ⎥ ⎢ ⎥′ ′ ′⎣ ⎦ ⎣ ⎦ ⎣ ⎦

       (4.16) 

1 1cc co cc cc

co co coTOTAL CFRP ITR

ε ε ε ε
ε ε ε

⎡ ⎤ ⎡ ⎤ ⎡ ⎤−
= − + −⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦
       (4.17) 
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The enhancement by the CFRP jacket is proposed by Ilki et al. (2004) to be 

calculated from 

1.2

1 2.4 lfcc

co coCFRP

ff
f f

⎡ ⎤′⎡ ⎤ ⎛ ⎞′
⎢ ⎥= + ⎜ ⎟⎢ ⎥′ ′⎢ ⎥⎣ ⎦ ⎝ ⎠⎣ ⎦

           (4.18) 
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⎡ ⎤′⎡ ⎤ ⎛ ⎞⎛ ⎞⎢ ⎥= + ⎜ ⎟⎢ ⎥ ⎜ ⎟ ′⎝ ⎠⎢ ⎥⎣ ⎦ ⎝ ⎠⎣ ⎦
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where coε  is the strain of unconfined concrete at its peak stress, taken as 0.002;

lff ′  is the effective lateral confining stress from FRP, ,

2
a frp h rup frp

lf

E
f

κ ρ ε
′ = ; 

h
b

 is 

the aspect ratio ( )h b>  and= 1 for circular columns; aκ  is the confinement 

efficiency factor defined as the area ratio between the effectively-confined core 

and the gross cross-sectional area ( 1aκ =  for circular columns). 

To find the enhancement due to the transverse steel reinforcement, these authors 

employed Mander et al.’s (1988a) model which is expressed as follows: 

7.941.254 2.254 1 2cc lh lh

co co coITR

f f f
f f f

⎡ ⎤⎡ ⎤′ ′ ′
= − + + −⎢ ⎥⎢ ⎥′ ′ ′⎣ ⎦ ⎣ ⎦

       (4.20) 
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⎡ ⎤⎡ ⎤ ⎛ ⎞′
= + −⎢ ⎥⎜ ⎟⎢ ⎥ ′⎣ ⎦ ⎝ ⎠⎣ ⎦

           (4.21) 

Eid and Paultre’s Model 

Eid and Paultre (2008) proposed an analysis-oriented stress-strain model of which 

the ultimate stress and ultimate axial strain are given as 
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where seyρ  is effective sectional ratio of the confining reinforcement, 

sey eh shkρ ρ= ; and flE  is the FRP lateral modulus, 
2 frp

fl

tE
E

D
= . 

In this model, the axial stress-axial strain curve is composed of two parts, the 

pre-peak branch and the post-peak branch. For the pre-peak branch where c ccε ε≤ , 

the authors adopted a model originally proposed by Sargin (1971) which is 

expressed as 

2         for  
1

c
c c cc

c c

a
b z
εσ ε ε

ε ε
= ≤

+ +          (4.24) 

where cta E= ; 2
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ε
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= − +
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1 ct cu
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E Ez
fε

= −
′ ; ctE  is the 

tangent modulus of concrete; cuE  is the slope of the curve after the peak and 

( )    0cu cc cu co
cu cu
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f f f fE E
ε ε ε
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= ≤ ≥
− .  

The axial stress-axial strain curve is expressed as follows 
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where ,cc sf ′  and ,cc sε ′  are the compressive peak stress and the corresponding axial 

strain of concrete confined by steel; 1,sk  and 2,sk  are parameters controlling the 

shape of the post-peak branch of stress-strain curves of steel-confined concrete; 

3k  and 4k  are parameters controlling the shape of the post-peak branch and are 

given by 

( )
( ) 43

50

ln 0.5
k

cc cc

k
ε ε

=
′−

, ( )2
4 501 25 ek I= +  

where 50ccε  and 50cε  are the post peak strains corresponding to the stresses of 

50% of the confined concrete strength and the unconfined concrete peak strength 

respectively and 50cε  is assumed to be 0.004 when there are no experimental data 

50
50

50

1 60cc
e

c

Iε
ε

= +               (4.26) 

where 50eI  is the effective confinement index evaluated at 50ccε ; this effective 

confinement index is defined as the ratio of the effective confinement pressure to 

the unconfined concrete strength; for FRP confined RC circular columns, 

,
50

sey yh fl frp u
e

co co

f E
I

f f
ρ ε

= +
′ ′

            (4.27) 
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Table 4.3 shows that the models of Jiang and Teng (2007), Ilki et al. (2006), and 

Eid & Paultre (2008) all give reasonably close predictions of the ultimate loads of 

these column specimens. The difference is from -15.3% to 9.7%. The error of Ilki 

et al.’s (2006) model is relatively large; it is from -15.3% to 0.6%. The error of Eid 

and Paultre’s (2008) model is smaller; the range is from -2.1% to 9.7%. The test 

results match best the predictions of Jiang and Teng’s (2007) model; the errors for 

all the specimens are within 5% (from -3.5% to 4.2%).  

These stress-strain models tend to underestimate the axial strain, with the errors 

being from -27.7% to 0.3%. Those of Ilki et al.’s (2006) model are from -16.8% to 

0.3%; the errors of Eid and Paultre’s (2008) model are from -27.7% to -16.1%. The 

errors of Jiang and Teng’s (2007) model are from -24.3% to -7.1%. Ilki et al.’s 

(2006) model seems to give the closest predictions for the ultimate axial strain. 

4.4.2.2 Axial Load-Concrete Strain Curves 

The total load-concrete strain curves of FRP-confined RC columns are compared 

with the analytical models of Jiang and Teng (2007) and Eid and Paultre (2008) 

herein. The comparisons are shown in Fig. 4.37 - Fig. 4.41. In calculating the total 

load carried by the column using Eq. 4.4, the core concrete is taken as being a 

circular concrete core confined by both the transverse steel reinforcement and the 

FRP jacket while the cover concrete is taken as being the same as concrete in a 

circular concrete cylinder confined by the FRP jacket only. 0.85co cf f′ ′=  was 

used for the unconfined concrete strength of the concrete in the columns in making 

the predictions.  

From the figures it can be seen that Jiang and Teng’s (2007) model perform better 
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than Eid and Paultre’s (2008) model in predicting both the ultimate load and the 

ultimate axial strain of the columns. The discrepancy between the test results and 

the predictions around the transition from the first portion to the second portion is 

smaller for Jiang and Teng’s (2007) model than for Eid and Paultre’s (2008) 

model.  

4.5 CONCLUSIONS 

The failure process of RC columns was found to be gradual in nature; on the 

contrary, the failure mode of the FRP confined RC columns was explosive in 

nature.  

The present tests indicated that the ultimate loads maxP  of the control columns are 

lower than the predicted values 0P . These differences may be attributed to the 

inhere scatter of test data, the size effect and the sudden variation of steel hoop 

spacing in some of these columns. 

The distributions of the hoop strains around the circumference were highly 

non-uniform. The hoop strains in the overlapping zone were the smallest as 

expected. The average FRP hoop rupture strains measured from strain gauges 

outside the overlapping zone varied from 0.004685 to 0.008841, with the ratios of 

,h rupε  to frpε  being from 30.2% to 57%. Such low values can be significantly 

lower than values assumed in current design guidelines and need further attention. 

Comparisons between test results and theoretical predictions based on Teng et al.’s 

(2009) design-oriented stress model indicated that Teng et al.’s (2009) leads to 

close predictions of the compressive strength and the corresponding ultimate axial 
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strain of confined concrete in FRP-confined RC columns with little transverse steel 

reinforcement. This close match means that the size effect is negligible for such 

FRP-confined circular RC columns as Teng et al.’s (2009) model was based on test 

results of small concrete cylinders. 

For the FRP-confined circular RC columns with a significant transverse steel 

confinement, the test results were compared with predictions based on three 

existing stress-strain models which take the effect of transverse steel confinement 

into account. The design-oriented stress-strain model proposed by Ilki et al. (2006) 

was found to be less accurate than the analysis-oriented stress-strain models of Eid 

and Paultre (2008) and Jiang and Teng (2007) in predicting the ultimate load, but it 

performed better in predicting the axial ultimate strain. Of the two 

analysis-oriented stress-strain models, Jiang and Teng’s (2007) model led to 

smaller errors in predicting both the ultimate load and the ultimate axial strain than 

Eid and Paultre’s (2008) model. 
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Table 4.1 Test results of circular column specimens 
 

Specimen CF0T300-1 CF1T300 CF0T300-2 CF0.5T300 CF0T150 CF1T150 CF1.5T150 CF0T90 CF1T90 
Batch of tests 1 2 (Rotated in testing) 3 (Rotated in testing) 
Type of mould Steel PVC Steel 

Reference ultimate load 0P
(kN) 

2944.9 2936.9 3149.2 3149.2 4521.4 4681.7 4681.7 4521.4 4681.7 

Test ultimate load maxP  (kN) 2504.5 4253.4 3230 3769.7 3568.9 5275.7 6797.7 3842.2 5575.9 

max 0/P P  85.0% 144.8% 102.6% 119.7% 78.9% 112.7% 145.1% 85.0% 119.1% 

Unconfined concrete strength 
deduced from control RC 

columns cof ′  (MPa) 
18.2 18.2 24.9 24.9 27.6 27.6 27.6 30.5 30.5 

Confined concrete strength 
deduced from FRP confined 

RC columns ccf ′  (MPa) 
-- 35.8 -- 29.9 -- 44.0 63.3 -- 49.6 

Increase in deduced concrete 
strength from RC column tests -- 97% -- 20.1% -- 59.4% 129% -- 62.6% 

Concrete cylinder compressive 
strength cf ′  (MPa) 25.1 25 33.2 33.2 44.4 46.4 46.4 44.4 46.4 
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Table 4.1 Test results of circular column specimens-continued 
 

Specimen CF0T300-1 CF1T300 CF0T300-2 CF0.5T300 CF0T150 CF1T150 CF1.5T150 CF0T90 CF1T90 
Concrete cube 
compressive 
strength cuf  

(MPa) 

29.9 30.5 34.5 34.5 55† 56† 56.1† 55† 56† 

/c cuf f′  84% 82% 96% 96% 81% 83% 83% 81% 83% 

Axial strain of 
concrete at peak 
load of control 

column 

0.002087 0.002087 0.002693 0.002693 0.002963 0.002963 0.002963 0.002657 0.002657 

Ultimate axial 
strain of concrete 
of FRP-confined 

column 

-- 0.015169 -- 0.006311 -- 0.009905 0.014774 -- 0.009768 

Increase in axial 
strain -- 627% -- 134% -- 234% 399% -- 268% 

Hoop rupture 
strain 

-- 0.008317 -- 0.004685 -- 0.007021 0.008841 -- 0.007473 

, ,/h rup frp uε ε  -- 53.7% -- 30.2% -- 45.3% 57.0% -- 48.2% 

†The concrete cube compressive strength was determined from the best-fit curve. 
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Table 4.2 Comparison between experimental and analysis results for circular RC control columns 
 

Specimen 
D  

(mm) 

c  
(mm)

Longitude steel Hoop steel ccε  maxP  (MPa) Error (%) 

yhf  

(MPa) 

sln
 

slφ  
(mm) 

yhf  

(MPa) 

s  

(mm)

shφ
(mm) 

 
Test Mander et al. Mander et al. 

CF0T90 350 40 510.1 6 20 358.3 90 8 0.002657 3842.2 4897.1 27.5 

CF0T150 350 40 510.1 6 20 358.3 150 8 0.002962 3568.9 4681.8 31.2 

CF0T300-1 350 40 494.7 6 20 430.4 300 8 0.002088 2504.5 2968.7 18.5 

CF0T300-2 350 40 496.7 6 20 430.4 300 8 0.002693 3230.0 3665.1 13.5 
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Table 4.3 Comparison between experimental and analysis results for CFRP-confined circular RC columns 
 

Specimen 

maxP  (kN) Error (%) ccε  Error (%) 

Test 
Ilki 

et al. 
Eid and 
Paultre 

Jiang 
and 

Teng 

Ilki 
et al. 

Eid and 
Paultre

Jiang 
and 

Teng 
Test Ilki 

et al.
Eid and 
Paultre

Jiang 
and 

Teng 

Ilki 
et al.

Eid 
and 

Paultre

Jiang 
and 

Teng 

CF1T90 5575.5 5547.9 5959.2 5688.2 -0.5 6.9 2.0 0.009
768 

0.00
9800

0.0081
96 

0.0090
71 0.3 -16.1 -7.1 

CF1T150 5275.7 5309.3 5786.7 5496.5 0.6 9.7 4.2 0.009
905 

0.00
8625

0.0071
64 

0.0080
31 -12.9 -27.7 -18.9

CF1.5T150 6797.7 5841.5 6720.8 6561.2 -14.1 -1.1 -3.5 0.014
774 

0.01
2432

0.0111
70 

0.0121
20 -15.9 -24.4 -18.0

CF1T300 4253.4 3601.9 4162.6 4107.3 -15.3 -2.1 -3.4 0.015
169 

0.01
2616

0.0116
73 

0.0114
86 -16.8 -23.0 -24.3

CF0.5T300 3769.7 3775.1 3974.3 3767.2 0.1 5.4 -0.1 0.006
311 

0.00
6305

0.0046
90 

0.0048
97 -0.1 -25.7 -22.4
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Fig. 4.1 Failure of specimen CF0T300-1 
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Fig. 4.2 Failure of specimen CF1T300 
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Fig. 4.3 Buckling of longitudinal steel bars in specimen CF1T300 
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Fig. 4.4 Failure of specimen CF0T300-2 
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Fig. 4.5 Failure of specimen CF0.5T300 
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Fig. 4.6 Buckling of a longitudinal steel bar in specimen CF0.5T300 
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Fig. 4.7 Failure of specimen CF0T90 
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Fig. 4.8 Buckling of longitudinal steel bars in specimen CF0T90 
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Fig. 4.9 Failure of specimen CF0T150 
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Fig. 4.10 Buckling of longitudinal steel bar in specimen CF0T150 
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Fig. 4.11 Failure of specimen CF1T90 
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Fig. 4.12 Buckling of a longitudinal steel bar in specimen CF1T90 



148 
 

 

Fig. 4.13 Failure of specimen CF1T150 
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Fig. 4.14 Buckling of a longitudinal steel bar in specimen CF1T150 
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Fig. 4.15 Failure of specimen CF1.5T150 
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Fig. 4.16 Buckling of longitudinal steel bars in specimen CF1.5T150 
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Fig. 4.17 Experimental axial load-axial concrete strain curve of CF0T300-1 

 

Fig. 4.18 Experimental axial load-axial concrete strain curve of CF0T300-2 
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Fig. 4.19 Experimental axial load-axial concrete and steel strain curve of 
CF0T90 

 

Fig. 4.20 Experimental axial load-axial concrete and steel strain curve of 
CF0T150 
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Fig. 4.21 Experimental axial load-axial concrete strain curves of CF1T300 
 

 

Fig. 4.22 Experimental axial load-axial strain curves of CF0.5T300 
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Fig. 4.23 Experimental axial load-axial strain curves of CF1T90 

 

Fig. 4.24 Experimental axial load-axial strain curves of CF1T150 
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Fig. 4.25 Experimental axial load-axial strain curves of CF1.5T150 

 

 

Fig. 4.26 Axial load-axial strain responses of circular columns 
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Fig. 4.27 Hoop strain distribution in CF1T300 at ultimate condition (in 
microstrain) 

 

Fig. 4.28 Hoop strain distribution at the upper level of CF0.5T300 at ultimate 
condition (in microstrain) 
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Fig. 4.29 Hoop strain distribution at mid-height of CF0.5T300 at ultimate 
condition (in microstrain) 

 

Fig. 4.30 Hoop strain distribution at mid-height of CF1T150 at ultimate 
condition (in microstrain) 
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Fig. 4.31 Hoop strain distribution at the lower level of CF1T150 at ultimate 
condition (in microstrain) 

 

Fig. 4.32 Hoop strain distribution at mid-height of CF1.5T150 at ultimate 
condition (in microstrain) 
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Fig. 4.33 Hoop strain distribution at the lower level of CF1.5T150 at ultimate 
condition (in microstrain) 

 

Fig. 4.34 Hoop strain distribution at mid-height of CF1T90 at ultimate 
condition (in microstrain) 
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Fig. 4.35 Hoop strain distribution at the lower level of CF1T90 at ultimate 
condition (in microstrain) 
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(a) CF1T300 

 

(b) CF0.5T300 

Fig. 4.36 Comparison between test results and predictions based on Teng et 
al.’s (2009) model for CF1T300 and CF0.5T300 
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Fig. 4.37 Comparison between test and prediction of CF1T300 

 

 

Fig. 4.38 Comparison between test and prediction of CF0.5T300 
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Fig. 4.39 Comparison between test and prediction of CF1T90 

 

Fig. 4.40 Comparison between test and prediction of CF1T150 
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Fig. 4.41 Comparison between test and prediction of CF1.5T150 
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CHAPTER 5 

BEHAVIOR OF FRP-CONFINED SQUARE AND 

RECTANGULAR RC COLUMNS 

5.1 INTRODUCTION 

Tests on large-scale FRP-confined square and rectangular RC columns have been 

carried out by a number of previous researchers (e.g. Pessiki et al. 2001; Toutanji 

et al. 2010; Turgay et al. 2010; Rocca et al. 2006). The details of these studies have 

been introduced in Chapter 2. 

As has been reported in Chapter 3, three batches of RC column specimens were 

prepared and tested in the present experimental program, with each batch 

including both circular and rectangular RC columns. The results of the circular 

column tests have been reported in the previous chapter. This chapter reports the 

results of the axial compression tests of square and rectangular columns and their 

interpretations.  

There were six square columns and two rectangular columns in the experimental 

program. The sectional dimensions of the square columns were 350 350×  mm, 

and those of the two rectangular columns were 290 435×  mm and 250 500×  

mm respectively. The concrete cover was 40 mm for all specimens. The corner 

radius of the specimens was 25.4 mm except that for SF2T300R50 which was 50.8 

mm. Eight T20 steel bars were placed in the specimens as the longitudinal steel 

reinforcement. The six square columns consisted of four FRP-jacketed specimens 

and two control specimens without FRP confinement. Both of the two rectangular 
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columns were FRP-confined specimens. Key results of the eight specimens are 

given in Table 5.1. The test observations, including the failure mode and process of 

the columns are presented below. The responses of the steel reinforcement, the 

FRP and the concrete are also discussed in detail. 

5.2 GENERAL OBSERVATIONS 

5.2.1 Tests of the Batch 1 Specimens 

The Batch 1 tests included a total of four specimens (two square specimens and 

two circular specimens). The tests were conducted at the ages of 62 days to 91 

days. The compressive strengths of concrete were 29.9 to 31.7 MPa from cube 

tests and 25.0 to 25.1 MPa from cylinder tests. The material tests on cubes were 

conducted on the Forney test machine with load control; the tests on cylinders 

were conducted on the MTS test machine with displacement control. The square 

specimens included one control specimen (SF0T300) and one FRP-jacketed 

specimen (SF2T300). The corners radii of the rounded corners were 25.4 mm for 

both specimens. Both square columns were transversally reinforced with 8-mm 

diameter mild steel stirrups at a centre-to-centre spacing of 300 mm in the 900 

mm-long middle test portion. The 200 mm long loading portion at each end of the 

column was reinforced with the same steel stirrups at a smaller spacing of 50 mm. 

The yielding stresses of the longitudinal bars and the transverse stirrups were 

494.7 MPa and 430.4 MPa respectively; the corresponding tensile strengths were 

603.8 MPa and 543.8 MPa respectively. The material tests of steel reinforcements 

were tested using the Forney test machine with load control using an extensometer 

with gauge length of 100 mm. In the axial compression tests, the columns were in 

the casting position. A summary of the axial compression test results of the 
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square/rectangular columns is provided in Table 5.1. 

5.2.1.1 Specimen SF0T300 

Specimen SF0T300 was cast with the Batch 1 concrete and tested at the age of 64 

days. The cube compressive strength ( cuf ) was 31.7 MPa and was averaged from 

4 specimens tested using the Forney machine at the age of 65 days. The cylinder 

compressive strength ( cf ′ ) was 25.1 MPa and was averaged from 2 specimens 

tested on the 5,000 kN capacity MTS system at the age of 63 days. No CFRP sheet 

was wrapped on the specimen; the spacing between the transverse steel stirrups in 

the 900-mm long test region was 300 mm.  

The specimen experienced a maximum load of 3,490.6 kN in the axial 

compression test. The failure process of this column was progressive. Cracking of 

the cover concrete was observed after the peak load had been reached in the upper 

region of the test portion at a level near the loading portion. This was then 

followed by the spalling of the cover concrete and the buckling of the longitudinal 

steel reinforcement in the middle region of the upper segment. The test was 

terminated when the load had dropped to 2,797.5 kN. Fig. 5.1 shows the image of 

the specimen after failure. An inspection of the specimen after the test revealed 

that buckling of the longitudinal steel bars had occurred in the upper region of the 

900-mm long test portion between the first two steel stirrups spaced at 300 mm. 

Fig. 5.2 is a close-up picture of one of the buckled longitudinal steel bars. The 

major crack of the concrete cover extended into the 200-mm long loading portion, 

as a result of the longitudinal steel bar buckling in the upper region of the 900-long 

test portion.  
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The theoretical ultimate load of this control column without considering the effect 

of steel confinement (i.e. the reference ultimate load), denoted by 0P , is 3,791.8 

kN. The ratio between the ultimate load maxP  and the theoretical value 0P  

calculated using Eq. 4.1 is 0.921 for this column (Table 5.1). 

5.2.1.2 Specimen SF2T300 

The FRP-jacketed specimen SF2T300 was tested at the age of 91 days. The cube 

compressive strength ( cuf ) of concrete was 31.1 MPa and was averaged from 4 

specimens tested using the Forney machine at the age of 91 days. The cylinder 

compressive strength ( cf ′ ) of concrete was 25.1 MPa and was averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 98 days. 

The column was wrapped with two layers of 0.337 mm thick CFRP; the 

centre-to-centre spacing of the transverse steel stirrups in the 900-mm long test 

region was 300 mm.  

The specimen experienced a maximum load of 4,121.8 kN. The test was 

terminated when the load had dropped to 2,687.1kN after the sudden rupture of the 

FRP jacket at the ultimate load of 4,120.7 kN. Instead of a progressive failure 

process as was observed with the control specimen, the failure of this column by 

FRP rupture was sudden and explosive. Fig. 5.3 shows the column after failure. 

Fig. 5.4 shows a close-up image of the longitudinal steel bar buckling between 

steel stirrups. It is clear from Figs 5.3 and 5.4 that the buckling of longitudinal 

steel bars occurred between the first two steel hoops spaced at 300 mm in the 

upper region of the test portion, indicating the localization of column failure in this 

region involving FRP rupture, longitudinal steel bar buckling and spalling of cover 
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concrete. 

The reference ultimate load of the column, 0P , is 3,791.8 kN. The ratio of 

max 0/P P  is 1.087 for this column, which is 18% higher than that of the control 

specimen (SF0T300) without FRP wrapping but the same transverse steel 

reinforcement. 

5.2.2 Tests of Batch 2 Specimens 

The Batch 2 tests included four columns (two square columns and two circular 

columns). These tests were conducted at the ages of 83 days to 91 days. The 

compressive strengths of concrete were 34.5 to 36.3 MPa from cube tests and 33.2 

to 33.4 MPa from cylinder tests. The material tests on the cubes for square 

columns were conducted using the Servotronic test machine As the Servotronic 

test machine was automatically controlled by computer with load control; all the 

subsequent standard cube tests were conducted using this machine. The tests on 

cylinders were conducted using the Forney machine with load control as the MTS 

system was under repair during the period. The yield stress and ultimate tensile 

stress of the steel were 496.7 MPa and 598.8 MPa respectively for the longitudinal 

steel bars, and were 430.4 MPa and 543.8 MPa respectively for the transverse steel 

bars. The material tests of the steel bars were conducted using the Forney test 

machine with load control using an extensometer with a gauge length of 100mm. 

For this batch of specimens, the unconfined concrete strength is taken as 0.8 times 

the cube strength as explained in Section 4.2.2. 

The two square columns, SF0T90 (control column) and SF2T90 (FRP-jacketed 

column) had a cross-section of 350 mm by 350 mm and a corner radius of 25.4 
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mm. These two columns were reinforced with 8-mm diameter mild steel stirrups at 

a centre-to-centre spacing of 90 mm throughout the entire length of the column. As 

failure of all the Batch 1 columns consistently occurred in the upper region of the 

test portion with the cracks of concrete extending into the loading portion (see 

Chapter 4), the sudden variation of steel stirrup spacing from the test portion to the 

loading portion adopted in the Batch 1 specimens was suspected to be undesirable. 

In the Batch 2 columns, the same 300 mm stirrup spacing was used throughout the 

column. The 200-mm long loading portion at each end of the column was then 

strengthened with a two-ply FRP jacket instead of the use of a smaller transverse 

steel spacing of 50 mm. For the case of FRP-jacketed columns, this two-ply FRP 

jacket was in addition to the thickness of the FRP jacket covering the entire length 

of the column. Besides, as described in Chapter 4 for circular columns, the 

specimens in the Batch 2 tests (as well as in the Batch 3 tests) were turned upside 

down when they were placed in the loading frame. All descriptions of locations on 

the column only refer to the testing position of the column instead of its casting 

position.  

5.2.2.1 Specimen SF0T90 

The control specimen (SF0T90) was tested at the age of 91 days. The cube 

compressive strength ( cuf ) of concrete was 36.3 MPa and averaged from 4 

specimens tested using the Forney machine at the age of 92 days. The cylinder 

compressive strength of concrete ( cf ′ ) was 33.4 MPa and was averaged from 2 

specimens tested also using the Forney machine at the age of 92 days. No CFRP 

sheet was wrapped on the 900-mm long test portion of the specimen; the spacing 

of the transverse steel stirrups along the entire length of the column was 90 mm. In 
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the test, after the peak load had been reached at 4,246 kN, cracks were observed in 

the lower region of the test portion. Fig. 5.5 shows the specimen SF0T90 after 

failure. Fig. 5.6 shows the buckling of the longitudinal steel reinforcement in 

between steel stirrups.  

The reference ultimate load of the column, 0P , is 4,639.5 kN. The ratio of 

max 0/P P  is 0.915 for this specimen (Table 5.1), which is nearly the same as that of 

specimen SF0T300 ( max 0/ 0.921P P = ), although the spacing of transverse steel 

reinforcement was smaller for specimen SF0T90 than for SF0T300.  

5.2.2.2 Specimen SF2T90 

The FRP-jacketed specimen SF2T90 was tested at the age of 90 days. The cube 

compressive strength of concrete ( cuf ) was 36.3 MPa and was averaged from 4 

specimens tested using the Servotronic machine at the age of 92 days. The cylinder 

compressive strength of concrete ( cf ′ ) was 33.4 MPa and averaged from 2 

specimens tested using the Forney machine also at the age of 92 days. The 

thickness of the CFRP jacket in the 900-mm long test region was 0.337 mm (one 

full-thickness ply), and the spacing of the transverse steel stirrups was 90 mm.  

The specimen experienced a maximum load of 4,893 kN; the test was terminated 

at the sudden rupture of the FRP jacket at 4,828.9 kN. The applied load was 

unstable after the peak load due to the horizontal movement of the loading actuator 

from time to time. Fig. 5.7 shows the failed column. Fig. 5.8 shows the buckling of 

longitudinal steel bars between steel stirrups.  

The reference ultimate load of the column, 0P , is 4,639.5 kN. The ratio of 
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max 0/P P  of this column is 1.054, which is 15 % higher than the value of 0.915 for 

the control column (SF0T90); this value is similar to the value for specimen 

SF2T300 although the spacings between transverse steel reinforcements are 

different for these two columns. 

5.2.3 Tests of the Batch 3 Specimens 

The Batch 3 tests included nine columns (two square columns, two rectangular 

columns, and five circular columns). The Batch 3 tests were conducted at the ages 

of 62 days to 82 days. The compressive strengths of concrete were 55 to 56.4 MPa 

from cube tests and 44.2 to 46.4 MPa from cylinder tests. The material tests on 

cubes were conducted using the Servotronic test machine with load control, and 

the tests on cylinders were conducted using the MTS test machine with 

displacement control. A total of foursquare and rectangular specimens were tested 

in Batch 3, including two FRP-jacketed rectangular columns (R1.5F2T300, 

R2F2T300) and two FRP-jacketed square columns (SF2T300R50 and SF3T300). 

The cross-sectional dimensions of R1.5T300R50 and R2F2T300 were 290 435×  

mm and 250 500×  mm respectively; those of the square columns were 350 350×  

mm. The rounded corner radii of all specimens except SF2T300R50 were 25.4 mm; 

the rounded corner radius of SF2T300R50 was 50.8 mm. All the square and 

rectangular specimens were reinforced with 8-mm diameter mild steel stirrups at a 

centre-to-centre spacing of 300 mm along the entire column length. The yield and 

ultimate tensile stresses were respectively 510.7 MPa and 624.7 MPa for the 

longitudinal steel bars; they were respectively 358.3 MPa and 456 MPa for the 

transverse steel bars. The material tests of steel bars were tested using the Forney 

test machine with load control, and an extensometer with a gauge length of 100 
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mm was employed for strain measurement. As for the specimens tested in Batch 2, 

the 200 mm long loading portion at each end of the column was reinforced with 2 

extra layers of CFRP. The columns were turned upside down from the casting 

position before the axial compression tests. 

5.2.3.1 Specimen R1.5F2T300 

The FRP-jacketed specimen R1.5F2T300 was tested at the age of 73 days. The 

cube compressive strength of concrete ( cuf ) was 55.8 MPa and was obtained from 

the cube strength-age curve for the Batch 3 concrete (Fig. 3.34). The cylinder 

compressive strength of concrete ( cf ′ ) was 46.4 MPa and was averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 77 days. 

The column was wrapped with two full-thickness layers of CFRP, and the spacing 

of transverse steel reinforcement was 300 mm throughout the entire column 

length.  

The column reached a maximum load of 5,615.8 kN. The test was terminated 

when the load had dropped to 3,406 kN after the sudden rupture of the FRP jacket 

at 4,793.8 kN. The FRP jacket ruptured in the lower part of the specimen; part of 

the FRP jacket in the adjacent loading portion was involved. Fig. 5.9 shows the 

specimen after failure. Fig. 5.10 shows the buckling of longitudinal steel bars 

between steel hoops. 

The reference ultimate load of the column, 0P , is 6,137.1 kN. The ratio of 

max 0/P P  of the specimen is 0.915; this ratio is the same as that of SF0T90, lower 

than the ratio of 1.087 for SF2T300 and 0.921 for SF0T300. It may be that as the 

column section is rectangular, the FRP confinement is not as significant as in the 
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square columns. The load-axial strain curve given in the next section supports this 

explanation.  

5.2.3.2 Specimen R2F2T300 

The FRP-jacketed specimen R1.5F2T300 was tested at the age of 69 days. The 

cube compressive strength of concrete ( cuf ) was 55.5 MPa and was obtained from 

the cube strength-age curve for the Batch 3 concrete (Fig. 3.34). The cylinder 

compressive strength of concrete ( cf ′ ) was 44.9 MPa and averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 69 days. 

The column was wrapped with two full-thickness layers of CFRP; the spacing of 

transverse steel reinforcement in the 900-mm long test region was 300 mm. 

The ultimate load of the column was found to be 5,325.5 kN. The test was 

terminated when the load had dropped to 3,309 kN. Sudden rupture of the FRP 

jacket occurred in the lower part of the column. Fig. 5.11 shows the specimen after 

failure. Fig. 5.12 shows the buckling of longitudinal steel bars between steel 

hoops. 

The reference ultimate load of the column, 0P , is 6,091.7 kN. The ratio of 

max 0/P P for the specimen is 0.874. This ratio is even lower than that of 

R1.5F2T300, indicating the detrimental effect of a larger aspect ratio. 

5.2.3.3 Specimen SF2T300R50 

The FRP-jacketed specimen SF2T300R50 was tested at the age of 68 days. The 

cube compressive strength of concrete ( cuf ) was 55.5 MPa and was obtained from 
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the cube strength-age curve for the Batch 3 concrete (Fig. 3.34). The cylinder 

compressive strength of concrete ( cf ′ ) was 44.9 MPa and averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 77 days. 

The column was wrapped with two full-thickness layers of CFRP; the spacing of 

the transverse reinforcement in the 900-mm long test region was 300 mm. The 

rounded corner radius of this column was 50.8 mm, which is twice of the 25.4 mm 

corner radius of the other non-circular columns.  

The column reached a maximum load of 6,022.7 kN at which the ultimate 

condition of FRP rupture was also reached. Fig. 5.13 shows the specimen after 

failure. Because the concrete cover was too difficult to remove, no close-up picture 

of the buckled longitudinal steel bars was taken. An inspection of the column after 

the test revealed that buckling of the longitudinal steel reinforcement occurred in 

the lower region of the 900-mm long test portion between the two lowest steel 

hoops spaced at 300 mm. 

The reference ultimate load of the column, 0P , is 5,779.4 kN. The ratio of 

max 0/P P for the specimen is 1.042. This ratio is 4% higher than 1.002 of SF3T300 

of the same batch, which was wrapped with one more layer of FRP but had a 

smaller corner radius of 25.4 mm. The result shows a larger radius of the rounded 

corners improved the confinement effect and enhanced the ultimate load of the 

column. 

5.2.3.4 Specimen SF3T300 

The FRP-jacketed specimen SF3T300 was tested at the age of 68 days. The cube 

compressive strength of concrete ( cuf ) was 56.4 MPa and was obtained from the 
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cube strength-age curve for the Batch 3 concrete (Fig. 3.34). The cylinder 

compressive strength of concrete ( cf ′ ) was 44.2 MPa and averaged from 2 

specimens tested using the 5,000 kN capacity MTS system at the age of 83 days. 

The column was wrapped with three full-thickness layers of CFRP; the spacing of 

the transverse steel reinforcement in the 900-mm long test region was 300 mm.  

The column achieved a maximum load of 5,779.2 kN in the axial compression test. 

The test was terminated when the load had dropped to 5,029.3 kN after the sudden 

rupture of the FRP jacket at 5,673.5 kN. Fig. 5.14 shows the specimen after failure. 

Fig. 5.15 shows a close-up picture of the buckling of longitudinal steel bars 

between steel hoops. 

The reference ultimate load of the column, 0P , is 5,769.8 kN. The ratio of max 0/P P  

for the specimen is 1.002. The reason why the ratio is so low is not clear. 

In this research project, all the FRP-confined square RC columns exhibited the 

behavior of sufficiently-confined RC columns according to Lam and Teng (2003a). 

Obviously, the increases in the ultimate axial load of the square columns due to 

FRP confinement are not as significant as those of circular specimens. The 

rectangular columns showed the behavior of sufficiently-confined RC columns. 

The tests were terminated at the sudden rupture of the FRP jacket. All the 

FRP-confined square and rectangular RC specimens failed in a sudden and 

explosive manner. 

In the tests of FRP-confined square/rectangular RC columns, wrinkles were 

observed on the FRP jacket in the flat parts (Fig. 5.16). Such wrinkles were not 

observed in the tests on FRP-confined circular columns. The locations of the 
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wrinkles were away from the locations of steel hoops and near the region where 

the FRP jacket would later rupture. It is believed that at locations of steel hoops, 

the concrete was better confined and dilated less, so the bond between the concrete 

and the FRP jacket remained intact to prevent the formation of wrinkles. The 

contrary is expected to be true between steel hoops where wrinkles were likely to 

form on the FRP jacket. 

5.3 DISCUSSION OF RESULTS 

In this section, the test results are discussed. The axial displacements of the 

column as well as the strains of the longitudinal steel bars and the FRP jacket are 

all examined. 

5.3.1 Axial Strains of Concrete 

The axial strains of concrete were obtained from the LVDT measurements of axial 

displacements of the column. Two LVDT gauge lengths were employed: 400 mm 

and 700 mm, both within the test portion. The axial compressive strains of 

concrete were obtained by dividing the measured axial shortenings by the 

appropriate gauge length. In Figs 5.17 to 5.24, the axial load-concrete strain curves 

are presented. Some load-concrete strain curves end before the termination of the 

test because either or both of the LVDTs stopped working.  

5.3.1.1 Control Specimens 

As is explained in Section 5.2, two square control specimens were tested in this 

experimental program. The axial load-concrete strain curves of these specimens 

are shown in Figs 5.17 and 5.18. 
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Fig. 5.17 shows the axial load-concrete strain curves of SF0T300. The axial strains 

obtained from the 700 mm and the 400 mm gauge length LVDTs are almost 

identical before the peak load. The 700 mm gauge length LVDTs stopped working 

soon after the attainment of the peak load. The axial strain obtained from the 400 

mm gauge length LVDTs at peak load is 0.002125. The test was terminated when 

the axial strain reached 0.002988.  

Fig. 5.18 shows the axial load-concrete strain curves of specimen SF0T90. Again, 

the strains from the 400 mm and the 700 mm gauge length LVDTs are almost the 

same before the peak load. Both sets of LVDTs stopped working soon after the 

peak load. The axial strain measured by the 400 mm gauge length LVDTs at peak 

load is 0.002743. The maximum axial strain captured is 0.003150 at 3,673 kN after 

the peak load.  

5.3.1.2 FRP-jacketed Columns 

A total of six FRP-jacketed square/rectangular specimens were tested in this 

project. The axial load-concrete strain curves for these specimens are presented in 

Fig. 5.19-5.24. 

Fig. 5.19 shows the axial load-concrete strain curves of SF2T300. Both sets of 

LVDTs worked well and gave similar results. The compressive strain at peak load 

is 0.011355, and the test was terminated when the axial strain reached 0.011562. 

The axial load-concrete strains curves are of the typical bi-linear shape for 

sufficiently-confined concrete although the slope of the second linear portion is 

small. The ultimate load and the ultimate axial strain were reached simultaneously 

at the rupture of the FRP jacket. Compared to specimen SF0T300, a two-layer 
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CFRP jacket significantly enhanced the ultimate load and even more substantially 

the ductility of the column. 

Fig. 5.20 shows the axial load-concrete strain curves of SF2T90. Again, the 

response of the specimen is different from that of insufficiently-confined RC 

column whose load resistance would drop gradually after the peak load. 

Unfortunately, due to a problem with the testing machine, the maximum load of 

the specimen was probably not captured. Furthermore, the LVDTs also stopped 

working due to the unstable loading. The two-layer CFRP significantly enhanced 

the load-carrying capacity of the column and even more substantially the ductility 

of the column. 

Fig. 5.21 shows the axial load-concrete strain curves of specimen SF2T300R50. 

Both of the 400 mm gauge length LVDTs stopped working before the peak load. 

The 700 mm gauge length LVDTs worked well, and their average results were 

used in examining the behavior of the column. The peak axial strain, which is also 

the ultimate axial strain is 0.009707. 

Fig. 5.22 shows the axial load-concrete strain curves of specimen SF3T300. Both 

ofthe 400 mm gauge length LVDTs stopped working during the test; only one 700 

mm gauge length LVDT remained functioning. The results from this LVDT are 

also shown in the figure (denoted by 700-1). The axial strain at peak load is 

0.009186 from the single functioning 700 mm gauge length LVDT. 

Fig. 5.23 shows the axial load-concrete strain curves of R1.5F2T300. One of the 

700 mm gauge length LVDTs stopped working before the column reached its peak 

load, which affects the result of the average value of the axial strains from the 700 

mm LVDTs shown in Fig. 5.23. The results from the functioning 700 mm LVDT 
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(LVDT 700-1 in Fig. 5.23) are similar to those from the 400 mm gauge length 

LVDTs, so the results from the 400 mm LVDTs can be taken as reliable results. 

The column showed a post-peak descending branch, indicating that the concrete 

was not sufficiently confined in this column. The axial strain at peak load is 0.0032. 

The test was terminated when the axial strain reached 0.005925.  

Fig. 5.24 shows the axial load-concrete strain curves of specimen R2F2T300. The 

results from the two 400 mm gauge length LVDTs are closer to each other than 

those from the 700 mm LVDTs; the former are taken as reliable results. The axial 

strain at peak load is 0.0025. The 400 mm gauge length LVDTs remained stable 

until the load had dropped to 4,227.1 kN and the corresponding axial strain 

reached 0.008125.  

Fig. 5.25 summarizes the axial load-axial strain curves of all the square/rectangular 

columns. It shows that the enhancement in the load carrying capacity is not as 

large as that of circular columns. Specimen SF2T300-R50 which had a larger 

corner radius of 50 mm achieved a larger improvement than specimen SF3T300 

with a smaller corner radius of 25 mm even though the latter had one more layer of 

FRP. Furthermore, the rectangular column specimens exhibited a descending 

branch after the transition point, indicating that the aspect ratio greatly affects the 

efficiency of confinement. 

The effective confinement ratios of the FRP-confined square RC columns are all 

larger than 0.07 defined by Lam and Teng (2003a) for sufficient confinement; they 

all exhibited the characteristics of effectively-confined RC columns. The effective 

confinement ratios of the two rectangular columns are 0.006 and 0.001 for 

R1.5F2T300 and R2F2T300 respectively, smaller than 0.07. As a result, both 
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columns exhibited the characteristics of insufficiently-confined RC columns. The 

threshold of 0.07 for sufficient confinement works well for these columns.  

5.3.2 Strains in the Longitudinal Steel Bars 

The strains of the longitudinal steel bars were measured for the columns tested in 

Batches 2 and 3. Strain gauges with a gauge length of 5 mm were installed on the 

longitudinal steel bars along the axial direction at two levels. The distributions of 

the strain gauges were already described in Chapter 3. For the Batch 2 columns, 

the strain gauges were installed both at the mid-height and at 180 mm above the 

mid-height. For the Batch 3 specimens, the strain gauges were installed at both the 

mid-height and at 300 mm above the mid-height which was between two adjacent 

steel hoops. The strains of the longitudinal steel bars are shown against the axial 

load in Fig. 5.18 and Fig. 5.20-5.24; these curves are referred to as axial load-steel 

strain curves hereafter. In these figures, the curves with the steel strains measured 

at the mid-height, at the level above the mid-height and at the level below the 

mid-height are denoted by Steel-M, Steel-U and Steel-L, respectively. From the 

results, it can be concluded that the axial behaviour of the longitudinal steel 

reinforcement agrees well with that of concrete. 

5.3.3 Strains in the FRP Jackets 

For the square columns, the three average values of three different sets of hoop 

strains in the FRP jacket are shown in Fig. 5.19-5.24: (A) mid-width gauges on the 

lateral faces (average of readings from 3 gauges as the gauge in the overlapping 

zone was excluded); (B) gauges at corner centres (4 gauges), and (C) gauges at the 

transition points between each rounded corner and the two adjacent flat faces (8 
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gauges). The figures indicate that in most cases (except R1.5F2T300, in which the 

FRP jacket ruptured at a corner) the strains from set (B) are the smallest. In 

SF2T90, SF2T300R50, SF3T300 and R1.5F2T300, the strains from set (A) are 

larger than those of set (C); in SF2T300 and R2F2T300, the strains from set (C) 

are larger than those of set (A).  

The material ultimate tensile strain of the CFRP used in this study was 1.55%. The 

average FRP hoop rupture strain from strain gauges outside the overlapping zone 

varied from 0.003366 to 0.006399, with the ratio of ,h rupε  to ,frp uε  being from 

21.7% to 41.3%. It should be noted that this average FRP hoop rupture strain was 

calculated as the maximum average value from one set of strain among the 3 sets 

discussed above. The hoop rupture strains of SF2T90, SF2T300R50, SF3T300, 

R1.5F2T300 were obtained from set (A); those of SF2T300 and R2F2T300 were 

obtained from set (C). 

Fig. 5.26 shows the distribution of hoop strains of SF2T300 at the ultimate 

condition. Unfortunately, the hoop direction strain gauges at mid-height were away 

from the location of jacket rupture; the maximum hoop strain captured is 0.004514 

by the strain gauge installed at position C34. 

Fig. 5.27 shows the distributions of hoop strains in SF2T90 at two different levels. 

The column is seen to be under significant load eccentricity and the hoop strains 

are highly non-uniform. 

Fig. 5.28 shows the hoop strains in SF3T300 at the ultimate condition. The strain 

gauge at position C32 at the lower level was involved in jacket rupture and 

captured the rupture strain of 0.004431; however, this value was the smallest strain 
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from the strain gauges that remained functioning at this level. All strain gauges at 

the corners at the lower level stopped working before the ultimate load and had 

strains much smaller than those from the other strain gauges. The reason why the 

strain gauges at corner centers stopped working so early is not clear.  

Fig. 5.29 shows the hoop strains in SF2T300R50 at the ultimate condition. The 

rupture of the FRP jacket occurred in the lower segment of the column. The largest 

hoop strain captured at the lower level is 0.005524. 

Fig. 5.30 shows the hoop strains in at the ultimate condition. The largest hoop 

strain captured is 0.00699. The rupture of the FRP jacket at the lower level 

occurred near position C23, so the strain captured by this strain gauge was the 

smallest at this level. 

Fig. 5.31 shows the hoop strains in R2F2T300 at the ultimate load as the column 

collapsed at that moment with the load dropping rapidly. However, strain gauge 

C32 at the lower level was in the zone of FRP jacket rupture and the strain 

captured at rupture is 0.010168 at 3,567.4 kN.  

5.4 COMPARISON WITH EXISTING PREDICTIVE MODELS 

5.4.1 Control Columns 

The two control columns are examined here to study the effect of transverse steel 

reinforcement on the ultimate load of the two square RC columns (SF0T300 and 

SF0T90). 

The ratios of max 0/P P  for SF0T300 and SF0T90 are 0.921 and 0.915 respectively. 

The difference between the two results is small. These ratios for the square control 
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columns are larger than those of the circular control columns which varied from 

0.789 to 0.898. From the results of these control specimens, it can be concluded 

that the transverse steel reinforcement did not improve the load-carrying capacity 

of SF0T90. 

5.4.2 FRP-jacketed Specimens 

5.4.2.1 Ultimate Loads of FRP-jacketed RC Columns 

To study the effect of CFRP jackets on the behavior of square/rectangular RC 

columns, 6 CFRP-confined RC column specimens were tested. The test results are 

compared with several existing predictive models below. The results are listed in 

Table 5.2.  

Lam and Teng’s Model 

Lam and Teng’s (2003b) model indicated that when the effective confinement ratio 
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Here 1k  and 2k  are the same as those in Lam and Teng’s (2003a) model for 

FRP-confined concrete in circular columns: 1 3.3k = , 2 12k = . lf  is the 

confining pressure from FRP. 

In some models for FRP-confined concrete in square/rectangular columns, an 

equivalent circular column is defined for calculating an equivalent confining 

pressure. In Lam and Teng’s (2003b) model, the diameter of the equivalent circular 

column D  is defined as being equal to the diagonal distance of the section 

2 2D h b= + . The confining pressure lf  can then be calculated for the 

equivalent circular column using ,2 frp h rup
l
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A
A  is the effective confinement area ratio; eA  is the effectively-confined 

area which is the area within the 4 parabolas with an initial tangent slope of 45°  

as shown in Fig. 5.32. The value of e

c

A
A  is calculated using Eq. (5.3) 
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Ilki et al.’s Model 

As explained in Chapter 4, the ultimate load and the ultimate axial strain are 

deemed to compose of two component contributed by the internal transverse 
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reinforcement (ITR) and FRP. The relationships are expressed as Eqs. 4.14 and 

4.15. The contribution of the ITR is calculated according to Mander et al.’s (1988a) 

model. The contribution of the FRP jacket can be found according to Eqs. 4.16 and 

4.17; when calculating the effective confinement stress from FRP, the confinement 

efficiency factor aκ  is taken from Wang and Restrepo (2001) and given by, 

1 21a frpA Aκ ρ= − − −              (5.4) 
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In Table 5.2, the test results are compared with the predictions of the models of 

Lam & Teng (2003b) and Ilki et al. (2006). Because the test of SF2T90 involved a 

load cell problem, this result is not included in the comparison. In making the 

prediction,  was adopted as the unconfined concrete strength in 

large RC columns. Because the transverse steel reinforcement ratio is very small 

for the specimens with a 300 mm hoop steel spacing, the effect of transverse steel 

confinement was ignored when calculating the prediction of Lam & Teng (2003b) 

model. The errors of the predicted ultimate axial loads are from 4.3% to 25.6%. 

Those of Ilki et al.’s (2006) model are from 4.3% to 25.6% while those of Lam & 

Teng’s (2003b) model are from 6.2% to 14.7%.  

 

0.85co cf f′ ′=
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5.4.2.2 Load-Concrete Strain Curves FRP-jacketed RC Columns 

Comparisons of the axial load-concrete strain curves are not given here because 

the existing stress-strain models are inadequate in predicting the responses of these 

FRP-confined RC square/rectangular columns. As shown in Table 5.2, the strains 

at peak load ccε  predicted by Lam and Teng's (2003b) model are about 40% 

lower than most of those from the tests. An example comparison is shown in Fig. 

5.33 to illustrate this point.  

5.5 CONCLUSIONS 

The failure process of the two RC control columns without an FRP-jacket was 

gradual. By contrast, the failure process of the FRP-confined RC columns was 

sudden and explosive due to the brittle rupturing process of the FRP jacket.  

The ultimate loads maxP  of the control RC columns are lower than the 

corresponding reference ultimate loads of RC columns 0P , (i.e. without 

considering any benefit of the steel or the FRP transverse confinement), indicating 

that scale of columns affects the achievable compressive strength of the concrete. 

Tests on large-scale columns are therefore necessary despite the availability of a 

large number of tests on small-scale specimens. 

The distributions of hoop strains were found to be highly non-uniform around the 

circumference. The hoop strains at the corner centers are the smallest in most cases. 

The average FRP hoop rupture strain measured from the strain gauges outside the 

overlapping zone varied from 0.003366 to 0.006399, with the ratio of ,h rupε  to 

,frp uε  being from 21.7% to 41.3%.The implications of these low ratios in column 
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strengthening design need to be carefully considered. 

Because the volumetric ratio of the transverse steel reinforcement is small for most 

of the FRP-jacketed square/rectangular columns, the predictions of ultimate loads 

based on the model of Lam and Teng (2003b), which does not take into 

consideration the transverse steel reinforcement, are not too different from the test 

results and are closer to the test results than those predicted based on Ilki’s et al. 

(2006) model.  

The effective confinement ratios of the square specimens are all larger than 0.07; 

these columns did exhibit the behavior of sufficiently-confined RC columns. The 

effective confinement ratios of the rectangular columns are smaller than 0.07, and 

both columns exhibited the behavior of insufficiently-confined RC columns. The 

effective confinement ratio value of 0.07 proposed by Lam and Teng (2003b) as 

the threshold value for sufficient confinement works well for these columns. 

Rectangular columns do not achieve the same degree of confinement effectiveness 

as square columns with a similar cross-section area.  
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Table 5.1 Test results of square and rectangular RC column 
 

Specimen SF0T300 SF2T300 SF0T90 SF2T90* SF3T300 SF2T300R50 R1.5F2T300 R2F2T300 
Batch of tests 1 2 (Rotated in testing) 3 (Rotated in testing) 
Type of mould Steel Steel Wood 

Reference ultimate load 0P  (kN) 3791.8 3791.8 4639.5 4639.5 5769.8 5779.4 6137.1 6091.7 
Test ultimate load maxP  (kN) 3490.6 4121.8 4246 4893 5779.2 6022.7 5615.8 5325.5 

max 0/P P  92.1% 108.7% 91.5% 105.5% 100.2% 104.2% 91.5% 87.4% 
Unconfined concrete strength deduced 
from control RC columns cof ′  (MPa) 20.5 20.5 25.1 25.1 -- -- -- -- 

Confined concrete strength deduced 
from FRP confined RC columns ccf ′  

(MPa) 
-- 24.1 -- 30.5 51.1 53.7 49.3 46.5 

Increase in deduced concrete strength 
from RC column tests -- 18% -- 22% -- -- -- -- 

Concrete cylinder compressive strength 
cf ′  (MPa) 25.1 25.1 33.4 33.4 44.2 44.9 46.4 46.4 

Concrete cube compressive strength 
cuf  (MPa) 31.7 31.1 36.3 36.3 56.4† 55.5† 55.5† 55.8† 

/c cuf f′  79% 81% 92% 92% 78% 81% 84% 83% 
Axial strain of concrete at peak load of 

control column 0.002125 -- 0.002743 -- -- -- -- -- 
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Table 5.1 Test results of square and rectangular RC column-continued 
 

Specimen SF0T300 SF2T300 SF0T90 SF2T90* SF3T300 SF2T300R50 R1.5F2T300 R2F2T300 
Ultimate axial strain of concrete of 

FRP-confined column -- 0.11355 -- -- 0.009186 0.009707 0.0032 0.0025 

Increase in axial strain -- 434% -- -- -- -- -- -- 
Average hoop rupture strain -- 0.003366 -- 0.004372 0.006399 0.005914 0.005765 0.006616 

, ,/h rup frp uε ε  -- 21.7% -- 28.2% 41.3% 38.2% 37.2% 42.7% 
 
*The experiment was not successful due to a problem with the load cell. 
†The concrete cube compressive strength is determined from the best-fit curve.  
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Table 5.2 Comparison between test results and predictions for CFRP-confined square/rectangular RC columns 
 

Specimen 
h  

(mm) 

b  
(mm) 

cR  
(mm) 

maxP  (kN) Error (%) ccε  Error (%) 

Test Ilki et al. Lam and 
Teng Ilki et al. Lam and 

Teng Test Lam and 
Teng 

Lam and 
Teng 

SF2T90 350 350 25.4 4893.0 5886.4 5545.0 20.3 13.3 / 0.006893 / 

SF2T300 350 350 25.4 4121.8 4299.0 4375.3 4.3 6.2 0.011355 0.005913 -47.9 

SF3T300 350 350 25.4 5779.2 6414.1 6628.6 11.0 14.7 0.009186 0.005501 -40.1 

SF2T300R50 350 350 50.8 6022.7 6526.1 6694.4 8.4 11.1 0.009707 0.005838 -39.9 

R1.5F2T300 435 290 25.4 5615.8 6657.5 6137.1 18.5 9.3 0.003200 0.002 -37.5 

R2F2T300 500 250 25.4 5325.5 6686.7 6091.7 25.6 14.4 0.002500 0.002 -20.0 
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Fig. 5.1 Failure of specimen SF0T300 
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Fig. 5.2 Buckling of longitudinal steel reinforcement in specimen SF0T300 
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Fig. 5.3 Failure of specimen SF2T300 



197 
 

 

Fig. 5.4 Buckling of longitudinal steel bars in specimen SF2T300 
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Fig. 5.5 Failure of specimen SF0T90 
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Fig. 5.6 Buckling of longitudinal steel bars in specimen SF0T90 
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Fig. 5.7 Failure of specimen SF2T90 
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Fig. 5.8 Buckling of longitudinal steel bars in specimen SF2T90 
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Fig. 5.9 Failure of specimen R1.5F2T300 
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Fig. 5.10 Buckling of longitudinal steel bars in specimen R1.5F2T300 
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Fig. 5.11 Failure of specimen R2F2T300 
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Fig. 5.12 Buckling of longitudinal steel bars in specimen R2F2T300 



206 
 

 

Fig. 5.13 Failure of specimen SF2T300R50 
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Fig. 5.14 Failure of specimen SF3T300 
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Fig. 5.15 Buckling of longitudinal steel bar in specimen SF3T300 
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Fig. 5.16 Wrinkles on FRP jackets in square/rectangular RC columns 
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Fig. 5.17 Experimental axial load-axial concrete strain curves of SF0T300 
 

 

Fig. 5.18 Experimental axial load-axial concrete strain curves of SF0T90 
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Fig. 5.19 Experimental axial load-axial concrete strain curves of SF2T300 
 

 

Fig. 5.20 Experimental axial load-axial concrete strain curves of SF2T90 
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Fig. 5.21 Experimental axial load-axial concrete strain curves of SF2T300R50 
 

 

Fig. 5.22 Experimental axial load-axial concrete strain curves of SF3T300 
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Fig. 5.23 Experimental axial load-axial concrete strain curves of R1.5F2T300 
 

 

Fig. 5.24 Experimental axial load-axial concrete strain curves of R2F2T300 
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Fig. 5.25 Axial load-axial strain responses of square/rectangular columns 

 

Fig. 5.26 Hoop strain distributions in SF2T300 at ultimate condition (in 
microstrain) 
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(a) Hoop strains at the upper level 
 
 

 

(b) Hoop strains at mid-height 

Fig. 5.27 Hoop strain distributions in SF2T90 at ultimate condition (in 
microstrain) 
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(a) Hoop strains at mid-height 
 
 

 

(b) Hoop strains at the lower level 

Fig. 5.28 Hoop strain distributions in SF3T300 at ultimate condition (in 
microstrain) 
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(a) Hoop strains at mid-height 
 
 

 

(b) Hoop strains at the lower level 

Fig. 5.29 Hoop strain distributions in SF2T300R50 at peak load (in 
microstrain) 
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 (a) Hoop strains at mid-height 
 
 

 

(b) Hoop strains at the lower level 

Fig. 5.30 Hoop strain distributions in R1.5F2T300 at ultimate condition (in 
microstrain) 
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(a) Hoop strains at mid-height 

 

 

 

(b) Hoop strains at the lower level 

Fig. 5.31 Hoop strain distributions in R2F2T300 at ultimate load (in 
microstrain) 
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Fig. 5.32 Effectively-confined concrete in a rectangular column [from Lam 
and Teng (2003b)] 

 

Fig. 5.33 Comparison between test results and predictions from Lam and 
Teng’s (2003b) model for SF2T300 
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CHAPTER 6 

CONCLUSIONS 

6.1 INTRODUCTION 

In this study, a large number of axial compression tests were conducted to 

investigate the behavior of full-scale FRP-confined RC columns. In total, 18 large 

RC columns were tested under concentric axial compression. These 18 specimens 

consisted of 1 trial specimen, 9 circular columns, 6 square columns, and 2 

rectangular columns. The specimens were designed mainly according to ACI 

318-08 (2008) and the Hong Kong Concrete Code (Buildings Department 2004) to 

ensure that these full-scale columns had realistic features. 

6.2 BEHAVIOR OF CONTROL RC COLUMNS 

Four of the circular columns and two of the square columns did not have an FRP 

jacket and served as control specimens. Based on the axial compression test results 

of these control specimens, the following observations/conclusions can be made: 

1. The failure process of the control specimens was gradual. After the attainment 

of their peak load, the axial load started to reduce, followed by spalling of the 

concrete cover and buckling of the longitudinal steel reinforcement. 
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2. The transverse steel reinforcement improved the ultimate load of the control 

columns. 

3. The ultimate loads of the control columns are lower than their reference 

(theoretical) ultimate loads calculated based on the assumption that the 

concrete in large columns reaches 85% of the cylinder compressive strength. 

This phenomenon may be due to the non-uniformity of concrete and possible 

small load eccentricities. 

6.3 BEHAVIOR OF FRP-CONFINED RC COLUMNS 

Five of the circular columns, four of the square columns, and 2 rectangular 

columns confined with a CFRP jacket of various thicknesses were tested under 

concentric axial compression. Based on the test results of FRP-jacketed RC 

columns, the following observations/conclusions can be made: 

1. The failure process of FRP-jacketed RC columns was sudden and explosive 

regardless of whether the column was provided with sufficient or insufficient 

FRP confinement.  

2. With a sufficient amount of confinement, a CFRP jacket can effectively 

increase the strength and ductility of the column. 

3. The transverse steel reinforcement improves the load-carrying capacity of the 

column. For columns with other parameters (including the thickness of the 



224 
 

FRP jacket) being the same, a larger amount of transverse steel reinforcement 

leads to a higher load-carrying capacity. 

4. The FRP jacket is much more effective in increasing the ultimate load and 

ductility of circular columns than those of square or rectangular columns. The 

hoop rupture strains of FRP jackets in circular columns are also higher than 

those in square/rectangular columns. 

5. For square columns, a larger corner radius leads to better confinement 

effectiveness. 

6. The aspect ratio of rectangular columns significantly affects the effectiveness 

of confinement. Increasing the aspect ratio (i.e. /h b  with h b≥ ) can 

change the level of FRP confinement from being sufficient to being 

insufficient. Rectangular columns do not achieve the same degree of 

confinement effectiveness as square columns with similar cross-section area. 

6.4 FUTURE RESEARCH 

The author has completed a large experimental program including tests on 

FRP-confined RC columns of different cross-sectional shapes, transverse steel 

reinforcement ratios, FRP thicknesses, corner radii and aspect ratios. The tests 

results have also been interpreted to gain a better understanding of the behavior of 

these columns. On the basis of the present study, some meaningful future work can 
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be carried out. 

The behavior of FRP-confined full-scale/large-size circular RC columns is now 

reasonably well understood, but much more research is needed on FRP-confined 

square or rectangular RC columns. Most of the FRP-confined square or 

rectangular RC columns tested in the present study had a small corner radius of 25 

mm, and all these columns showed a load-strain curve with a nearly horizontal 

second branch. More tests should be conducted on columns with a larger corner 

radius and a thicker FRP jacket to gain a clearer understanding of columns whose 

strength has been more significantly enhanced by FRP confinement. In such tests, 

the measurement of hoop strains should be carefully considered. 

Apart from more tests, theoretical work should be carried out. In particular, finite 

element modeling of the present test columns may shed considerable new light on 

the behavior of these columns and on the formulation of a stress-strain relationship 

for concrete in these columns. 


