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Abstract 
 

The problem of corrosion of steel in reinforced concrete (RC) structures has urged the 

need for alternative reinforcement materials. One possible alternative is fiber-

reinforced polymer (FRP) bars, which are non-corrosive, non-magnetic, and have 

higher tensile strengths and higher strength-to-weight ratios than steel bars. 

Nevertheless, owing to the low compressive strength of FRP bars, the currently 

available FRP RC design codes, such as ACI440.1R-15 and CSA S806-12, neglect the 

contribution of FRP bars to the columns’ ultimate capacities. In this study, the behavior 

of concrete columns reinforced with a relatively new type of FRP bars, basalt fiber-

reinforced polymer (BFRP) bars, as well as glass fiber-reinforced polymer (GFRP) 

bars, is investigated. The study starts with a critical literature review on FRP-reinforced 

concrete columns, followed by analysis of experimental tests conducted on a total of 22 

reinforced concrete square columns. The overall response of FRP RC columns is 

investigated considering several key parameters such as longitudinal reinforcement 

type (steel, GFRP and BFRP), BFRP longitudinal reinforcement ratio, transverse 

reinforcement type (steel and BFRP ties), BFRP transverse reinforcement spacing, and 

loading eccentricity (concentric and eccentric). The results showed that FRP RC 

columns demonstrated overall compression behavior similar to steel RC columns. Even 

though FRP RC columns had lower ultimate capacities than steel RC columns, the 

difference in the ultimate capacities decreased as load eccentricity increased. Moreover, 

FRP RC columns showed higher ductility than steel RC columns, at all load 

eccentricities. However, the contribution of FRP bars to the ultimate capacities of the 

columns was around 11% as compared to 31% for steel bars. Despite this, neglecting 

the strength contributions of FRP bars, as recommended by current FRP RC design 

codes, results in conservative predictions of the columns’ ultimate capacities. BFRP 

ties are found to be efficient in confining the concrete core and in increasing the 

columns’ deformation capacities. Reducing BFRP ties spacing would have more 

pronounced effect on confinement efficiency and ductility than on strength capacity of 

FRP RC columns. 

Keywords: BFRP; GFRP; RC columns; BFRP ties; eccentricity; interaction 

diagrams; ductility. 



7 
 

Table of Contents 
 

Abstract……………………………………………………………………………….. 6 

List of Figures………………………………………………………………………… 9 

List of Tables…………………………………………………………………………12 

Chapter 1. Introduction……………………………………………………………… 13 

1.1. Overview…. .................................................................................................. 13 

1.2. Thesis Objectives ........................................................................................... 15 

1.3. Research Contribution.................................................................................... 15 

1.4. Thesis Organization ....................................................................................... 16 

Chapter 2. Background and Literature Review……………………………………… 17 

2.1.Physical and Mechanical Properties of FRP bars ............................................. 17 

2.2. Literature Review .......................................................................................... 18 

2.2.1. Behavior of short FRP-RC columns. ....................................................... 19 

2.2.1.1. Concentrically-loaded short FRP-RC columns. ............................. 20 

2.2.1.2. Eccentrically-loaded short FRP-RC columns. ............................... 25 

2.2.1.3. Ductility of FRP-RC short columns. ............................................. 27 

2.2.2. Behavior of slender FRP-RC columns. .................................................... 27 

2.2.3. Effect of type of concrete on the behavior of FRP-RC columns. .............. 28 

2.2.3.1. High-strength concrete (HSC). ...................................................... 29 

2.2.3.2. Fiber-reinforced concrete. ............................................................. 29 

2.2.3.3. Inorganic polymer concrete (IPC). ................................................ 29 

2.2.4. FRP-RC columns under seismic loading. ................................................ 30 

2.2.5. Hybrid (steel-FRP) reinforced columns. .................................................. 31 

2.2.6. FRP transverse reinforcement. ................................................................ 32 

2.2.6.1. Effect of spacing and volumetric ratio. .......................................... 32 

2.2.6.2. Effect of shape. ............................................................................. 33 

2.2.7. Design equations for FRP-RC columns. .................................................. 34 

2.2.7.1. Approach 1: Neglecting the contribution of FRP bars in compression.
 .................................................................................................................... 34 

2.2.7.2. Approach 2: Contribution of FRP bars based on reduced tensile 
strength. ....................................................................................................... 34 

2.2.7.3. Approach 3: Contribution of FRP bars based on concrete compressive 
strain. ........................................................................................................... 37 

2.2.8. Analysis of previous data. ....................................................................... 38 



8 
 

2.2.9. Load-bending moment interaction diagrams for FRP RC columns. ......... 40 

2.2.10. Concluding remarks from analysis of literature. .................................... 40 

Chapter 3. Experimental Program…………………………………………………… 43 

3.1. Experimental Scope ....................................................................................... 43 

3.2. Specimens Design and Fabrication ................................................................. 43 

3.3. Materials…. ................................................................................................... 48 

3.4. Instrumentation .............................................................................................. 52 

3.5. Testing Procedure .......................................................................................... 53 

Chapter 4. Experimental Results…………………………………………………….. 55 

4.1. Failure Modes ................................................................................................ 55 

4.1.1. Concentrically-loaded columns. .............................................................. 55 

4.1.2. Eccentrically-loaded columns. ................................................................ 56 

4.2. Strength and Deformation Capacities ............................................................. 61 

4.3. Axial Displacement and Lateral Deflection Behavior ..................................... 65 

4.4. Longitudinal Reinforcement and Concrete Strain Responses .......................... 69 

Chapter 5. Discussion of Results……………………………………………………..73 

5.1. Effects of Test Parameters on the Overall Behavior of FRP RC Columns ....... 73 

5.1.1. Effect of longitudinal reinforcement type. ............................................... 76 

5.1.2. Effect of longitudinal reinforcement ratio. .............................................. 81 

5.1.3. Effect of eccentricity-to-depth (e/h) ratio. ............................................... 82 

5.1.4. Effect of transverse reinforcement type. .................................................. 83 

5.1.5. Effect of transverse reinforcement spacing. ............................................. 87 

5.2. Experimental Axial Load – Bending Moment Interaction Diagrams ............... 90 

5.3. Evaluation of Proposed Design Equations for FRP RC Columns .................... 96 

Chapter 6. Conclusion and Future Work…………………………………………… 99 

References………………………………………………………………………….. 104 

Vita…………………………………………………………………………………. 111 

 

 

 

 

 



9 
 

List of Figures 
 

Figure 2.1: Normalized axial stiffness versus the contribution-to-capacity of FRP bars
 .............................................................................................................. 24 

Figure 2.2: Axial capacities of concentrically-loaded FRP-RC columns normalized to 
0.85f’

cAg................................................................................................. 24 

Figure 2.3: Axial capacities of eccentrically-loaded FRP-RC columns normalized to 
0.85f’

cAg................................................................................................. 26 

Figure 2.4: Different configurations of GFRP ties tested by Tobbi et al. [47] ........... 33 

Figure 2.5: Ratio of predicted-to-experimental capacities, Ppred/Pexp, of FRP-RC 
columns using different approaches ....................................................... 36 

Figure 2.6: Variation of the predicted-to-experimental capacities ratio, Ppred/Pexp, with 
the design equations............................................................................... 39 

Figure 3.1: Eccentric columns dimensional details (in mm) ..................................... 45 

Figure 3.2: Concentric columns dimensional details (in mm) ................................... 46 

Figure 3.3: Columns Cross Section (in mm)............................................................. 47 

Figure 3.4: Fabrication process showing (a) a cage of an eccentrically-loaded column, 
(b) a cage of a concentrically-loaded column, (c) wooden formwork, and 
(d) a cage placed in the formwork .......................................................... 49 

Figure 3.5: Steel bars stress-strain curve .................................................................. 50 

Figure 3.6: Samples of (a) BFRP ties, (b) BFRP bars, and (c) GFRP bars used in the 
study ...................................................................................................... 51 

Figure 3.7: (a) BFRP bars prepared for tensile tests, schematic with dimensions (in mm) 
for (b) 16 mm diameter bars and (c) 20 mm diameter bars ..................... 51 

Figure 3.8: FRP bars stress-strain curves.................................................................. 52 

Figure 3.9: Schematic of column instrumentation and test setup .............................. 53 

Figure 3.10: Photos of typical test setups for concentric columns (left) and eccentric 
columns (right) ...................................................................................... 54 

Figure 4.1: Photos of column specimens tested under concentric loads, after failure, for 
(a) Group 1 and (b) Group 2 .................................................................. 56 

Figure 4.2: Photos of Group 1 column specimens tested under 40 mm eccentricity, after 
failure .................................................................................................... 57 

Figure 4.3: Photos of Group 2 column specimens tested under 40 mm eccentricity, after 
failure .................................................................................................... 58 

Figure 4.4: Photos of Group 1 column specimens tested under 80 mm eccentricity, after 
failure .................................................................................................... 59 

Figure 4.5: Photos of Group 2 column specimens tested under 80 mm eccentricity, after 
failure .................................................................................................... 60 

Figure 4.6: Axial load versus (a) concrete strain and (b) longitudinal reinforcement 
strain, for columns B-T60-80 and B-T60-80R ........................................ 65 

Figure 4.7: Axial load vs. axial displacement curves for (a) Group 1 and (b) Group 2
 .............................................................................................................. 66 

Figure 4.8: Axial load vs. mid-height lateral deflection curves for (a) Group 1 and (b) 
Group 2 ................................................................................................. 68 



10 
 

Figure 4.9: Axial load vs. concrete compressive strain curves for (a) Group 1 and (b) 
Group 2 ................................................................................................. 70 

Figure 4.10: Axial load vs. longitudinal reinforcement strain curves for (a) Group 1 and 
(b) Group 2 ............................................................................................ 71 

Figure 5.1: Determination of displacements for calculating columns ductility index 
(graph of specimen B-16-0) ................................................................... 75 

Figure 5.2: Normalized axial load vs. concrete strain curves compared for different 
longitudinal reinforcement types for (a) concentric loads, (b) 40 mm 
eccentricity and (c) 80 mm eccentricity .................................................. 77 

Figure 5.3: Normalized axial load vs. longitudinal reinforcement strain curves 
compared for different longitudinal reinforcement types for (a) concentric 
loads, (b) 40 mm eccentricity and (c) 80 mm eccentricity ...................... 78 

Figure 5.4: Normalized axial load vs. axial displacement curves compared for different 
longitudinal reinforcement types for (a) concentric loads, (b) 40 mm 
eccentricity and (c) 80 mm eccentricity .................................................. 79 

Figure 5.5: Normalized axial load vs. mid-height lateral deflection curves compared for 
different longitudinal reinforcement types for (a) concentric loads, (b) 40 
mm eccentricity and (c) 80 mm eccentricity ........................................... 80 

Figure 5.6: Normalized axial load vs. concrete strain curves compared for different 
transverse reinforcement types ............................................................... 84 

Figure 5.7: Normalized axial load vs. longitudinal reinforcement strain curves 
compared for different transverse reinforcement types ........................... 84 

Figure 5.8: Normalized axial load vs. axial displacement curves compared for different 
transverse reinforcement types ............................................................... 85 

Figure 5.9: Normalized axial load vs. mid-height lateral deflection curves compared for 
different transverse reinforcement types................................................. 85 

Figure 5.10: Graphs of (a) volumetric strain versus axial strain and (b) dilation ratio 
versus axial strain, for specimens B-20-0 and B-T180-0 ........................ 86 

Figure 5.11: Graphs of (a) volumetric strain versus axial strain and (b) dilation ratio 
versus axial strain, for specimens B-T60-0, B-T120-0 and B-T180-0 ..... 89 

Figure 5.12: Normalized experimental axial load-bending moment interaction diagrams 
for columns of (a) Group 1 and (b) Group 2 ........................................... 91 

Figure 5.13: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for steel RC columns ............................................. 92 

Figure 5.14: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for GFRP RC columns .......................................... 93 

Figure 5.15: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for BFRP RC columns at longitudinal reinforcement 
ratio of 2.48% ........................................................................................ 93 

Figure 5.16: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for BFRP RC columns at longitudinal reinforcement 
ratio of 3.88% ........................................................................................ 94 

Figure 5.17: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for BFRP RC columns at BFRP ties spacing of 60 mm
 .............................................................................................................. 94 



11 
 

Figure 5.18: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for BFRP RC columns at BFRP ties spacing of 120 
mm ........................................................................................................ 95 

Figure 5.19: Normalized experimental axial load-bending moment interaction diagrams 
with strain gradients for BFRP RC columns at BFRP ties spacing of 180 
mm ........................................................................................................ 95 

Figure 5.20: Predicted-to-experimental capacity ratios from proposed design equations 
for BFRP-RC columns ........................................................................... 96 

Figure 5.21: Predicted-to-experimental capacity ratios from proposed design equations 
for GFRP-RC columns .......................................................................... 97 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



12 
 

List of Tables 
 

Table 2.1: Summary of the compressive properties of FRP bars as reported in previous 
studies .................................................................................................... 20 

Table 2.2: Summary of the compressive properties of FRP bars as reported in previous 
studies .................................................................................................... 22 

Table 2.3: Summary of the design equations available in the literature for FRP-RC 
columns .................................................................................................. 35 

Table 3.1: Test Matrix ............................................................................................. 44 

Table 3.2: Concrete properties for columns of Groups 1 and 2 ................................. 50 

Table 3.3: Properties of Steel and FRP Reinforcements ........................................... 52 

Table 4.1: Summary of Experimental Results .......................................................... 62 

Table 5.1: Normalized Strengths, Confined Concrete Strength Factors and Ductility 
Indices of All Columns ........................................................................... 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

Chapter 1. Introduction 
 

In this chapter, the problem investigated is explained followed by a brief outline 

of the historical development of fiber-reinforced polymers (FRP). Then, the advantages 

of using FRP reinforcements in concrete structures are presented along with examples 

of some of their current applications. After that, the objectives of the research and its 

contribution to current research on the topic are explained.  

1.1. Overview 

The main motive behind the use of fiber-reinforced polymers (FRP) in concrete 

structures is the problem of corrosion of steel reinforcements. In steel reinforced 

concrete structures, the steel reinforcements are initially protected from corrosion by 

the alkaline environment of the concrete [1, 2]. However, in structures subjected to 

aggressive environments, such as marine structures and bridges which are exposed to 

deicing salts, marine salts, and combinations of temperature, moisture and chloride, the 

concrete alkalinity is reduced causing corrosion of steel reinforcements [1-3]. The 

corrosion of steel reinforcements in such structures increases the need for rehabilitation 

leading to increased maintenance costs [2, 3]. For example, in the United States, the 

annual cost of repairing and replacing bridge substructures, such as piers, is $2 billion, 

and is $1 billion dollars for marine piling systems, with corrosion of steel reinforcement 

contributing the most to the cost [4]. Also, in the European Union, the annual cost of 

maintaining, repairing and strengthening around 84,000 reinforced and pre-stressed 

concrete bridges is ₤215 million [5]. Several solutions were proposed and implemented 

for this issue such as using galvanized coatings, electro-static-spray fusion-bonded 

(powder resin) coatings, epoxy coatings, polymer-impregnated concrete and alloyed 

steel bars [1, 2]. Epoxy-coated steel reinforcements were found to be the best of these 

solutions [2]. Nevertheless, after corrosion was detected in structures reinforced with 

epoxy-coated steel, alternative solutions were needed [2]. Here, FRP reinforcements 

began to be considered as alternative reinforcements to steel in structures exposed to 

harsh environments. 

The use of composites expanded after World War II, in the 1940s, but it was not 

until the 1960s when the use of FRP bars as concrete reinforcements was seriously 

considered [1, 2]. The effects of chloride-ion-induced corrosion on the deterioration of 
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bridges in the United States increased significantly in the 1970s [6], and therefore FRP 

bars first became commercially available in the late 1970s [2]. As the use of FRP 

materials expanded, their advantages became better known and additional uses of FRP 

materials developed. In the 1980s, nonmetallic reinforcements, which are non-

conductive and non-magnetic, were needed for advanced technology such as in 

facilities for Magnetic Resonance Imaging (MRI) medical equipment. Other uses of 

FRP materials that arose included seawall construction, electronics laboratories, airport 

runways and substation reactor bases [7]. 

Other than their non-corrosive nature, there are several advantages of FRP 

reinforcements over steel reinforcements. FRP bars have higher tensile strength than 

steel, and are lighter in weight at one-fourth to one-fifth the weight of steel bars [2, 8, 

9]. They are transparent to magnetic fields, and are thermally and electrically non-

conductive [2, 9]. Since FRP bars are non-corrosive, smaller concrete covers can be 

used, no admixtures would be required for corrosion reduction and structures reinforced 

with FRP bars would have a greater service life than their steel counterparts in corrosive 

environments [2]. In addition, FRP bars have a lower carbon footprint than steel bars 

[10], and have high fatigue endurance [2]. Although FRP bars are not as easy to recycle 

as steel bars, reinforcing concrete structures with FRP bars can result in lower life cycle 

costs as compared to using steel reinforcement, owing to the non-corrosive properties 

of FRP bars [10]. 

FRP reinforcements have been used in several concrete structures worldwide. 

In Europe, the first use of FRP reinforcement was in a prestressed highway bridge, in 

Germany, in 1986 [11]. Since then, there has been an increase in the research and use 

of FRP reinforcement in Europe [12]. In the mid-1990s, Japan had more than 100 FRP 

reinforced concrete projects, making it the country with the most FRP reinforcement 

applications [2]. In the 2000s, China became the country with the largest FRP 

reinforcement applications ranging from bridge decks to underground works [13]. In 

Canada, more than 200 bridge structures have been constructed with Glass fiber-

reinforced polymer (GFRP) bars as reinforcements for the bridges deck slabs and 

girders [14]. For instance, the Headingly Bridge in Manitoba, Canada, was constructed 

with Carbon fiber-reinforced polymer (CFRP) tendons for prestressing the girders, 

CFRP stirrups for two main girders, CFRP reinforcements for the deck slab and GFRP 
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reinforcements for the bridge curbs [15]. Another example in the United States, is the 

Emma Park Bridge in Utah which was constructed of precast concrete deck panels 

reinforced with GFRP bars [2]. Other existing structures constructed with FRP 

reinforcements include parking garages, water tanks, highway concrete pavements and 

MRI hospital room additions [2]. All of those currently existing structures have FRP 

reinforcements in their slabs or beams/girders elements. FRP reinforcements are not yet 

used in reinforced concrete (RC) columns or compression members. Additionally, most 

of the currently available research is on the use of FRP reinforcements in beams or 

slabs. Several studies have investigated the shear and flexural behavior of FRP-

reinforced concrete beams, under normal conditions as well as under harsh exposure 

conditions [7,16-22]. Despite this, research on the use of internal FRP reinforcement in 

columns is still limited. 

1.2. Thesis Objectives 

The potential of fiber-reinforced polymer bars as alternative reinforcement to 

conventional steel bars in concrete structures is acknowledged and is widely accepted. 

Even though, recently, a number of studies have investigated the use of FRP bars as 

compression reinforcement in concrete columns, more research is needed in order to 

provide full understanding of FRP-reinforced concrete columns’ behavior. Therefore, 

the main objective of this research is to investigate the potential of replacing the 

conventional steel reinforcements with FRP reinforcements, including basalt fiber-

reinforced polymer (BFRP) and glass fiber-reinforced polymer (GFRP) bars, in 

concrete columns. The behavior of FRP-RC columns is studied in terms of their 

ultimate axial capacities under concentric and eccentric loading conditions, and their 

deformation capacities and ductility. The effects of varying test parameters on the 

overall behavior of the columns are also investigated. The main parameters investigated 

include longitudinal and transverse reinforcement types, BFRP longitudinal 

reinforcement ratios, BFRP transverse reinforcement spacing, and load eccentricity-to-

width ratios. 

1.3. Research Contribution 

Currently, there is limited research on the use of FRP bars as compression 

reinforcement in RC columns, and several areas of this research are yet to be 
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investigated. The contributions of this study to current research in this field is as 

outlined below: 

● Add to the existing knowledge on the potential of replacing conventional steel 

reinforcement with FRP reinforcement, and on the overall behavior of FRP-

RC columns. 

● Provide detailed analysis and investigation on the use of a relatively new type 

of FRP reinforcement, BFRP bars, in RC columns. 

● Provide insight, for the first time, on the effects of confining BFRP-RC 

columns with BFRP ties. 

1.4. Thesis Organization 

The rest of the thesis is organized as follows: Chapter 2 presents background 

information on the mechanical and physical properties of FRP bars. This is followed 

by a state-of-the-art review on the use of FRP reinforcement as alternative to steel 

reinforcement in concrete columns. Chapter 3 describes the experimental program of 

the thesis, including details of the specimens tested and descriptions of the test set-ups. 

The results of the experimental tests are explained in Chapter 4, and detailed 

discussions of the results are provided in Chapter 5. Finally, Chapter 6 concludes the 

thesis and provides recommendations for future work. 
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Chapter 2. Background and Literature Review 
 

In this chapter, information about the mechanical and physical properties of 

FRP bars is discussed, with a focus on basalt FRP bars. An extensive review of the 

existing research on FRP-reinforced concrete columns is then presented, and gaps in 

knowledge of FRP-RC columns are identified. 

2.1. Physical and Mechanical Properties of FRP bars 

FRP reinforcements exhibit different mechanical behavior from steel 

reinforcements. Therefore, changes in the conventional design philosophies of 

reinforced concrete structures are needed where FRP reinforcements are used. FRP bars 

consist of high strength fibers such as glass, carbon, aramid or basalt, embedded in a 

polymer resin such as epoxy or vinylester [1, 2, 9, 23]. Unlike steel bars, FRP bars are 

anisotropic in nature and are elastic until failure with no yielding point [2, 9]. Moreover, 

FRP bars have lower modulus of elasticity than steel (around 20% to 25% that of steel) 

[1, 2, 9], and their ultimate tensile strength decreases as the bar diameter increases [1]. 

Also, FRP bars have a lower creep-rupture threshold than steel, and have different 

coefficient of thermal expansion in the longitudinal and radial directions [2]. 

Additionally, the mechanical properties of FRP bars are not consistent, and vary from 

one product to another [1, 2]. FRP bars produced by different manufacturers can have 

different mechanical properties due to differences in fiber volume fraction, shape of the 

cross-sections, properties of the resin and fiber orientation of the bars [1, 2]. It is 

therefore considered difficult to provide universal mechanical property values for FRP 

reinforcing bars [1]. There are currently some design guidelines and codes available for 

FRP reinforced concrete structures, which are developed by some countries and regions 

such as the United States [2, 24, 25], Canada [26, 27], Europe [28, 29] and Japan [30]. 

The most recent FRP composites are Basalt fiber-reinforced polymers (BFRPs) 

which emerged within the last decade [23]. Basalt FRPs are more cost-effective than 

Carbon fiber-reinforced polymers (CFRP), and have greater strength and modulus of 

elasticity, equivalent cost and higher chemical stability than E-glass FRPs [23]. 

Furthermore, BFRPs are five times stronger and have about one-third the density of 

low-carbon steel bars [23]. In addition, the manufacturing process of basalt fibers is 

more environmentally-friendly and is less expensive than that of carbon and glass fibers 
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[31]. Also, basalt fibers have higher energy absorption capacities than glass and carbon 

fibers and, unlike glass and carbon fibers, do not require extra additives to enhance their 

mechanical properties [31]. Moreover, the adhesion and bond strength of BFRP bars to 

concrete were found to be higher than for GFRP bars under different harsh exposure 

conditions [32, 33]. The currently available design codes for FRP reinforced concrete 

structures provide reference to the physical and mechanical properties of GFRP, CFRP 

and Aramid FRP (AFRP) bars, but not to BFRP bars. Research work is still ongoing in 

order to introduce BFRP bars into the current FRP design codes [23]. 

2.2. Literature Review 

Currently, available design codes and guidelines for FRP-reinforced concrete 

structures, such as ACI440.1R-15 [2], CSA-S6-14 [34], and CSA-S806-12 [27] 

recommend nil contribution of FRP bars when used as reinforcement for compression 

members (such as columns) or as compression reinforcement in flexural members. 

Although standard test methods that characterize the tensile properties of FRP bars have 

been well established, no standard methodology is currently available to determine their 

compressive response [35]. Nevertheless, a number of studies devised compression test 

methods for FRP bars and, except a few studies, there is a general consensus that the 

compressive strengths and moduli of FRP bars are lower than their tensile values, as 

given in Table 2.1 [9, 36-43]. The low compressive modulus of FRP bars is attributed 

to the micro-buckling of internal fibers under compressive loading resulting in a 

premature failure of the bar in an “end-brooming” phenomenon [2]. Despite these 

findings, research on the use of FRP bars in compression is constantly advancing.  

This chapter presents a comprehensive literature review on the use of FRP bars 

as compression reinforcement in RC columns. The results of more than 300 

compression tests taken from 43 experimental investigations that were published in the 

scientific literature have been collected. A major part of these studies is presented in 

Table 2.2. Analytically, the design equations that many researchers have proposed to 

predict the compressive capacities of the tested columns were also collected and listed 

in Table 2.3. The equations were classified based on the method adopted in estimating 

the contribution of FRP bars to the capacity of the tested columns as will be detailed 

later in this paper. The main variables considered in the collected tests are as follows: 
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- Slenderness: This included short (non-slender) and slender columns, with the 

threshold for the slenderness ratio considered as 22 according to ACI318-14 [44] and 

CSA-S806-12 [27]. It was found that 90% of the collected tests were conducted on 

short FRP-reinforced concrete (FRP-RC) columns compared to 10% conducted on 

slender columns. 

- Loading regime: 44% of the tested FRP-RC columns were concentrically-

loaded compared to 40% and 16% tested under eccentric and seismic loadings, 

respectively.  

- Columns’ cross-sections: Cross-sections of the tested columns are given in 

Table 2.2. It was observed that 52% of the collected tests were carried out on circular 

FRP-RC columns measuring between 205 and 305 mm in diameter, followed by 39% 

square columns measuring between 120 and 610 mm, and 9% rectangular columns 

measuring between 160 and 260 mm.  

- Concrete type: This includes normal strength concrete (NSC) of compressive 

strength ranging between 29 and 43 MPa, high-strength concrete (HSC) including fiber-

reinforced high-strength concrete of compressive strength ranging between 55 and 93 

MPa, and normal strength inorganic polymer concrete (IPC). It was observed that 72% 

of the tested FRP-RC columns were cast using NSC followed by 22% cast with HSC 

and 6% cast with IPC.  

- Reinforcement: Three types of FRP materials were used in the collected data; 

namely, glass (GFRP), carbon (CFRP), and basalt (BFRP) bars, with reinforcement 

ratios that varied between 0.83 and 5.3%. Transverse reinforcement also varied in type, 

shape, diameter, and spacing as detailed in Table 2.2. 

Table 2.2 also lists the specimens’ dimensions, reinforcements, concrete type, 

and the loading conditions as reported in previous studies. The data collected in Table 

2.2 are categorized into three main groups; namely, concentrically-loaded short 

columns, eccentrically-loaded short columns, and slender columns. Details about each 

group are given in the following sections. 

2.2.1. Behavior of short FRP-RC columns. As previously stated, short 

columns consisted 90% of the collected data. Short columns are defined as columns 

having a slenderness ratio less than 22 according to ACI318-14 [44] and CSA-S806-12 
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[27]. Both concentric and eccentric loading tests were conducted on short columns as 

can be found in the literature and detailed below. 

 

Table 2.1: Summary of the compressive properties of FRP bars as reported in 
previous studies 

Study FRP 
Type 

ɸ (mm) lu (mm) fuT 
(MPa) 

Eft 
(GPa) 

fuC/fuT Efc/Eft 

Wu [36] Glass 
22 ≥ 55 554 50.7 0.74 0.75 

25 ≥ 62.5 - 45.6 - 0.84 

Bedard [9] Glass - - 700 44.8 0.86 0.77 
Challal and 
Benmokrane 
[37] 

Glass 15.9, 19.1, and 
25.4 44-70 690 42 0.77 1.02 

Kobayashi 
and Fujisaki 
[38]* 

Carbon 6, 8, 10 and 13 - - - 0.3-0.5 - 

Aramid 6, 8 and 10 - - - 0.1 - 

Glass 6, 8 and 10 - - - 0.3-0.4 - 
Deitz et al. 
[39] Glass 15 50 to 380 610 40 0.5 1.0 

Tavassoli et 
al. [40] Glass 

25 50 and 
160 1087 65.8 0.56 0.85 

28 50, 160 
and 275 1338 74.3 0.62 0.97 

Maranan et al. 
[41] Glass 15.9 50 1184 62.6 0.517 - 

Khorramian 
and 
Sadeghian 
[45] 

Glass 16 32 629 38.7 1.24 1.06 

Sun et al. [42] Glass 10 6.25 1103 92.4 0.62 0.65 

Xue et al. [43] Glass 
15.9  - 654 39 0.36 0.92 

19.1 - 729 44 0.38 0.91 
*FRP reinforcement were embedded in concrete prisms 
ɸ = diameter of FRP bar; lu = unbraced length of FRP bar tested; fuT = ultimate tensile strength of FRP bar; Eft = 
tensile modulus of elasticity of FRP bar; fuC/fuT = ratio of compressive strength to tensile strength of FRP bar; Efc/Eft 
= ratio of compressive elastic modulus to tensile elastic modulus of FRP bar. 

 

2.2.1.1. Concentrically-loaded short FRP-RC columns. Most of the studies 

conducted on concentrically-loaded short FRP-RC columns aimed at assessing the 

contribution of the longitudinal FRP bars to develop the load-carrying capacities of the 

tested columns. The ability of FRP bars to contribute to the columns’ strength depends 

on the material of the FRP bars used [50]. GFRP bars are known by their low strength 

and modulus of elasticity compared to CFRP bars and thus contribute relatively less to 

columns’ capacities. Previous studies reported that the contribution of GFRP bars to 

columns’ capacities ranged between 3 and 14% of the total capacity of the tested 
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columns [41, 45-47, 49, 51, 52, 54, 56, 59, 60], compared to 6 and 19% when CFRP 

bars were used [50-52], and between 12 and 16% when steel bars were used [46, 47, 

49-52]. Quantifying the contribution-to-capacity of FRP bars relative to that of steel 

bars was the focus of several studies. In this regard, a fair comparison between FRP and 

steel bars necessitates that both types of bars have equal axial stiffness, ρE, where ρ is 

the reinforcement ratio and E is the modulus of the bar’s material. However, most tests 

were conducted on columns reinforced with either FRP or steel bars having equal 

reinforcement ratios rather than equal axial stiffness. In an attempt to rationally 

compare between the contribution of both types of bars to the columns’ capacities, the 

axial stiffness of the longitudinal reinforcement of the tested columns, from the studies 

of De Luca et al. [46], Tobbi et al.[52], Afifi et al. [49], Afifi et al. [50], Hadhood et al. 

[54], Hadi et al. [56], Hadi et al. [59], and Khorramian and Sadeghian [45], was 

determined and normalized with respect to the concrete strength 0.85f’c of the columns. 

Figure 2.1 shows the relationship between the normalized axial stiffness of the bars, 

ρE/0.85f’c, and the bars’ contribution to the columns’ capacities. 

It can be depicted from Figure 2.1 that only a few tests were reported with equal 

normalized stiffness for FRP and steel bars. For ρE/0.85f’c ranging between 65 and 68, 

the average contribution-to-capacity of GFRP bars was lower than that of steel bars 

whereas the contribution of CFRP bars was close to or even larger than that of steel 

bars. This finding was confirmed by plotting the best-fit lines for steel-RC, GFRP-RC 

and CFRP-RC columns, resembling the ratio of average bars’ contribution to the 

normalized axial stiffness of the bars. It can be seen that the slope of the best-fit line for 

CFRP-RC columns is slightly higher (by about 11%) than that of steel-RC columns. On 

the other hand, the best-fit line of GFRP-RC columns shows a considerably flatter slope 

than those of CFRP-RC and steel-RC columns by 56 and 51%, respectively, indicating 

that the contribution of GFRP bars to the load-carrying capacities of RC columns is less 

than that of steel or CFRP bars, which can be attributed to the low compressive strength 

and modulus of the former bars. 

In an attempt to compare between the capacities of steel-RC and FRP-RC 

columns, the axial capacities of several columns, Pmax, were normalized against the 

concrete capacity in compression, 0.85f’cAg as shown in Figure 2.2.
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Table 2.2: Summary of the compressive properties of FRP bars as reported in previous studies 

Reference No. of 
specimens 

f’c  (MPa) 
Dimensions- 

Cross-Section 
Shape (mm) 

Longitudinal Reinforcement Transverse Reinforcement Loading eccentricity 
(e/D %) 

FRP 
Contribution 

(%) Type (Eft) Ratio (%) Type Shape ɸ (mm) s (mm) 
Previous studies conducted on short concentrically-loaded FRP-RC columns 

De Luca et al. [46] 5 34.5 610x3000 - S G (44.2, 44.4) a 1 G Ties 12.7 305, 76 0 < 5 

Tobbi et al. [47] 8 32.6 350x1400 - S G (48.2, 47.6) a 1.9 G Ties 12.7 80, 120 0 10 

Pantelides et al. [48] 10 36 54x711 – Ci G (43.3) 1.6 G Spirals 10 76 0 - 

Afifi et al. [49] 9 42.9 300x1500 – Ci G (55.4) 1.1, 2.2, 3.2 G Spirals 6.4, 9.5, 12.7 35, 40, 80, 120, 145 0 5-10 

Afifi et al. [50] 9 42.9 300x1500 – Ci C (140) 1.0, 1.7, 2.4 C Spirals 6.4, 9.5, 12.7 35, 40, 80, 120, 145 0 13 

Mohamed et al. [51] 6 42.9 300x1500 – Ci G (55.4) 2.25 G Spirals -Hoops 6.4, 9.5, 12.7 80 0 5-10 

Mohamed et al. [51] 6 42.9 300x1500 – Ci C (140) 1.79 C Spirals -Hoops 6.4, 9.5, 12.8 80 0 11-17 

Tobbi et al. [52] 7 30 350x1400 – S G (48.2, 47.6) a 0.83, 1.06, 1.85 
1.95 G Ties 12.7 80, 120 0 - 

Tobbi et al. [52] 1 30 350x1400 - S C (137) 1.65 C Ties 9.5, 12.7 60, 67, 80, 120 0 - 

Afifi et al. [53] 12 42.9 300x1500 – Ci C (140) 1.1, 2.2, 3.2 C Spirals -Hoops 6.4, 9.5, 12.7 35, 40, 80, 120, 145 0 6-19 

Maranan et al. [41] 8 IPC 38 250x1000 – Ci G (62.6) 2.43 G Spirals -Hoops 9.5 50, 100, 200 0 7.6 

Hadhood et al. [54] 2 70.2 305x1500 – Ci G (54.9) 2.18, 3.27 G Spirals 9.5 80 0 5 

Hales et al. [55] 3 90 305x760 – Ci G (43) 1.65 G Spirals 10 76 0 - 

Hadi et al. [56] 2 37 205x800 – Ci G (50) 2.3 G Helices 9.5 30, 60 0 11.4-13.4 

Hadi and Youssef [57] 1 32 210x800 – S G (67.9) 1.15 G Ties 9.5 50 0 - 

Hadhood et al. [58] 1 35 305x1500 – Ci C (141) 2.17 C Spirals 9.5 80 0 - 

Hadi et al. [59] 2 85 210x800 – Ci G (52) 2.19 G Helices 9.5 30, 60 0 6.5 

Hadhood et al. [60] 4 30.5, 42.9 305x1500 – Ci G (54.9) 2.2 G Hoops 9.5 80 0 5-7 

Elchalakani and Ma [35] 3 32 160x260x1200 - R G (46.3) 1.83 G Ties 6.35 75, 150, 250 0 3.2 

Hadhood et al. [61] 1 70 305x1500 - Ci C (141) 2.2 C Spirals 9.5 80 0 - 

Hasan et al. [62] 3 85, and 
F-HSC 93 210x800 - Ci G (67.8) 2.2 G Helices 9.5 30, 60 0 - 
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Khorramian and 
Sadeghian [45] 2 37 150x500 - S G (38.7) 5.3 -* - - - 0 3-8 

Zhang and Deng [63] 10 F-NSC 50 350x1200 - S G (45) 1.39, 2.09, 2.64 G Ties 8, 10, 12 38, 60, 90, 130 0 2-5.5 

Elchalakani et al. [64] 3 26 160x260x1200 - R G (50) 2.22 G Ties 8 75, 150, 250 0 10.8 

Tabatabaei et al. [65] 11 40.5 300x1600 - Ci G (51.2) 1.6 G Spirals 9.5 80 0 2.6-5.3 
Previous studies conducted on short eccentrically-loaded FRP-RC columns 

Fan and Zhang [66] 8 IPC 
34.9 120x900 - S B (48) 1.4 St Ties 6 100 16.67, 66.67 NA 

Hadhood et al. [54] 8 70.2 305x1500 - Ci G (54.9) 2.18, 3.27 G Spirals 9.5 80 8.2, 16.4, 32.8, 65.6 NA 

Hadhood et al. [58] 4 35 305x1500 - Ci C (141) 2.17 C Spirals 9.5 80 8.2, 16.4, 32.8, 65.6 NA 

Hadi and Youssef [57] 3 32 210x800 - S G (67.9) 1.15 G Ties 9.5 50 11.9, 23.8 NA 

Hadi et al. [56] 6 37 205x800 - Ci G (50) 2.3 G Helices 9.5 30, 60 2.2, 24.4 NA 

Sun et al. [42] 9 33.51 180x250x1000 - R C (92.4) 1.05 St Ties 4 125 30, 50, 70 NA 

Hadi et al. [59] 6 85 205x800 - Ci G (52) 2.19 G Helices 9.5 30, 60 11.9, 23.8 NA 

Hadhood et al. [60] 4 35, 42.9 305x1500 - Ci G (54.9) 2.2 G Hoops 9.5 80 8.2, 16.4, 32.8, 65.6 NA 

Elchalakani and Ma [35] 6 32 160x260x1200  - R G (46.3) 1.83 G Ties 6.35 75, 150, 250 9.62, 17.3 NA 

Hadhood et al. [61] 4 70 305x1500 - Ci C (141) 2.2 C Spirals 9.5 80 8.2, 16.4, 32.8, 65.6 NA 

Hasan et al. [62] 9 85, and F-HSC 93 210x800 - Ci G (67.8) 2.2 G Helices 9.5 30, 60 11.9, 23.8 NA 
Khorramian and 
Sadeghian [45] 7 37 150x500 - S G (38.7) 5.3 -* - - - 10, 20, 30 NA 

Guérin et al. [67] 12 40 405x2000 - S G (51.3, 54.4) a 1.0, 1.4, 2.5 G Ties 10 152, 203 9.88, 19.75, 39.5, 79 NA 

Guérin et al. [68] 8 42.3 405x2000 - S G (51.3, 48.2) a 1.0 G Ties 10 152 10, 20, 40, 80 3-13 

Elchalakani et al. [64] 6 26 160x260x1200 - R G (50) 2.22 G Ties 8 75, 150, 250 9.62, 19.23, 28.85 NA 
Previous studies conducted on slender FRP-RC columns 

Maranan et al. [41] 2 IPC 
38 250x2000 - Ci G (62.6) 2.43 G Spirals -Hoops  50, 100, 200 0 9.2 

Hales et al. [55] 6 90 305x3730 - Ci G (43) 1.65 G Spirals 10 76 0. 8.2, and 33.4 - 
Xue et al. [43] 15 29.1, 39, 40.3, and 55.2 300x300 - S G (36, 40) a 0.9, 1.34, 2.55 St Ties 8 150 0, 20, 50, and 100 - 
*No ties were used in this study 
aValues of Eft refer to two different bar types or two different bar sizes 
f’c = compressive strength of concrete; Eft = tensile elastic modulus of FRP bars, reported in GPa; ɸ = diameter of FRP bar; s = transverse reinforcement spacing; IPC = inorganic polymer concrete; F-HSC = fiber high-
strength concrete; F-NSC = fiber normal-strength concrete; S = Square; Ci = Circular; R = Rectangular; G = GFRP; C = CFRP; B = BFRP; St = steel; e/D = eccentricity-to-diameter ratio
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Figure 2.1: Normalized axial stiffness versus the contribution-to-capacity of FRP bars 

 

 

Figure 2.2: Axial capacities of concentrically-loaded FRP-RC columns normalized to 
0.85f’

cAg 

The data collected from each study refer to the average capacities of the tested columns 

having similar longitudinal reinforcement ratios but not necessarily similar transverse 

reinforcement ratios. Figure 2.2 also shows the difference between the normalized 
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capacities of steel-RC and FRP-RC columns, ∆ , for different reinforcement ratios, ρ. It 

can be observed that steel-RC columns attained slightly higher capacities than their 

FRP-RC counterparts, having similar reinforcement ratios, with percentage differences 

ranging between 1.42% (for ρ = 1.06%) and 11.5% (for ρ = 1.7%), which can also be 

attributed to the higher modulus of steel bars as compared to that of FRP bars. This 

small variance in capacities between the steel-RC and FRP-RC columns indicates the 

potential of FRP bars to contribute to the capacity of RC columns as equivalently to 

steel bars. 

2.2.1.2. Eccentrically-loaded short FRP-RC columns.  The condition of pure 

concentric compressive load is atypical in RC columns since bending moments usually 

exist. Bending moments significantly reduce the ultimate capacities of the columns due 

to the non-uniform stress distribution obtained. Moreover, eccentric loading exposes 

part of the concrete section to compression resulting in compressive stresses on one 

side of the column and tensile stresses on the opposite side. 

Most of the collected studies reported that eccentrically-loaded FRP-RC 

columns failed abruptly in compression either by concrete crushing or FRP rupture in 

compression with no evidence of failure of FRP bars in tension [35, 45, 56-59, 61, 62, 

67]. At high eccentricities, a less brittle flexural-compression failure was observed 

when the rupture of FRP bars in compression occurred followed by the rupture of bars 

in tension [42, 54, 58, 61, 67, 68] Hadhood et al. [60] suggested that failure of 

eccentrically-loaded GFRP-RC columns would not be tension-controlled for 

reinforcement ratios greater than 1%. In comparison, steel-RC columns usually fail in 

a less explosive mode due to buckling of bars in compression [57, 59, 61, 62]. 

A number of studies suggested that the contribution-to-capacity of FRP bars in 

eccentrically-loaded columns should be ignored [35, 57, 69], which was backed up by 

the fact that columns might fail due to buckling prior to the rupture of the bars. 

However, other studies showed that such contribution is significant and should not be 

ignored [42, 56, 58, 67]. Hadhood et al. [60] reported that ignoring the contribution of 

GFRP bars in compression underestimated the columns’ capacities by 27% on average. 

In a more recent study, Guérin et al. [68] reported that GFRP bars in short square 

columns contributed 3, 5, and 13% of the load-carrying capacities at eccentricity-to-

width ratios, e/D, of 10 to 20, 40, and 80%, respectively, while neglecting the bars in 
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tension. Hadhood et al. [58] recommended that the maximum compression strength of 

CFRP bars in eccentric columns be limited to 40% of the bars’ tensile strength. 

Moreover, an obvious behavior of eccentrically-loaded RC short columns is the 

decrease of their axial capacities as the e/D ratio increases. This behavior was reported 

to be more pronounced in FRP-RC columns as compared to steel-RC columns at low 

to moderate e/D ratios ranging between 12 and 24% [56, 57, 59, 62]. At large 

eccentricities, comparable load-carrying capacities were reported for both FRP-RC and 

steel-RC columns having the same reinforcement ratios [58, 61]. This can be attributed 

to the high strains developed in FRP bars at ultimate resulting in high contribution-to-

capacity of FRP bars in tension. 

Figure 2.3 shows the difference between the normalized capacities of steel-RC 

and FRP-RC columns, ∆, for various longitudinal reinforcement ratios, ρ, as obtained 

from the collected literature. It can be noticed that ∆ ranged between 2.1 and 12.4%, 

indicating comparable capacities of both types of columns. The only exception occurred 

in the study conducted by Hadi and Youssef [57] in which ∆ ranged between 17.6 and 

18.9%. 

 

 

Figure 2.3: Axial capacities of eccentrically-loaded FRP-RC columns normalized to 
0.85f’

cAg 
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2.2.1.3. Ductility of FRP-RC short columns. Many parameters such as the ratio 

and distribution of the longitudinal reinforcement, the amount and spacing of transverse 

reinforcement, and the loading conditions affect the ductility of FRP-RC columns. Afifi 

et al. [49] reported that increasing the reinforcement ratio resulted in an increase in 

ductility of concentrically-loaded GFRP-RC columns. Similar conclusions were 

obtained by Afifi et al. [50] after testing axially-loaded CFRP-RC columns. Spirals with 

closer spacing provide more confinement to concrete core and prevent buckling of the 

longitudinal bars and hence increase the energy dissipation post the peak loads [35, 49, 

50, 59, 70]. 

Researchers adopted different approaches to determine the ductility of FRP-RC 

columns resulting in discrepancies in ductility results. Pessiki and Pieroni [71] defined 

columns’ ductility as the ratio of displacement corresponding to 85% of the ultimate 

load, Δ85, to that corresponding to the limit of the elastic behavior, Δ1. Following this 

approach, Pantelides et al. [48] reported that concentrically-loaded GFRP-RC columns 

exhibited equal or greater ductility than their steel-RC counterparts. Afifi et al. [49] 

determined the ductility indices of circular concrete columns reinforced with GFRP 

bars and spirals between 1.19 and 4.75, depending on the longitudinal reinforcement 

ratio provided and on the degree of confinement of the concrete core. 

Alternatively, ductility of FRP-RC columns was determined as the ratio of the 

area under the axial load-displacement curve up to the ultimate displacement to the area 

under the curve up to the displacement corresponding to the limit of the elastic behavior. 

Following such approach, it was found that GFRP-HSC columns (f’c = 85 MPa) had 

30% lower ductility than their steel-HSC counterparts when tested under concentric 

loading. However, under eccentric loading, GFRP-HSC columns had higher ductility 

than steel-HSC columns and their ductility increased as the load eccentricity increased 

[59]. It was also reported that, using both approaches, concentrically-loaded GFRP-RC 

columns showed lower ductility than that of steel-RC columns but experienced similar 

ductility under eccentric loading [57]. 

2.2.2. Behavior of slender FRP-RC columns. Slender columns encounter 

secondary moments that reduce their axial load-carrying capacities in comparison to 

those of short columns. The use of FRP bars as longitudinal reinforcement in slender 

columns adds another dimension of complexity due to the brittle nature of FRP bars 
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and their low compressive strength. The conducted review reveals substantial lack of 

information on the behavior of FRP-RC slender columns, which was attributed to the 

challenging experimental testing and the lack of comprehensive conclusions on the 

behavior of non-slender (short) columns. 

The reported test results indicate that concentrically-loaded slender columns 

reinforced with GFRP bars exhibit similar capacities to their steel-reinforced 

counterparts [43, 55]. Failure of GFRP-RC columns generally occurs due to concrete 

crushing followed by the crushing of GFRP bars in compression whereas steel-RC 

columns fail due to buckling of their steel reinforcement. At large eccentricities, the 

performance of both types of columns is always governed by the stability of the 

columns rather than their capacities. Columns at large eccentricities fail due to buckling 

regardless of the type of their longitudinal reinforcement [55].  

Concrete strength, rather than the longitudinal reinforcement ratio, has a 

significant effect on the load-carrying capacities of the FRP-RC slender columns since 

failure is usually governed by crushing of concrete. Xue et al. [43] reported that 

increasing the concrete strength of square GFRP-RC columns by 38 and 90% increased 

the columns’ capacities by 60 and 114%, respectively. However, increasing the GFRP 

reinforcement ratio by 49 and 183% increased the capacities of the slender columns by 

only 4.3% and 16.6%, respectively [43]. In their parametric study on 11,0000 columns, 

Mirmiran et al. [72] concluded that the variations in strengths of FRP bars didn’t affect 

the slenderness limits of RC columns. 

The reported results also show the significance of confining the longitudinal 

bars with closely-spaced spirals or ties to prevent buckling of the longitudinal 

reinforcement. Hales et al. [55] concluded that GFRP spirals had a great potential to 

provide such confinement. Nonetheless, to the authors’ knowledge, none of the 

previous studies have quantified the effect of confinement on the axial performance of 

slender FRP-RC columns. 

2.2.3. Effect of type of concrete on the behavior of FRP-RC columns. While 

most of previous studies reported on FRP-RC columns cast with NSC (f’c between 29 

and 43 MPa), a few studies reported on the advantages of using other concrete types 

such as high strength concrete (HSC), fiber-reinforced concrete (FRC), and inorganic 

polymer concrete (IPC). As previously stated, failure of NSC-columns reinforced with 
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FRP bars is usually governed by concrete crushing rather than the rupture of the bars. 

Theoretically, the use of HSC and FRC mixes can lead to high strains in the bars at 

ultimate resulting in more efficient utilization of the high tensile strength of FRP bars; 

and hence a considerable increase in the load-carrying capacities of FRP-RC columns 

[54, 61]. 

2.2.3.1. High-strength concrete (HSC). A few studies have investigated the 

behavior of FRP-RC columns cast with HSC [54, 55, 59, 61, 62]. The results showed 

that the failure modes of FRP-RC columns cast in NSC and HSC were governed by 

concrete crushing, in particular when no or low eccentricities exist. Unexpectedly, 

Hadhood et al. [61] and Hadi et al. [59] reported that strains recorded at ultimate in the 

longitudinal FRP bars in NSC columns were close to or even higher than those recorded 

in HSC columns, indicating the insignificant effect of HSC in increasing the capacities 

of FRP-RC columns.  

In comparison to steel-HSC columns, FRP-HSC columns showed equal or 

slightly lower load-carrying capacities under low to moderate load eccentricities [59, 

61, 62]. However, at large eccentric loading (e/D = 65.6%), FRP-HSC columns showed 

higher capacities than steel-HSC columns, reflecting the ability of FRP bars to develop 

higher strains at high levels of eccentric loading [61]. The shortage in data on the use 

of HSC in FRP-RC columns suggests that more tests are definitely needed to confirm 

the available conclusions. 

2.2.3.2. Fiber-reinforced concrete. It has been established that steel fibers 

control concrete cracking due to the bridging effect that they offer at crack locations 

and thus increase the concrete’s ductility. It was reported that the addition of steel or 

polyvinyl alcohol (PVA) fibers in concrete columns reinforced with GFRP bars resulted 

in significant enhancement in their peak loads, confinement efficiency, and ductility 

[62, 63]. Hasan et al. [62] reported that GFRP-reinforced columns cast with steel-fiber 

high strength concrete (SFHSC) had similar ductility as steel-reinforced columns cast 

with HSC. The former columns also showed higher capacities than the steel-reinforced 

ones. More tests are definitely needed to support those findings. 

2.2.3.3. Inorganic polymer concrete (IPC). In order to reduce the carbon 

footprint associated with concrete and to enhance the sustainability of concrete 

infrastructure, the use of IPC mixes has attracted the attention of many researchers. In 
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addition to the low cost and wide availability of the materials used in IPC mixes, IPC 

is characterized by its low drying shrinkage and creep and its good resistance to fire, 

freeze-thaw cycles, and acid attack [66]. IPC mixes also exhibit high ductility indicated 

by its tensile strain hardening behavior and high flexural deformation capacity [41, 73-

75]. Therefore, FRP-reinforced columns cast with IPC could have better deformation 

capacity than those cast in ordinary Portland cement concrete (OPC). 

A few results have been reported on the load-carrying capacities of FRP-

reinforced columns cast with IPC compared to those cast in OPC. Fan and Zhang [66] 

reported that eccentrically-loaded BFRP-IPC columns showed ultimate capacities 

about 70% of the capacities of the control ones (steel-reinforced columns cast in OPC). 

Elchalakani and Ma [35] and Elchalakani et al. [64] reported negligible effect of using 

geopolymer concrete (GPC) in FRP-RC columns and reported only 3.2% higher 

capacities than those cast with OPC. The discrepancy in the reported capacities could 

be attributed to the variation in the mechanical properties of IPC used in each test, which 

vary widely depending on the mix constituents and their relative proportions [76].  

It was evident from the conducted literature that IPC mixes could better utilize 

the high strength of FRP bars than OPC. However, and due to the lack of studies on the 

topic, more tests are deemed necessary to gain further understanding of the behavior of 

FRP-reinforced columns cast with IPCs under different loading conditions. 

2.2.4. FRP-RC columns under seismic loading.  A few studies investigated 

the behavior of FRP-RC columns under lateral cyclic load simulating seismic 

excitations  [40, 77-80]. FRP bars do not yield, which results in a linear elastic moment-

curvature in FRP-RC columns with no post-peak decline. Unlike steel spirals, FRP 

spirals provide increased levels of confinement with increased deformation due to their 

higher strains at ultimate. Large deformations delay crushing of the concrete core at 

ultimate in columns reinforced with FRP transverse reinforcement. This conclusion was 

confirmed by Tavassoli et al. [40], Tavassoli and Sheikh [77], and Ali and El-Salakawy 

[78] who reported that GFRP spirals or stirrups prevented the expansion of the concrete 

core in all of FRP-RC columns up to failure. Steel transverse reinforcement were 

reported to be less effective than their GFRP counterparts in confining the concrete core 

after yielding, which was attributed to the significant loss of stiffness in steel bars at 

this stage [40, 77, 78].  
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 RC columns reinforced with longitudinal and transverse GFRP bars showed 

high levels of deformability and achieved lateral drift ratios higher than the design 

values when subjected to lateral cyclic quasi-static loading [40]. Elshamandy et al. [80] 

reported that GFRP-RC columns achieved drifts between 50 and 180% more than the 

estimated drifts according to most building codes. These findings confirmed those of 

Ali and El-Salakawy [78] who reported that the drift capacities of GFRP-RC columns 

ranged between 8.5 to 12.5% exceeding the 2.5 and 4% minimum drift capacities 

imposed by the National Building Code of Canada, NBCC [81] and the CSA-S806-12 

[27], respectively. Increasing the longitudinal reinforcement ratio increased the lateral 

capacity but resulted in low deformability at failure. In this regard, Ali and El-Salakawy 

[78] reported that GFRP-RC columns showed about 50% lower energy absorption 

during reversed cyclic loading than that of steel-RC ones. 

The splice length of the longitudinal bars has a significant effect on the drift 

ratios that could be attained by FRP-RC columns. Naqvi et al. [79] reported that GFRP-

RC columns with splice length of 40 times the bar diameter performed well at low drift 

ratios but showed significant strength degradation at high drift ratios when subjected to 

simultaneous axial and quasi-static cyclic reversed loads. Increasing the splice length 

to 60 times the bar diameter resulted in drift ratios at failure of 5 and 3.13 times those 

recommended by NBCC [81] and CSA-S806-12 [27], respectively. 

2.2.5. Hybrid (steel-FRP) reinforced columns. The concept of supplementing 

FRP bars with steel bars in a hybrid system to reinforce concrete structures has attracted 

many researchers as a practical solution to overcome the ductility and serviceability 

problems of purely FRP-RC members. In hybrid systems, the addition of steel 

reinforcing bars ensures the ductility of the concrete member and enhances its 

serviceability while FRP bars maintain its load-carrying capacity [82]. Near-surface-

mounted (NSM) technique is one form of the hybrid construction in which FRP bars 

are placed near the tensile surface of concrete to strengthen steel-RC members. 

Research studies conducted on NSM hybrid reinforcement showed its effectiveness in 

restoring the strength and serviceability of the concrete columns [83]. However, the use 

of hybrid systems in reinforcing RC columns is relatively new and has rarely been 

investigated by researchers. Hales et al. [55] reported that slender RC columns 

reinforced longitudinally with hybrid GFRP and steel bars achieved higher load-

carrying capacities than those reinforced with steel or GFRP reinforcement only. 
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Ibrahim et al. [84] showed that hybrid-RC columns reinforced with 2% steel and 0.8% 

BFRP longitudinal bars and confined with BFRP jackets achieved comparable lateral 

strength to columns reinforced longitudinally with 4% steel. This shows that hybrid 

steel-FRP reinforcements can be a viable method of reinforcing RC columns subject to 

seismic loads. 

2.2.6. FRP transverse reinforcement. A number of research studies have 

investigated the behavior of RC columns having FRP as transverse reinforcement [40, 

41, 48, 51, 77]. Different aspects of transverse reinforcements were investigated 

including their shape, spacing, configuration, and volumetric ratio. As previously 

stated, FRP transverse reinforcement provides increased levels of confinement to the 

concrete core with increased deformation capacities due to their high strains at ultimate 

[35, 46, 50, 52, 53, 58, 60, 78, 85]. 

2.2.6.1. Effect of spacing and volumetric ratio. FRP transverse reinforcements 

showed more pronounced effects on ductility and confinement efficiency than on 

capacities of FRP-RC columns [49, 50]. Improvements of 3 to 6% in strength versus 

57 to 208% in ductility and 21 to 43% in confinement efficiency were observed as the 

spiral spacing was reduced from 120 to 40 mm, respectively [49, 50]. Similar findings 

were reported by Hadi et al. [56] who demonstrated that reducing spacing of GFRP 

helices from 60 to 30 mm resulted in an increase in peak loads and ductility by 7 and 

29%, respectively. Elchalakani and Ma [35] reported that rectangular RC columns 

reinforced with longitudinal and transverse GFRP bars were found to be more ductile 

than their steel-RC counterparts. The provisions of CSA-S806-12 [27] and ACI440.1R-

15 [2] for FRP reinforcement mandate the spacing of transverse FRP reinforcement to 

be equal to the least column dimension, 16 times the diameter of the longitudinal bars, 

or 48 times the diameter of the ties, and with a maximum of 75 mm for spirals. These 

requirements are similar to those mandated by ACI 318-14 [44] and CSA-A23.3-14 

[86] for steel transverse reinforcement. Nevertheless, several studies concluded that 

larger volumetric ratios and/or smaller spacing are required for FRP reinforcement to 

perform comparably to their steel counterparts [46-50, 56, 59, 67, 68, 70, 87]. These 

requirements were justified by the lower modulus of elasticity of FRP reinforcement as 

compared to steel [55]. 

Guérin et al. [67, 68] reported that using a maximum GFRP tie spacing of half 
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the limit mandated in ACI318-14 [44] was adequate to prevent buckling of the 

longitudinal reinforcement and to confine the concrete core in post-peak stages. De 

Luca [46] reported that FRP transverse reinforcement shouldn’t be designed according 

to the same requirements of steel transverse reinforcement, as this would result in 

undesirable brittle failure of FRP-reinforced columns. Based on a thorough theoretical 

analysis, Zadeh and Nanni [87] suggested limits on the maximum spacing of FRP ties 

of at least the smallest column dimension, 12 times the diameter of the longitudinal 

bars, or 24 times the diameter of the ties used. 

On the other hand, some studies reported that the design provisions of CSA 

S806-12 [27] for FRP transverse reinforcement ensured adequate confinement of the 

concrete core of FRP-reinforced columns up to the estimated axial capacities [51, 53, 

54, 59]. A minimum volumetric ratio of 1.5% of FRP transverse reinforcement was 

recommended to ensure ductile and less explosive mode of failure at ultimate [49-51], 

contradictory to the minimum ratio specified in CSA S-806-12 [27], which can reach 

values less than 1.5%. In general, FRP spirals of small size placed at close spacing are 

always recommended over spirals with large size and large spacing to ensure ductility 

and confinement efficiency of the concrete core. 

2.2.6.2. Effect of shape. Previous studies showed that GFRP or CFRP spirals 

provided more confinement and improved columns ductility and, in some cases, higher 

strengths over GFRP or CFRP hoops [41, 51, 53]. This is attributed to the continuous 

nature of spirals that provide uniform lateral confining pressure to the concrete core 

[41, 51]. The effects of different tie configurations on the strength and toughness of the 

confined concrete were investigated by Tobbi et al. [47]. Of the four different tie 

configurations shown in Figure 2.4, configuration 4 was found to be the most effective 

in improving the strength and toughness of the confined concrete [47, 52, 85]. 

 

 

Figure 2.4: Different configurations of GFRP ties tested by Tobbi et al. [47] 
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2.2.7. Design equations for FRP-RC columns. Table 2.3 lists the design 

equations proposed in previous studies to determine the axial capacities of FRP-RC 

columns. Ratios of the predicted-to-experimental capacities, Ppred/Pexp, using the 

proposed equations are also listed in Table 2.3 and shown in Figure 2.5. As stated 

previously, while some researchers suggested neglecting the contribution of the 

longitudinal FRP bars to the columns’ capacities, other researchers adopted various 

philosophies to determine such contribution. Figure 2.5 shows the variation in FRP 

contribution to the columns’ capacities as determined in previous studies. It can be 

observed that the majority of these studies (58% of the collected data) have reported 

that FRP contribution ranges between 5 and 12% whereas 21% of the collected data 

reported a contribution of more than 12%, exceeding the commonly-reported 

contribution for steel bars. The following sections summarize the different approaches 

that previous researchers have adopted to determine the contribution of FRP bars to the 

ultimate capacities of FRP-RC columns. 

2.2.7.1. Approach 1: Neglecting the contribution of FRP bars in compression. 

Currently, the design guidelines ACI-440.1R-15 [2] prohibit the use of FRP bars as 

reinforcement in compression members. According to CSA-S806 [27], the nominal 

unconfined axial load capacity of columns with FRP longitudinal reinforcement is 

calculated as per Equation 2.1 (Table 2.3), in which the contribution of FRP bars to the 

columns’ capacities is nil. As shown in Figure 2.5a, neglecting the contribution of FRP 

bars to the capacities of FRP-RC columns underestimated the columns capacities by 

23% on average. 

2.2.7.2. Approach 2: Contribution of FRP bars based on reduced tensile 

strength. The concept of using a reduction factor to account for the low compressive 

strengths of FRP bars has been adopted by several researchers. The proposed equations 

consider the contribution of concrete in addition to a reduced contribution from the FRP 

bars as shown in Equation 2.2 and Equation 2.3 in Table 2.3. The reduction factor, αf, 

represents the ratio of compressive strength to the tensile strength of FRP bars. Tobbi 

et al. [47] considered αf = 0.35 as suggested by Wu [36] and Kobayashi and Fujisaki 

[38]. The proposed equation (Equation 2.2 in Table 2.3) yielded a ratio Ppred/Pexp 

between 0.92 and 1.02 for GFRP-RC columns as reported in Tobbi et al. [47] and Afifi 

et al. [49]. For CFRP bars, Afifi et al. [50] proposed that αf, be taken as 0.25 as estimated 

from the test results (Equation 2.3 in Table 2.3). 
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Table 2.3: Summary of the design equations available in the literature for FRP-RC 
columns 

Reference Proposed Equation Equation FRP Ppred/Pexp 

Approach 1: No contribution-to-capacity for FRP bars 

CSA-S806 [27] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) 

(𝛼1 = 0.85) 
2.1 All* 1.0 

Approach 2: Contribution-to-capacity of FRP bars based on reduced compressive strengths 

Tobbi et al. [47] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 𝛼𝑓𝑓𝑓𝑢𝐴𝑓 

(𝛼1 = 0.85;  𝛼𝑓 = 0.35) 
2.2 G 1.0 

Afifi et al. [49] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 𝛼𝑓𝑓𝑓𝑢𝐴𝑓 

(𝛼1 = 0.85;  𝛼𝑓 = 0.35) 
2.2 G 0.92 to 1.02 

Afifi et al. [50] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 𝛼𝑓𝑓𝑓𝑢𝐴𝑓 

(𝛼1 = 0.85;  𝛼𝑓 = 0.25) 
2.3 C 0.91 to 0.99 

Approach 3: Contribution-to-capacity of FRP bars based on concrete strains at ultimate 

Pantelides et al. [48] 𝑃𝑝𝑟𝑒𝑑 = 𝛼1𝑓𝑐𝑐
′ 𝐴𝑐 + 0.003𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85) 
(𝑓𝑐𝑐

′ =  𝑓𝑐
′ + 3.3𝜑𝑓𝑘𝑎𝑓𝑙𝑓) 

(𝑓𝑙𝑓 =
2𝐸𝑇𝐴𝑠𝑝𝐹𝑅𝑃𝜀𝑓𝑒

𝑠𝑑𝑐

) 

(𝜀𝑓𝑒 = 𝑘𝑒𝜀𝑓𝑢) 

(𝜑𝑓= 0.95, 𝑘𝑎= 1.0, 𝑘𝑒= 0.55) 

2.4 G 0.87 
 

Mohamed et al. [51] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.002 𝐸𝑓𝑡𝐴𝑓 2.5 G 0.89 to 0.95 

 (𝛼1 = 0.85)  C 0.91 to 1.0 
Tobbi et al. [52] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐

′(𝐴𝑔 − 𝐴𝑓) + 𝜀𝑐𝑜𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85) 

2.6 All* 0.89 to 1.0 

Hadi et al. [56] 𝑃𝑝𝑟𝑒𝑑1 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.003𝐸𝑓𝑡𝐴𝑓 

𝑃𝑝𝑟𝑒𝑑2 =  𝛼1𝑓𝑐𝑐
′ (𝐴𝑐 − 𝐴𝑓) + 𝜀𝑐𝑐𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85) 

2.7 G 0.9 to 0.92 
2.8 

Maranan et al. [41] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.002𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.9) 

2.9 G 0.9 to 1.47 

Hadhood et al. [58] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.0035𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85 − 0.0015𝑓𝑐
′ ≥ 0.67) 

2.10 C 0.82 

Hadhood et al [61] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.0035𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85 − 0.0015𝑓𝑐
′ ≥ 0.67) 

2.10 C 0.94 

Youssef and Hadi [69] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 𝜀𝑐𝑜𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85) 

2.11 G 0.974 

Hadhood et al. [60] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.003𝐸𝑓𝑡𝐴𝑓 2.12a G 0.83 

𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) + 0.0024𝐸𝑓𝑡𝐴𝑓 2.12b G 0.81 

𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′𝐴𝑔 2.12c G 0.74 

𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′(𝐴𝑔 − 𝐴𝑓) 

(𝛼1 = 0.85) 

2.12d G 0.73 

Xue et al. [43] 𝑃𝑝𝑟𝑒𝑑 =  𝛼1𝑓𝑐
′𝐴𝑔 + 0.002𝐸𝑓𝑡𝐴𝑓 

(𝛼1 = 0.85) 

2.13 G 1.10 

*All = all types of FRP bars 
𝐴𝑐= area of confined concrete core measured to the outside diameter of spiral; 𝐴𝑓= area of FRP longitudinal 
reinforcement; 𝐴𝑔= gross area of column section; 𝐸𝑓𝑡= tensile modulus of elasticity of FRP bars; 𝑓𝑐

′= 
compressive strength of concrete; 𝑓𝑐𝑐

′ = compressive strength of confined concrete; 𝑓𝑓𝑢= FRP tensile strength; 
𝑃𝑝𝑟𝑒𝑑1= nominal capacity corresponding to first peak load; 𝑃𝑝𝑟𝑒𝑑2= nominal capacity corresponding to 
second peak load; 𝛼1= reduction factor; 𝜀𝑐𝑐= strain in confined concrete core; 𝜀𝑐𝑜= concrete strain at peak 
stress; 𝜀𝑓𝑢= ultimate strain in FRP; AspFRP  = area of FRP spiral; dc = spiral outside diameter; s = spiral pitch. 
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(a) Approach 1: Neglecting the contribution of FRP bars in compression 

 
(b) Approach 2: Contribution of FRP bars based on a percentage reduction of their 

tensile strength 

 
(c) Approach 3: Contribution of FRP bars based on their strength at certain level 

of concrete strain  
Figure 2.5: Ratio of predicted-to-experimental capacities, Ppred/Pexp, of FRP-RC 

columns using different approaches 
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Using Equation 2.3, the ratio Ppred/Pexp for CFRP-RC columns ranged between 

0.91 to 0.99 with an average ratio of 0.97 as shown in Figure 2.5b. More research, 

however, is needed to generalize the value of αf for different types of FRP bars. For this 

reason, other researchers suggested design equations that are based on strain 

compatibility between FRP bars and concrete as explained in the following section. 

2.2.7.3. Approach 3: Contribution of FRP bars based on concrete compressive 

strain. Design equations developed using this approach account for the strains 

developed in FRP bars, εf, to determine their contribution-to-capacity of FRP-RC 

columns (Equation 2.4 to Equation 2.13 in Table 2.3). Based on the strain compatibility 

between concrete and FRP bars, εf was taken equal to the strain developed in concrete, 

εc, at ultimate, which ranged between 0.2 and 0.35%. Using this approach leads to an 

average ratio Ppred/Pexp = 0.94 as shown in Figure 2.5c, which indicates a slight 

underestimation of capacities of FRP-RC columns by approximately 8%. 

Pantelides et al. [48] recommended the use of Equation 2.4 (Table 2.3) that 

considered only the confined concrete core strength, f’cc, while predicting the capacities 

of FRP-RC columns to reflect the spalling of concrete cover observed at failure. 

Confinement expressions initially developed for columns wrapped with external FRP 

jackets [88] were modified for the case of FRP spirals. Mohamed et al. [51] recommend 

that εf be taken as 0.002, which is the strain limit developed in FRP bars at the onset of 

micro-cracking in the plastic stage of concrete (Equation 2.5 in Table 2.3). In their 

equation, Tobbi et al. [52] used εf equal to the concrete strain at its peak stress, εco 

(Equation 2.6 in Table 2.3).  

Hadi et al. [56] proposed Equation 2.7 and Equation 2.8 in Table 2.3 

corresponding to the peak loads that the GFRP-RC columns exhibited prior to failure. 

The first peak represents the maximum axial load carried by the gross concrete section 

while the second peak represents the maximum axial load carried by the confined 

concrete core only, after the concrete cover has spalled off. The authors suggested that 

εf be taken equal to the concrete strain at ultimate (εf = 0.003) for the first peak load and 

to the confined concrete core strain, εcc, for the second peak load.  

Maranan et al. [41] proposed a strain limit of εf = 0.002 for FRP-RC columns 

cast with geo-polymer concrete, which is the strain at which the plastic deformation of 

geo-polymer concrete initiates (Equation 2.9 in Table 2.3). The authors proposed a 
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higher concrete strength reduction factor α1 of 0.9 instead of 0.85 owing to the higher 

modulus and deformation of geo-polymer concrete compared to those of normal 

concrete. On the other hand, Hadhood et al. [58, 61] proposed the reduction factor α1 

to be calculated according to CSA S806-12 [27] as 0.85 – 0.0015f’c ≥ 0.67 (Equation 

2.10 in Table 2.3). They also proposed that the strain level in FRP bars be equal to the 

concrete strain at failure (0.0035 according to CSA S806-12 [27]). Youssef and Hadi 

[69] also proposed the use of εf  = 0.003 whereas α1 was taken as 0.85 (Equation 2.11 

in Table 2.3).  

In a comparative study, Hadhood et al. [60] proposed four design equations for 

FRP-RC columns considering different contributions of GFRP bars to the ultimate 

columns’ capacities (Equation 2.12 in Table 2.3). In the first equation (Equation 2.12a), 

full contribution of the GFRP bars in compression was assumed by taking the 

compression modulus of GFRP bars, Efc, equal to its tensile modulus, Eft. In Equation 

2.12b, Efc was taken as 80% of Eft, according to the findings of Wu [36] while in 

Equation 2.12c and Equation 2.12d, the contribution of GFRP bars in compression was 

ignored while disregarding the concrete displaced by the bars in the former equation 

and considering it in the latter one. The results showed that the predicted capacities 

using Equation 2.12a and Equation 2.12b correlated well with the experimental results 

(Ppred/Pexp ratio = 0.83 and 0.81, respectively). Using Equation 2.12c and Equation 

2.12d provided conservative values with Ppred/Pexp ratio = 0.74 and 0.73, respectively. 

In a more recent study, Xue et al. [43] proposed a design equation (Equation 2.13) for 

slender FRP-RC rectangular axially-loaded columns. The authors proposed that strain 

in FRP bars be limited to 0.002 with α1 taken as 0.85. 

2.2.8. Analysis of previous data. The design equations proposed for FRP-RC 

columns, given in Table 2.3, are used to analytically determine the nominal axial 

compressive capacities of 91 concentrically-loaded short columns collected from 

previous studies. Values of the required parameters such as concrete compressive 

strength, f’c, column cross-sectional area, Ag, longitudinal reinforcement area, Af, 

modulus of elasticity of FRP bars, E, ultimate tensile strength of FRP bars, ffu, and 

concrete strain, ɛc, were collected for all columns under study. The predicted axial 

capacities of all columns were then compared against the experimental capacities 

obtained in each study. The average ratio of predicted-to-experimental ratio, Ppred/Pexp, 

was calculated using each equation. Figure 2.6 shows the variation of the Ppred/Pexp ratio 
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with the design equation used. It should be noted that Equation 2.4 and Equation 2.8 

include the compressive strength of confined concrete, f’cc, which in turn varies with 

the spiral stress at maximum load (in Equation 2.4) and on the second peak load (in 

Equation 2.8). Since such parameters can only be obtained experimentally, Equation 

2.4 and Equation 2.8 could not be applied to other studies and are therefore excluded 

from Figure 2.6. 

 

 

Figure 2.6: Variation of the predicted-to-experimental capacities ratio, Ppred/Pexp, with 
the design equations 

 

Figure 2.6 shows that Equations 2.1, 2.12c, and 2.12d, which neglect the 

contribution of FRP bars to the load-carrying capacities of the columns, are quite 

conservative with average ratios of Ppred/Pexp of 0.84, 0.86, and 0.84, respectively. It 

can also be seen that all equations yield average ratios of Ppred/Pexp that are less than 

1.0, with standard deviations varying between 0.088 and 0.105, except Equation 2.2 

that yields an average Ppred/Pexp ratio of 1.046. This finding confirms that assuming the 

contribution-to-capacity of FRP bars as 35% of their ultimate tensile strength, as 

suggested in Equation 2, overestimates the columns’ capacities resulting in 

unconservative design. Moreover, the results of Figure 2.6 show that considering the 

contribution-to-capacity of FRP bars based on the ultimate concrete strain (of values 
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from 0.002 to 0.0035), as in Equations 2.5, 2.6, 2.7, 2.9, 2.10, 2.11, 2.12a, 2.12b, and 

2.13, can yield accurate predictions of the ultimate capacities of FRP-RC columns with 

Ppred/Pexp ratios of 0.89 to 0.96 and standard deviations of 0.094 to 0.102, respectively. 

Figure 2.6 shows that Equation 2.3 gives the most accurate prediction of the ultimate 

capacity of FRP-RC columns with an average Ppred/Pexp ratio of almost 1.0 (Ppred/Pexp = 

0.99) and a standard deviation of 0.105. Recall that Equation 2.3 assumes the 

contribution-to-capacity of FRP bars as 25% of their ultimate tensile strength. 

2.2.9. Load-bending moment interaction diagrams for FRP RC columns. 

Some studies developed axial load-bending moment (P-M) interaction diagrams for 

FRP RC columns from experimental results. They also developed P-M interaction 

diagrams theoretically and compared with the experimental P-M interaction diagrams. 

All of those studies suggested that P-M interaction diagrams can be satisfactorily 

developed for FRP RC columns based on simple sectional analysis procedures and 

assumptions consistent with those applicable to steel RC columns [54, 56, 58-62, 69, 

89], which are as outlined below: Strain in the FRP bars and concrete are assumed to 

be directly proportional to the distance from the neutral axis i.e. plain sections remain 

plain after deformation. 

a) A perfect bond is assumed between the FRP bars and concrete. 

b) The equilibrium of forces and strain compatibility are satisfied. 

c) The strength of concrete in tension is ignored. 

d) The strength factors for concrete and FRP bars are set to unity. 

e) A linear elastic stress-strain relationship till failure is used for the FRP bars in 

both tension and compression. 

One difference observed in the P-M interaction diagrams between steel and FRP 

RC columns is that P-M interaction diagrams for FRP RC columns do not exhibit 

balance points and rather show points of sudden brittle failure [69, 90, 91]. This was 

attributed to the brittle nature of FRP bars as compared to steel bars, which are more 

ductile [90, 91]. However, this was contradicted in research by Hadhood et al. [54] in 

which it was found that load-bending moment interaction diagrams for GFRP RC 

columns have the characteristic inflection or balance points for steel RC columns. 

2.2.10. Concluding remarks from analysis of literature. The results of more 

than 300 compression tests taken from 43 experimental studies have been collected. 
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The design equations proposed in the literature by different researchers were used to 

predict the load-carrying capacities of the tested columns in an attempt to provide an 

insight into their structural behavior. The following conclusions can be drawn from this 

literature analysis: 

● The results of compressive strength on FRP bars showed that the compression 

strength and modulus of FRP bars ranged from 10 to 86% and 65 to 97% of their 

tensile strength and modulus, respectively, depending on the type of fibers of the bar. 

● The analysis of previous data shows that the contribution of GFRP bars to the load-

carrying capacities of RC columns is less than that of steel and CFRP bars whereas 

the contribution-to-capacity of CFRP bars is the same as or higher than that of steel 

bars. GFRP bars contribute by 3 to 14% to the total capacity of the columns 

compared to 6 and 19% for CFRP bars and 12 and 16% for steel reinforcing bars. 

● Overall, FRP-reinforced columns exhibit lower load-carrying capacities than steel-

reinforced columns when exposed to similar loading conditions depending on the 

reinforcement ratio provided. Columns reinforced with FRP bars exhibit 1.5 to 20% 

lower capacities than their counterpart steel-reinforced columns having equal 

longitudinal reinforcement ratios. However, they exhibit only 7 to 8% lower 

capacities than steel-reinforced columns with equal axial stiffness, which indicates 

the comparable behavior of both types of columns.   

● At large load eccentricities, FRP-reinforced columns exhibit almost equal load-

carrying capacities as their steel-reinforced counterparts having the same 

reinforcement ratios. This is attributed to the high strains developed in FRP bars at 

ultimate resulting in high contribution-to-capacity of FRP bars in tension.  

● FRP-reinforced columns undergo similar failure modes as steel-reinforced columns. 

Eccentrically-loaded FRP-reinforced columns generally fail in compression due to 

concrete crushing at low to moderate eccentricities (e/D = 8 – 60%) whereas columns 

loaded with high eccentricities (e/D = 65 – 80%) are prone to fail in a flexural-tension 

mode.  

● Similar to steel-reinforced columns, the ductility of FRP-reinforced columns is 

governed by the type of concrete used, the reinforcement ratio and type of the 

longitudinal reinforcement, and most importantly, by the volumetric ratio and type 

of transverse reinforcement. The ductility of FRP-reinforced columns is generally 
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lower than that of steel-reinforced columns under concentric loading but is higher at 

high load eccentricities.  

● Concentrically-loaded slender columns reinforced with FRP bars exhibit similar or 

higher capacities to their steel-reinforced counterparts. At large eccentricities, the 

performance of both types of columns is governed by the stability of the columns 

rather than the type of their longitudinal reinforcement. 

● FRP-reinforced columns achieve lateral drift ratios higher than the estimated drifts 

according to most building codes when subjected to lateral cyclic quasi-static 

loading. Increasing the longitudinal reinforcement ratio increases the lateral capacity 

of the columns but results in low deformability at failure. 

● Large volumetric ratios and small spacing are required for FRP transverse 

reinforcements to achieve similar performance of steel transverse reinforcements in 

terms of ductility and confinement efficiency.  

● Hybrid reinforcement is a promising alternative to all-FRP and all-steel reinforced 

columns. Hybrid-reinforced slender columns can achieve higher capacities and 

better overall performance than slender all-FRP and all-steel reinforced columns. 

● Design equations implementing reduced compressive strengths of FRP bars 

(Approach 2) and strain compatibility between FRP bars and concrete (Approach 3) 

can predict accurately the load-carrying capacities of short columns reinforced with 

GFRP and CFRP bars with average Ppred/Pexp ratio of 0.97 and 0.94, respectively. 

Neglecting the contribution-to-capacity of FRP bars (Approach 1) results in 

significant discrepancies between the predicted and experimental capacities.  
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Chapter 3. Experimental Program 
 

In this chapter, the methodology followed in this research is explained. The test 

matrix and the specimens design and fabrication procedure are described, followed by 

details on the materials properties. Finally, the instrumentation used in the tests as well 

as the test procedure are presented. 

3.1. Experimental Scope 

In this study, twenty-two reinforced concrete columns are tested under both 

concentric and eccentric loads. The columns are divided into two groups as given in 

Table 3.1. Group 1 consists of twelve columns described as follows: three columns 

reinforced with steel bars to serve as control specimens, three other columns reinforced 

with GFRP bars, and six columns reinforced with BFRP bars. Group 2 includes ten 

columns, all reinforced with BFRP bars. Columns of Group 1 are reinforced 

transversely with steel ties while those of Group 2 are reinforced with BFRP ties. 

Columns of each group are tested either under concentric or eccentric axial loads. The 

test parameters include the type and the ratio of the longitudinal and transverse 

reinforcements in addition to the eccentricity-to-depth ratio (e/h) of the applied load. 

For Group 1, the first letter in the columns’ label refers to the longitudinal 

reinforcement type (S=steel, B=basalt, G=glass). The first number refers to the 

longitudinal reinforcement diameter (16 or 20 mm) and the second number refers to the 

eccentricity value (0, 40 or 80 mm). For Group 2, the size of the longitudinal 

reinforcement is fixed in all columns (20 mm), and the first number in the column 

identification refers to the tie spacing (60, 120, or 180 mm) with the letter T referring 

to the ties. 

3.2. Specimens Design and Fabrication 

Details and dimensions of the column specimens are shown in Figure 3.1 and 

Figure 3.2, for columns tested under eccentric and concentric loading, respectively. The 

columns tested under eccentric loads are fabricated with corbels or haunches at the 

columns’ ends as shown in Figure 3.1 to allow for the application of the eccentric load. 

All columns have square cross-sections of 180 x 180 mm, with concentrically-loaded 

columns measuring 1000 mm in height and the eccentrically-loaded columns measuring 

1100 mm in height. The cross section of the columns is shown in Figure 3.3. A clear 

concrete cover of 27.5 mm is maintained in all columns. 
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Table 3.1: Test Matrix 

  Column 
ID 

Longitudinal Reinforcement 

Eccentricity 
(mm) 

e/h 
(%) 

Transverse 
Reinforcement 

Type 
Bar 

Diameter 
(mm) 

Reinforcement 
Ratio (%) Type 

Tie 
Spacing 

(mm) 

Group 1 
 
 
 
 

S-16-0 Steel 16 2.48 0 0 Steel 180 

S-16-40 Steel 16 2.48 40 22.2 Steel 180 

S-16-80 Steel 16 2.48 80 44.4 Steel 180 

B-16-0 BFRP 16 2.48 0 0 Steel 180 

B-16-40 BFRP 16 2.48 40 22.2 Steel 180 
B-16-80 BFRP 16 2.48 80 44.4 Steel 180 

B-20-0 BFRP 20 3.88 0 0 Steel 180 

B-20-40 BFRP 20 3.88 40 22.2 Steel 180 

B-20-80 BFRP 20 3.88 80 44.4 Steel 180 

G-16-0 GFRP 16 2.48 0 0 Steel 180 

G-16-40 GFRP 16 2.48 40 22.2 Steel 180 

G-16-80 GFRP 16 2.48 80 44.4 Steel 180 

Group 2 
 

B-T60-0 BFRP 20 3.88 0 0 BFRP 60 
B-T60-40 BFRP 20 3.88 40 22.2 BFRP 60 

B-T60-80 BFRP 20 3.88 80 44.4 BFRP 60 
B-T120-0 BFRP 20 3.88 0 0 BFRP 120 

B-T120-40 BFRP 20 3.88 40 22.2 BFRP 120 
B-T120-80 BFRP 20 3.88 80 44.4 BFRP 120 

B-T180-0 BFRP 20 3.88 0 0 BFRP 180 
B-T180-40 BFRP 20 3.88 40 22.2 BFRP 180 

B-T180-80 BFRP 20 3.88 80 44.4 BFRP 180 
B-T60-80 
(replicate) BFRP 20 3.88 80 44.4 BFRP 60 

 

For specimens of Group 1, ties of diameter 10 mm and spacing 180 mm are used 

according to the recommendations of CSA S806-12 [27] and ACI 440.1R-15 [2]. 

Several researchers have concluded that smaller tie spacing is required for BFRP ties 

to attain similar performance to that of steel ties [35, 41, 46, 47, 49, 50, 53, 56, 92]. 

Therefore, tie spacing of 180 mm, 120 mm and 60 mm are used for columns of Group 

2, to investigate the effects of reducing the tie spacing on the overall behavior of BFRP-

RC columns. The ties spacing is reduced to 35 mm at the end of the columns and at the 

corbels to avoid premature failure at the columns ends. 
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(a) Columns with tie spacing of 60 mm  (b) Columns with tie spacing of 120 mm 

 

(c) Columns with tie spacing of 180 mm 

Figure 3.1: Eccentric columns dimensional details (in mm) 
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(a) Columns with tie spacing of 60 mm  (b) Columns with tie spacing of 120 mm 

 

(a) Columns with tie spacing of 180 mm 

Figure 3.2: Concentric columns dimensional details (in mm) 
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(a) Section at mid-height                (b) Section at corbel 
 

Figure 3.3: Columns Cross Section (in mm) 

 

The selected columns’ dimensions are dictated by the limitations of the 

available testing machine. The dimensions are selected to ensure the columns are large 

enough to meet the definition of columns as specified by design codes, are small enough 

to be maneuverable and to fit in the testing machine, while having ultimate capacities 

close to but not exceeding the maximum capacity of the testing machine of 2000 kN.  

The Canadian Highway Bridge Design Code CAN/CSA S6-06 [93] defines a 

column as a compression member having a height-to-diameter ratio of 2.5 or more. 

According to ACI 318-11 [94], a column is a member primarily used to sustain axial 

compressive loads with a ratio of height to the least lateral dimension of at least 3. 

Moreover, ACI 318-14 [44] and CSA S806-12 [27] design codes, specify that columns 

having slenderness ratios, as calculated by Equation 3.1, of more than 22 shall be 

considered as slender columns. The columns tested in this study are designed with 

height-to-lateral dimension ratios of at least 4, to match the previous definitions, and 

with slenderness ratios of less than 22, to be considered as short columns. 

𝐿𝑒

𝑟
≤ 22    (3.1) 

where, Le = effective column length, 

and r = radius of gyration of column’s cross section. 

All BFRP-RC columns are designed following the recommendations of CSA 

S806-12 [27]. Since there are currently no design guidelines for the design of FRP-RC 

columns, different approaches are used in the literature to determine the needed FRP 
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longitudinal reinforcement ratios. One of those approaches is the use of the equivalent 

strength method, which equates the force developed in the steel bars to that of the FRP 

bars using the relation (𝑓𝑦𝐴𝑠𝑡 = 𝑓𝑓𝑢𝐴𝑓), where 𝑓𝑦  is the steel yield strength, 𝑓𝑓𝑢  is the 

ultimate tensile strength of FRP, and 𝐴𝑠𝑡 and 𝐴𝑓 are the total longitudinal reinforcement 

areas of steel and FRP, respectively. This approach is adopted by a few researchers [51, 

66]. Another approach is to use the same longitudinal reinforcement ratio for both steel 

and FRP bars for comparison purpose. In this study, both approaches are investigated. 

BFRP-RC columns having longitudinal reinforcement ratio of 2.48% are designed to 

have equal reinforcement ratio to steel-RC columns whereas BFRP-RC columns having 

longitudinal reinforcement ratios of 3.88% are designed to have four 20 mm diameter 

BFRP bars based on the equivalent strength of four 16 mm diameter steel bars (𝑓𝑦𝐴𝑠𝑡 =

0.35 𝑓𝑓𝑢𝐴𝑓). A reduction factor of 0.35 is used to account for the lower compressive 

strength of BFRP bars compared to their tensile strength as suggested  by some 

researchers [38, 42, 43] and as adopted in  [47, 49]. 

3.3. Materials 

All columns are cast with normal weight ready-mixed concrete. The average 

compressive strength of concrete is determined from the strength of three concrete 

cylinders of 150 mm x 300 mm tested according to ASTM C39 [95], and from the 

average compressive strength of three 150 x 150 x 150 mm concrete cubes, tested 

according to BS 1881-116:1983 [96]. Also, the tensile strength of concrete is 

determined by testing three concrete cylinders measuring 150 x 300 mm, in accordance 

with ASTM C496 [97].  

The reinforcement cages are first prepared and then placed into wooden 

formwork to cast the columns. All columns are cast horizontally. Figure 3.4 shows 

some photos of the fabrication process. The columns are cured with wet burlap for 28 

days, and the concrete cubes and cylinders are tested on the same day as the start of 

testing of the columns. All columns of Group 1 are cast in one day and from the same 

concrete batch, having an average cylinder compressive strength of 34.4 MPa. Columns 

of Group 2 are cast on another day from a concrete batch with an average cylinder 

compressive strength of 28.4 MPa. A summary of the concrete properties of both groups 

is shown in Table 3.2. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3.4: Fabrication process showing (a) a cage of an eccentrically-loaded column, 
(b) a cage of a concentrically-loaded column, (c) wooden formwork, and (d) a cage 

placed in the formwork 
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Table 3.2: Concrete properties for columns of Groups 1 and 2 

 
Average cube 
compressive 

strength (MPa) 

Average 
cylinder 

compressive 
strength (MPa) 

Average split-
tensile strength 

(MPa) 

Average 
modulus of 

elasticity (GPa) 

Group 1 42.3 34.4 2.0 24.1 
Group 2 31.7 28.4 2.3 22 

 

The steel bars are tested in accordance with the provisions of ASTM A615 [98] 

to determine their tensile properties. A sample steel stress-strain curve is shown in 

Figure 3.5. The BFRP and GFRP bars used in this study are sand coated, and, in addition 

to the BFRP ties, are provided by Galen L.L.C., Russia. Samples of FRP bars and ties 

are shown in Figure 3.6.  

The tensile properties of the BFRP and GFRP bars are determined according to 

ASTM D7205 [99]. The FRP bars are cut to have a minimum gage length of 40 times 

the bar diameter. Accordingly, BFRP and GFRP specimens of 16 mm diameter are cut 

at a gage length of 640 mm and a total grip length of 800 mm while BFRP bars of 20 

mm diameter are cut at a gage length of 800 mm and a total grip length of 900 mm. 

Steel tubes with a thickness of 4.8 mm are fabricated to be used in gripping the FRP 

bars. A nano-grout material is used as an anchor filling material between the FRP bar 

and the steel tube. A 10 mm long strain gauges are mounted at mid-height of the FRP 

bars to measure the strain in the bars during testing. Figure 3.7 shows samples of the 

FRP bars prepared for the tensile tests. Representative stress-strain curves of the BFRP 

and GFRP longitudinal bars are shown in Figure 3.8. Properties of the steel, BFRP, and 

GFRP bars are shown in Table 3.3. 

 

 

Figure 3.5: Steel bars stress-strain curve 
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Figure 3.6: Samples of (a) BFRP ties, (b) BFRP bars, and (c) GFRP bars used in the 
study 

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.7: (a) BFRP bars prepared for tensile tests, schematic with dimensions (in 
mm) for (b) 16 mm diameter bars and (c) 20 mm diameter bars 
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Figure 3.8: FRP bars stress-strain curves 

 

Table 3.3: Properties of Steel and FRP Reinforcements 

Bar 
Type 

Bar 
Diameter 

(mm) 

Cross-sectional 
Area (mm²) 

Yield 
Strength 

(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Modulus of 
Elasticity 

(GPa) 

Ultimate 
Tensile Strain 

BFRP 16 201.1 - 1242±40 49.3±1.1 0.0252±0.0014 
BFRP 20 314.2 - 913±8.8 45.9±5.5 0.0202±0.0026 
GFRP 16 201.1 - 785±43 44.9±1.3 0.0175±0.0014 
Steel 16 201.1 498±14.3 612±30.9 200 0.0575±0.0028 
BFRP 
Ties 10 78.5 - na na na 

Steel 
Ties 10 78.5  645±9.8 200 0.0847±0.0056 

*na = not available 

 

3.4. Instrumentation  

The column specimens are instrumented using electrical strain gauges that are 

installed on their longitudinal reinforcement and on the concrete surface. Prior to 

casting the columns, strain gauges are installed on two of the longitudinal bars of each 

column at mid-height, one on the compression side and one on the tension side, to 

capture the axial strains in the bars during testing. After curing, three strain gauges are 

installed on the concrete surface: one in the vertical direction on the tension side, one 

in the vertical direction on the compression side, and one in the horizontal direction on 

the tension side. All strain gauges are mounted at mid-height of the specimens where 

maximum strains are expected. Before testing, one linear variable differential 

transducers (LVDT) is mounted vertically and another LVDT is mounted horizontally 
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to measure the vertical and lateral displacements, respectively, at mid-heights of the 

columns during loading. A schematic of the columns’ instrumentation is shown in 

Figure 3.9. The strain gauges and LVDTs are connected to an automatic data acquisition 

system that records data at a rate of 10 readings per second. 

 

 

Figure 3.9: Schematic of column instrumentation and test setup 

 

3.5. Testing Procedure 

The columns are tested using a Universal Testing Machine (UTM) of a 

maximum capacity of 2000 kN available in the construction materials lab of the Civil 

Engineering Department at the American University of Sharjah. A displacement-

controlled load is applied to all column specimens at a rate of 0.3 mm/min. The 

concentrically-loaded columns are mounted in such a way that their longitudinal axis 

coincides with the line of action of the applied force.  

The test setup for the eccentric loading can be depicted in Figure 3.9. All 

columns are confined at both ends with 6 mm thick steel caps having inner dimensions 

equal to the columns’ end dimensions and a total depth of 100 mm, to prevent premature 

failure at the columns’ ends and thereby ensure failure within the column’s length. 

Photos of the test setup for concentric and eccentric columns are shown in Figure 3.10. 
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Figure 3.10: Photos of typical test setups for concentric columns (left) and eccentric 
columns (right) 
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Chapter 4. Experimental Results 
 

In this chapter, test results of all specimens are presented and discussed. The 

overall behavior and strength of the columns are discussed in terms of the failure modes, 

load-displacement, load-deflection and load-strain relationships. 

4.1. Failure Modes 

The failure modes of the tested columns were mainly affected by the level of 

eccentricity, and by the transverse reinforcement type and spacing. In general, failure 

modes were observed to be similar for columns subjected to the same loading condition, 

regardless of the longitudinal reinforcement type or ratio. However, under high 

eccentric loads, failure modes of columns were also affected by the type and ratio of 

longitudinal reinforcement. Photos of column specimens tested under concentric loads 

are shown in Figure 4.1, for Groups 1 and 2. Also, photos of column specimens tested 

under 40 mm and 80 mm eccentricities are shown in Figures 4.2 to 4.5, for columns of 

Groups 1 and 2. 

4.1.1. Concentrically-loaded columns. Columns tested under pure axial loads, 

S-16-0, B-16-0, B-20-0, G-16-0, B-T60-0, B-T120-0 and B-T180-0, showed similar 

responses up to failure. No cracks were visible on the concrete cover up to about 83% 

of the peak loads. Limited vertical and horizontal hairline cracks started to appear at 

the columns’ mid-heights at approximately 83% to 99% of the columns’ peak loads. At 

this stage, several cracks appeared, and propagated from mid-height towards the 

columns’ ends and around the columns. The cracks increased in numbers and widened 

as the load level increased up to peak. However, the concrete cover remained intact and 

attached to the concrete core, and did not spall off, even after peak loads were reached. 

At the end of the tests, inclined failure planes formed in the tested specimens (marked 

by red dashed lines on Figure 4.1). The diagonal failure planes occurred because of the 

shear sliding of the lower and upper parts of the columns after the cores were crushed. 

Similar observations were reported in previous studies [49, 50, 59]. Compression-

controlled failure was observed for all specimens, due to concrete crushing for the FRP 

RC columns, and due to concrete crushing and yielding under compression for the steel 

RC column. No bars or ties rupturing or buckling occurred. Despite this, the specimen 

reinforced with BFRP ties at 120 mm spacing (B-T120-0) exhibited two peak loads 

before failure. The first peak load occurred at the time of cracking, and the second peak 
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occurred after some cover spalling had occurred at a load level of 76% of the first peak 

load, with the second peak being lower than the first peak. This indicates that the BFRP 

ties were activated in confining the concrete core after cover spalling. 

 

 

(a) 

   

 (b) 

Figure 4.1: Photos of column specimens tested under concentric loads, after failure, 
for (a) Group 1 and (b) Group 2 

 

4.1.2. Eccentrically-loaded columns. For columns tested under e/h ratio of 

22.2% (S-16-40, B-16-40, B-20-40, G-16-40, B-T60-40, B-T120-40 and B-T180-40), 

concrete cracks appeared on the compression sides first followed by cracks on the 

 

B-16-0 S-16-0 B-20-0 G-16-0 

 

B-T180-0 

 

B-T120-0 

 

B-T60-0 
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tension sides. Vertical and inclined compression cracks appeared at the columns’ mid-

heights at about 90% to 99% of the peak loads, followed by horizontal cracks on the 

tension sides. Three to four primary parallel cracks usually appeared at mid-heights on 

the tension sides of all specimens, and steadily propagated towards the lateral sides. 

Prior to that, no cracks were visible on the concrete cover. As the load increased, cracks 

on both tension and compression sides increased and widened, even after reaching peak 

loads. 

 

  

  
Figure 4.2: Photos of Group 1 column specimens tested under 40 mm eccentricity, 

after failure 

 

It was observed that for columns of Group 1 (S-16-40, B-16-40, B-20-40 and 

G-16-40), reinforced transversely with steel ties, the concrete cover remained intact and 

attached to the concrete core, with little or no cover spalling, as shown in Figure 4.2. 

 

S-16-40 

 

B-16-40 

B-20-40 G-16-40 
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On the other hand, concrete cover spalling was more obvious in columns of Group 2 

(B-T60-40, B-T120-40 and B-T180-40), reinforced transversely with BFRP ties, as 

shown in Figure 4.3. This could be due to the differences in the concrete compressive 

strength and ties type between columns of Group 1 and those of Group 2. The failure 

mode for all columns at this level of eccentricity was compression failure, characterized 

by concrete crushing for the FRP RC columns, and concrete crushing accompanied by 

yielding of the compression bars for the steel RC column. No rupturing or buckling of 

the bars or ties occurred. 

 

 

 
Figure 4.3: Photos of Group 2 column specimens tested under 40 mm eccentricity, 

after failure 

B-T180-40 B-T120-40 

B-T60-40 
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The failure modes of column specimens tested under e/h ratio of 44.4% (S-16-

80, B-16-80, B-20-80, G-16-80, B-T60-80, B-T120-80 and B-T180-80) were similar to 

those of columns tested under e/h ratio of 22.2%. However, under e/h ratio of 44.4%, 

cracks appeared on the tension sides first, followed by cracks on the compression sides. 

This occurred as the columns’ neutral axes shifted more towards the compression sides 

with increasing bending stresses at this level of eccentricity, resulting in higher stresses 

developing at the tension sides. 

 

  

  

Figure 4.4: Photos of Group 1 column specimens tested under 80 mm eccentricity, 
after failure 

S-16-80 B-16-80 

B-20-80 G-16-80 
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Also, the initiation and propagation of cracks were affected by the longitudinal 

reinforcement type. For specimen S-16-80, longitudinally reinforced with steel bars, 

tension cracks first appeared at about 98% of the peak load, followed by compression 

cracks that appeared after peak load was reached. On the other hand, tension cracks 

appeared earlier during the tests for the specimens longitudinally reinforced with BFRP 

bars (B-16-80 and B-20-80), at 87% to 90% of the peak loads, followed by compression 

cracks appearing almost at peak loads. Tension cracks were even faster to appear with 

the specimen longitudinally reinforced with GFRP bars, at 54% of the peak load, 

followed by compression cracks at 95% of the peak load. Specimens B-T180-80, B-

T120-80 and B-T60-80, confined with BFRP ties, had tension cracks appearing at about 

61%, 46% and 73% of their peak loads, respectively, followed by compression cracks 

that appeared almost at peak loads. 

 

  

 

Figure 4.5: Photos of Group 2 column specimens tested under 80 mm eccentricity, 
after failure 

B-T180-80 B-T120-80 

B-T60-80 
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Similar to the observations made for columns tested under e/h ratio of 22.2%, 

concrete cover cracked but remained intact and attached to the concrete core for the 

specimens of Group 1 confined with steel ties (S-16-80, B-16-80, G-16-80 and B-20-

80), as shown in Figure 4.4. Conversely, cover spalling was more obvious in specimens 

of Group 2 confined with BFRP ties (B-T60-80, B-T120-80 and B-T180-80), as shown 

in Figure 4.5. This again could be due to the differences in the concrete compressive 

strength and ties type for columns of both groups. Cover spalling occurred with 

separation of large pieces of concrete in specimen B-T60-80, confined with BFRP ties 

at reduced spacing of 60 mm. This could be attributed to the formation of a separation 

plane between the concrete cover shell and the concrete core due to the reduced spacing, 

as was also found in other studies [41, 56, 59, 62, 71]. At this level of eccentricity, 

failure was also compression-controlled due to concrete crushing for the FRP RC 

columns, and concrete crushing accompanied by yielding of compression bars for the 

steel RC columns. It should be noted that the column specimens were opened by an 

electric drill after the tests ended, to check for the conditions of the bars and ties, and 

to better understand the failure modes. It was found that the steel and FRP bars and ties 

remained intact after loading, with no rupturing or buckling detected, confirming the 

failure modes observed. 

Again, the failure modes were influenced by the transverse reinforcement 

spacing. The specimens confined with BFRP ties at spacing of 60 mm exhibited second 

peak loads, which occurred after the cracks widened and the concrete cover separated, 

at load levels of 81% and 74% of first peak loads for specimens B-T60-40 and B-T60-

80, respectively. The second peak loads for both specimens were lower than the first 

peak loads. Also, it was evident that, at high level of eccentricity of e/h = 44.4%, 

reducing the BFRP ties spacing to 60 mm resulted in larger crack spacing, of 150 to 

200 mm, compared to 50 to 100 mm for BFRP ties spacing of 120 mm or 180 mm. This 

confirms that reducing ties spacing improves the effectiveness of BFRP ties in 

confining the concrete core. 

4.2. Strength and Deformation Capacities 

A summary of the experimental results, in terms of peak loads (Pmax), and the 

corresponding concrete strains on compression (εc1) and tension sides (εc2), axial strains 

in longitudinal reinforcement on compression (εbar1) and tension sides (εbar2), and mid-

height axial displacements (δ) and lateral deflections (Δ), is shown in Table 4.1. 
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Table 4.1: Summary of Experimental Results 

  Column 
ID 

Pmax 
(kN) 

εc1 
(µε) 

εc2 
(µε) 

εbar1 
(µε) 

εbar2 
(µε) 

δ 
(mm) 

Δ 
(mm) 

Pbar 
(kN) 

Pbar / 
Pmax 
(%)  

Group 1 
(f’c = 
34.4 

MPa) 
 
 
 
 

S-16-0 1305 -1887 -2423 -2594 -2761 1.45 - 409 31.4 

S-16-40 744 -2639 1735 -90a 228a 0.98 - - - 

S-16-80 514 -2627 3860 -1825 1243 1.83 3.32 - - 

B-16-0 1077 -2101 -2277 -2550 -3371 1.56 - 117 10.9 
B-16-40* 577 -3044 1668 -3062 2958 0.91 2.56 - - 

B-16-80 347 -3215 8421 -2240 2038 0.98 3.88 - - 
B-20-0 1080 -1950 -2914 -2926 -3745 1.60 - 192 17.8 

B-20-40 720 -2771 866 -2494 -253b 1.36 0.71 - - 

B-20-80 412 -3780 3256 -567c 2224 1.01 3.64 - - 

G-16-0 1046 -2852 -2705 -3817 -2279 1.60 - 110 10.5 

G-16-40* 585 -2765 1487 -2669 130c 1.49 2.51 - - 

G-16-80 364 -2946 121 -2567 3114 1.15 3.82 - - 

Group 2 
(f’c = 
28.4 

MPa) 
 

B-T60-0 879 -1988 -2062 -3008 -2329 1.37 - 154 17.5 
B-T60-40 518 -2513 476 -12** 1107** 1.15 1.58 - - 

B-T60-80 315 -2295 2164 -1712 140c 0.93 2.85 - - 
B-T120-0 792 -1904 -974 -1643 -2173 0.68 - 110 13.9 

B-T120-40 520 -2463 256 -1512 -75b 0.90 1.28 - - 
B-T120-80 324 -2817 71 -985 2492 1.19 2.99 - - 

B-T180-0 875 -2284 -1973 -924 -2647 3.30 - 103 11.8 
B-T180-40 568 -3424 550 -1752 -567b 1.50 1.75 - - 

B-T180-80 334 -2785 4416 -739 2720c 1.12 3.60 - - 

B-T60-80R 
(replicate) 302 -2200 7493 -1521 2008 0.14 - - - 

* Due to errors in tests, columns were cast and tested again with Group 2 having f’c = 28.4 MPa. 
** Very low or very high strain values due to strain gauge malfunctioning. 
a Low strain values at peak are due to bar stresses changing from compression to tension, or vice versa, 
as load increases. 
b Rebar is on tension side, but subject to compression first followed by tension. At peak load, rebar was 
under compression. 
c Strain gauge damaged before peak load. 

 

Group 1 columns were prepared to study the effects of the longitudinal 

reinforcement type and ratio on the overall behavior of the columns. The maximum 

axial loads sustained by specimens B-16-0 and B-20-0 were 1077 kN and 1080 kN, 

respectively, showing that increasing the BFRP longitudinal reinforcement ratio has 

insignificant effect on strength.  At this stage, the measured average axial strains in the 

BFRP longitudinal bars were 2811 µε and 3336 µε for specimens B-16-0 and B-20-0, 

respectively, which are close to 11% and 16.5% of the ultimate tensile strains of the 16 

mm diameter BFRP bars (25200 µε) and the 20 mm diameter BFRP bars (20200 µε), 
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respectively. The contributions of the bars to the ultimate columns capacities, reported 

as Pbar/Pmax in Table 4.1, were calculated by multiplying the measured average axial 

strains in the longitudinal bars (εbar) with the total cross-sectional area of the bars (Af) 

and the bars’ elastic modulus (Ef). Using those measured strain values, the average 

contribution to the ultimate column capacity of the 16 mm BFRP bars was calculated 

as 10.9%, and was 17.8% for the 20 mm diameter BFRP bars. The maximum axial load 

sustained by the column longitudinally reinforced with GFRP bars was 1046 kN, which 

is only 3% lower than its counterpart column longitudinally reinforced with BFRP bars. 

The measured average axial strain in the GFRP bars at peak load was 3048 µε, which 

is about 17.4% of their ultimate tensile strain (17500 µε), from which the average bars 

contribution to the ultimate column’s capacity was calculated as 10.5%. Testing of plain 

concrete columns might also provide some insight into the strength contribution of the 

longitudinal reinforcement to the columns’ ultimate capacities. In this study, however, 

the strength contribution was calculated from the measured axial strain values of the 

bars, which may provide more accurate results as outlined in the previous statements. 

The ultimate capacity of the steel RC column (S-16-0) was 1305 kN, and the 

corresponding average strain in the bars was 2678 µε, which is almost equal to the yield 

strain of the steel bars, and contributed 31.4% to the ultimate column’s capacity. This 

contribution is equivalent to the strength contribution of steel bars as calculated from 

the design equation of steel RC columns according to ACI 318-14 [44]. The average 

concrete strains at peak loads for columns S-16-0, B-16-0, G-16-0 and B-20-0 were 

2155 µε, 2189 µε, 2779 µε and 2432 µε, respectively, with an average value of 2389 

µε, which is close to the unconfined concrete strain.  At this stage, the confinement of 

the ties had not yet been activated. Even though it was ensured that the columns are 

subjected to pure axial loads, cracks formation was non-uniform around the columns 

resulting in some eccentricity of load. This resulted in the differences in strain values 

between εbar1 and εbar2, measured from the two bars to which strain gauges were 

attached, for some concentrically-loaded specimens. Similar observations were noted 

in other studies [50]. 

As would be expected, the ultimate axial capacities of the columns decreased as 

the load eccentricity increased, as shown in Table 4.1. Strength reductions of the 

eccentrically-loaded columns, compared to the concentrically-loaded ones, are 

calculated from the difference in ultimate strength between the two columns divided by 
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the ultimate strength of the concentrically-loaded column. Based on this, the steel RC 

columns tested under e/h ratios of 22.2% and 44.4%, exhibited strength reductions of 

43% and 61%, respectively. Similarly, the BFRP RC columns tested under eccentric 

loads, B-16-40 and B-16-80, showed strengths reductions of 35% and 68%, 

respectively. The BFRP RC columns having a higher longitudinal reinforcement ratio 

of 3.88%, B-20-40 and B-20-80, had strength reductions of 33% and 62%, respectively 

Also, GFRP RC columns G-16-40 and G-16-80, showed strength reductions of 32% 

and 65%, respectively. Overall, the strength reductions due to the eccentric loads were 

almost the same for all columns irrespective of the longitudinal reinforcement type or 

ratio. 

Columns of Group 2 were prepared to investigate the effects of using BFRP ties 

as transverse reinforcement compared to steel ties, as well as the effects of reducing 

BFRP ties spacing, on the overall behavior of RC columns. Peak loads recorded for 

columns B-T60-0, B-T120-0 and B-T180-0 were close, at 879 kN, 792 kN and 875 kN, 

respectively, with a maximum percentage difference of 10%. The corresponding 

measured average axial strains in the BFRP bars were 2669 µε, 1908 µε and 1786 µε, 

for columns B-T60-0, B-T120-0 and B-T180-0, respectively, which are around 13.2%, 

9.4% and 8.8% of the ultimate tensile strain of  20 mm diameter BFRP bars (20200 µε), 

respectively. The calculated contributions of the bars to the axial capacities of the 

columns were found to be 17.5%, 13.9% and 11.8% for columns B-T60-0, B-T120-0 

and B-T180-0, respectively. This confirms that reducing the spacing of BFRP ties to 60 

mm provides effective confinement to the BFRP bars, and helps enhance their strength 

contributions. Similar results were reported for other types of longitudinal and 

transverse FRP reinforcements [41, 49-51]. 

The ultimate capacities of the columns decreased as the load eccentricity 

increased. Using the same definition for strength reduction used earlier, the strength 

reductions for columns B-T60-40 and B-T60-80, transversely reinforced with BFRP 

ties at 60 mm spacing, were 41% and 66%, respectively. For columns B-T120-40 and 

B-T120-80, transversely reinforced with BFRP ties at 120 mm spacing, the strength 

reductions were 34% and 59%, respectively. In addition, the strength reductions for 

columns B-T180-40 and B-T180-80, confined with BFRP ties at 180 mm spacing, were 

35% and 62%, respectively. It can be observed that reducing the tie spacing does not 

significantly affect the reductions in strengths from increasing the load eccentricities. 
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It should be noted that specimen B-T60-80R was cast and tested as a replicate 

specimen for column B-T60-80, in order to validate the testing procedure and test 

results. Comparing the results of both specimens, very close values and responses are 

observed. The maximum difference in the ultimate capacities of both columns is found 

to be only 4%, as reported in Table 4.1. Also, the responses of both columns in terms 

of strains, deformation and failure modes were similar. Figure 4.6 shows samples of 

graphs of load versus concrete strain and load versus longitudinal reinforcement strain, 

for both columns, which show similar responses. Thus, this validates the tests 

conducted. 

 

 

(a)                                                          (b) 

Figure 4.6: Axial load versus (a) concrete strain and (b) longitudinal reinforcement 
strain, for columns B-T60-80 and B-T60-80R 

 

4.3. Axial Displacement and Lateral Deflection Behavior 

During the tests, the axial displacements were recorded by LVDTs mounted in 

a vertical position at the mid-height of each column. Figure 4.7 shows the graphs of 

axial load versus axial displacement for columns of Groups 1 and 2. As shown in Figure 

4.7, all columns exhibited similar axial load-axial displacement responses, irrespective 

of the type or ratio of longitudinal reinforcement. The axial load- axial displacement 

curves of the specimens can be divided into three stages. The first stage constitutes the 

initial linear ascending branch which continues up to around 70% to 90% of the peak 

load. The second stage is characterized by a semi-linear and flattening branch up to 

peak load, which highlights a gradual loss of axial stiffness due to propagation of micro 

cracks. The third stage is a descending post-peak branch. It is found that, for all 

columns, the initial axial stiffness decreases with each increase in load eccentricity. 



66 
 

 

(a) 

 

(b) 

Figure 4.7: Axial load vs. axial displacement curves for (a) Group 1 and (b) Group 2 

 

For the columns tested under concentric loads, the initial axial stiffness varied 

from 1025 kN/mm to 1240 kN/mm. The initial axial stiffness values ranged from 775 
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kN/mm to 930 kN/mm, and from 310 kN/mm to 725 kN/mm for columns tested under 

e/h ratios of 22.2% and 44.4%, respectively. Moreover, as can be seen from Figure 4.7 

b, for the columns that were well confined with BFRP ties at 60 mm spacing, a fourth 

stage to the load-displacement curve is characterized by second peak loads which 

occurred after cover spalling. However, column B-T60-0, tested under concentric loads, 

did not show a second peak load. Instead, column B-T120-0, confined with BFRP ties 

at 120 mm spacing and tested under concentric loads, exhibited a second peak load after 

cover spalling. No axial load-axial displacement curve is available for column B-T180-

0, as the LVDT malfunctioned during testing. For all concentrically-loaded columns, 

the strength decay after peak is almost the same. However, it is evident from the axial 

load-axial displacement curves for eccentrically-loaded columns that the post-peak 

strength decay was more rapid for columns of Group 2 confined with BFRP ties, as 

compared to columns of Group 1 confined with steel ties. The axial displacement values 

at peak loads are shown in Table 4.1 for all columns. 

 The lateral deflections of the columns were also measured by LVDTs mounted 

at mid-heights of the columns during testing. Figure 4.8 shows the curves of axial loads 

versus mid-height lateral deflections for the columns tested under eccentric loads of 

Groups 1 and 2. The axial load-lateral deflection curves are divided into three stages. 

The first stage is represented by a vertical straight line which demonstrates the stage at 

which almost no lateral deflection has occurred, since the formation of cracks had not 

yet started. It should be noted that the unexpectedly prolonged initial vertical straight 

line of specimen B-20-40 is a result of errors with the LVDT, and is not representative 

of the column’s behavior. Also, no axial load-lateral deflection curve is available for 

specimen S-16-40 due to errors with the LVDT. It is observed that the first stage of the 

axial load-lateral deflection curves continued for longer for columns of Group 2 as 

compared to columns of Group 1. In addition, stage 1 lasted up to 3%, 13% and 21% 

of the peak loads for specimens B-T180-80, B-T120-80 and B-T60-80, respectively, 

showing that reducing the BFRP ties spacing improved the lateral stiffness of the 

columns. Once cracking in the concrete started, the axial load-lateral deflection curves 

showed semi-linear branches with decreasing slopes up to peak loads, demonstrating 

the reductions in the lateral stiffness of the columns. The third stage occurs after peak 

loads, where loads decrease and lateral deflections increase progressively. As with the 

axial load-axial displacement response, the initial lateral stiffness decreased with each 
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increase in load eccentricity. However, the lateral deflection values at peak loads 

increased with each increase in eccentricity. Values of the lateral deflections at peak 

loads are shown in Table 4.1 for all columns. Further, it is observed that the columns 

confined with BFRP ties at reduced spacing of 60 mm and 120 mm, continued to deflect 

laterally after peak loads were reached, as compared to columns confined with BFRP 

ties at 180 mm, as shown in Figure 4.8. 

 

 

(a) 

 

(b) 

Figure 4.8: Axial load vs. mid-height lateral deflection curves for (a) Group 1 and (b) 
Group 2 
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4.4. Longitudinal Reinforcement and Concrete Strain Responses 

 Axial strains in the longitudinal reinforcement and in the concrete were recorded 

by strain gauges installed on both the compression and tension sides at mid-heights of 

the specimens, where maximum stresses are expected. Figure 4.9 shows the axial load 

versus concrete compressive strain curves for all columns of Groups 1 and 2. The initial 

slope of the curve is mainly affected by the level of eccentricity, where it decreases as 

the load eccentricity increases. Nonetheless, for all columns, the concrete response is 

linearly elastic up until the formation of cracks, after which a non-linear branch 

develops till peak load. The failure mode for all columns is governed by concrete 

crushing, and this can be depicted from the axial load vs. strain curves for concrete in 

which concrete crushing strain is reached at peak loads. The maximum recorded 

concrete strains varied between 0.0024 to 0.0038 at failure, which are close to the 

concrete crushing strains specified by ACI 440.1R-15 [2] (-0.003) and by CSA S806-

12 [27] (-0.0035). It is noticed that at all levels of load eccentricity, the FRP RC 

columns developed higher concrete strains at failure than steel RC columns. This can 

be attributed to the lower modulus of elasticity of FRP bars which results in lower axial 

stiffness of FRP-RC columns as compared to steel-RC columns, and thus higher strains 

in concrete. 

 Figure 4.10 shows the axial loads versus longitudinal reinforcement axial strains 

curves for columns of Groups 1 and 2. The tensile and compressive axial strain 

responses of all bars show an initial linear branch increasing gradually up to the point 

where micro-cracks start forming. This is followed by a semi-linear ascending branch 

until peak loads, which ends with a descending branch until complete failure. The 

graphs also show that under eccentric loads, the FRP RC and the steel RC columns 

exhibited similar strain responses. Conversely, under concentric loads, the steel RC 

column shows a long flattening curve post peak, demonstrating ductile behavior. This 

behavior is much less obvious in FRP RC columns under pure axial loads. The 

maximum reported tensile and compressive strains in the longitudinal reinforcement at 

peak loads are shown in Table 4.1. Under concentric loads, the FRP longitudinal bars 

of specimens B-16-0, B-20-0, G-16-0, B-T60-0, B-T120-0 and B-T180-0, developed 

strains at peak which are close to 11%, 16.5%, 17.4%, 13.2%, 9.4% and 8.8% of their 

ultimate tensile strains, respectively. The steel longitudinal reinforcement of specimen 

S-16-0 developed tensile strains at peak that are almost equal to their yield strain. 
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(a) 

 

(b) 

Figure 4.9: Axial load vs. concrete compressive strain curves for (a) Group 1 and (b) 
Group 2 
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(a) 

 

(b) 

Figure 4.10: Axial load vs. longitudinal reinforcement strain curves for (a) Group 1 
and (b) Group 2 

 

Under a load eccentricity of 40 mm (e/h = 22.2%), the position of the neutral 

axis was near the tension side of the specimens. Thus, the specimens cross-sections 

were still under full compressive stresses up to the peak loads, and the longitudinal bars 
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on the tension sides were either under compression, or developed minimal tensile 

stresses. For specimens B-16-40, G-16-40, B-20-40, B-T120-40 and B-T180-40, the 

average strains on the compression sides, at peak, were 12.2%, 15.3%, 12.3%, 7.5% 

and 8.7% of their ultimate tensile strains, respectively. No data is available for the 

compressive strains in longitudinal reinforcement of specimen B-T60-40, due to errors 

with strain gauges. Strains in the reinforcement on the tension sides, at peaks, for 

specimens B-20-40 and G-16-40, were 1.25% and 0.74%, of the ultimate tensile strains 

of longitudinal bars, before gauges were damaged. On the other hand, minimal 

compressive and tensile stresses were recorded in the longitudinal reinforcement for 

specimen S-16-40 at peak, as the stresses transitioned from compressive to tensile 

stresses, or vice versa, as shown in Figure 4.10a. Also, very low compressive stresses 

were recorded at peak loads for the longitudinal reinforcement on the tension sides of 

specimens B-T120-40 and B-T180-40, before the bars were under tensile stresses. 

Under 80 mm eccentricity (e/h = 44.4%), the neutral axis to depth ratio 

decreased as the load eccentricity increased. Therefore, the longitudinal bars on the 

tension sides experienced pure tensile stresses from start of test up to complete failure. 

At this eccentricity level, the reinforcement on the tension and compression sides 

developed similar strain values at peak loads. In specimens B-16-80, G-16-80 and B-

T120-80, the longitudinal reinforcements, at peaks, reached tensile strains of 8.9%, 

14.7% and 12.3%, and compressive strains of 8.1%, 17.8% and 4.9% of their ultimate 

tensile strains, respectively. The longitudinal reinforcement in specimen B-20-80 

developed tensile strains of 11% of their ultimate tensile strain, and compressive strain 

of 2.8% of their ultimate tensile strain, before the gauge was damaged. The tensile and 

compressive strains in the reinforcement in specimen S-16-80, at peak, were at 73% 

and 50% of the yield strain of steel, respectively. In specimens B-T60-80 and B-T180-

80, the longitudinal reinforcement reached compressive strains of 8.5% and 3.7% of 

their ultimate tensile strains, respectively. No data is available for tensile strains in 

longitudinal reinforcement of specimens B-T60-80 and B-T180-80, due to errors with 

strain gauges. 
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Chapter 5. Discussion of Results 
 

 In this chapter, detailed discussion and analysis of the results presented in the 

previous chapter are provided. The effects of each of the test parameters on the overall 

behavior of the columns are evaluated and discussed. This is followed by explanations 

of the experimental axial load-bending moment interaction diagrams developed for the 

columns. Finally, the design equations currently proposed by FRP RC design codes and 

by other studies from the literature, are evaluated in light of the results obtained from 

this study. 

5.1. Effects of Test Parameters on the Overall Behavior of FRP RC Columns 

 In this study, the parameters investigated include the longitudinal reinforcement 

type (steel, BFRP and GFRP bars), BFRP longitudinal reinforcement ratio (2.48% and 

3.88%), loading eccentricity (e/h = 0, 22.2% and 44.4%), transverse reinforcement type 

(steel and BFRP ties) and BFRP transverse reinforcement spacing (60, 120 and 180 

mm). In order to study the effects of changing each of these parameters on the overall 

behavior of RC columns, graphs of axial load versus longitudinal reinforcement strains, 

axial load versus axial displacements, and axial load versus lateral deflections are 

compared for all columns. Since the column specimens were cast from different 

concrete batches, normalized load values are plotted in the graphs for comparisons. The 

axial loads are normalized with respect to the cylinder concrete strength multiplied by 

the gross sectional area of the columns (P/0.85f’cAg). 

Moreover, the confinement efficiency and ductility indices for the columns are 

calculated and compared. The efficiency of the ties in improving the confined concrete 

core strength is indicated by the confinement efficiency. The confinement efficiency is 

calculated as the ratio of the confined concrete strength (f’cc) to the unconfined concrete 

strength (f’co). The confined concrete strength (f’cc) is calculated for each column as the 

peak load divided by the confined concrete area delineated by the centreline of the ties. 

The f’co value is considered as 0.85f’c, where f’c is the concrete cylinder strength. Values 

of the confinement efficiency (CE) for concentrically-loaded columns are shown in 

Table 5.1. Ductility can be defined as a measure of the ability of structural material to 

undergo significant plastic deformation without fracturing. Ductility is a desired 

property in structural design as it protects structures against unpredicted overloading 

and/or load reversals. It is thus essential that RC columns possess adequate ductility. 
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Table 5.1: Normalized Strengths, Confined Concrete Strength Factors and Ductility 
Indices of All Columns 

  Column 
Identification 

Pmax 
(kN) CE DI Pconcrete 

(kN) 
Pconcrete/Pmax 

(%) Pnorm 

Group 1 (f’c 
= 34.4 MPa) 

 
 
 
 

S-16-0 1305 2.32 1.35 896 68.7 82.5 

S-16-40 744  1.39    

S-16-80 514  1.54    
B-16-0 1077 2.48 2.00 959 89.1 88.3 

B-16-40* 577  2.45    
B-16-80 347  1.64    
B-20-0 1080 2.30 2.08 888 82.1 82.9 

B-20-40 720  2.30    

B-20-80 412  1.81    

G-16-0 1046 2.42 1.89 936 89.5 86.2 

G-16-40* 585  2.20    
G-16-80 364  1.31    

Group 2 (f’c 
= 28.4 MPa) 

 

B-T60-0 879 2.27 3.11 725 82.5 81.9 
B-T60-40 518  2.61    
B-T60-80 315  1.43    
B-T120-0 792 2.14 4.47 682 86.1 77.1 

B-T120-40 520  4.23    
B-T120-80 324  1.56    
B-T180-0 875 2.42 1.43 772 88.2 87.3 

B-T180-40 568  2.03    
B-T180-80 334  1.12    

B-T60-80R 
(replicate) 302  3.56    

* Due to errors in tests, columns were cast and tested again with Group 2 having f’c = 28.4 MPa. 

 

Conventionally, ductility is measured by the ultimate displacement to yield 

displacement ratio. However, there is no unified definition for ultimate displacement. 

A few methods are used in the literature to calculate the ductility indices of FRP RC 

columns. One method was developed by Foster and Attard [100] in which the ductility 

of RC columns is calculated from the area under the axial load-axial displacement 

curves for the columns. Another method was developed by Pessiki and Peironi [71] in 

which the column ductility is calculated as the ratio of the ultimate axial displacement 

(δu) to the yield axial displacement (δy), given by: 
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𝐷𝐼 =  
𝛿𝑢

𝛿𝑦
    (5.1) 

The latter method was adopted in this study. In this method, the yield displacement is 

estimated to be the axial displacement corresponding to the yield load or to the limit of 

elastic behavior. The ultimate displacement is taken as the axial displacement at an axial 

load level of 85% of the peak load in the post-peak descending portion of the axial load-

axial displacement curve. The 85% peak load, which was used for comparison 

purposes, is a reasonable limit at which it can be considered that a column has 

maintained its ultimate resistance, as explained in Pessiki and Peironi [71]. This method 

is illustrated in Figure 5.1 for column specimen B-16-0. 

 

 

Figure 5.1: Determination of displacements for calculating columns ductility index 
(graph of specimen B-16-0) 

 

For each column specimen, a best-fit line is plotted to the initial linear portion 

of the load-displacement curve, as shown in Figure 5.1. The displacement at the 

intersection of this line with a horizontal line corresponding to the peak load of the 

column, is labelled as displacement corresponding to the elastic behavior limit (δy). The 

displacement corresponding to the intersection of the descending portion of the load-

displacement curve with a horizontal line at 85% of peak load, is labelled as ultimate 

axial displacement (δu). The ductility index for the column is then calculated as the ratio 
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of the displacements obtained, as shown by Equation 5.1. Values of the ductility indices 

(DI) for all columns are shown in Table 5.1. 

Also, values of the force carried by the concrete (Pconcrete), calculated as the 

difference between the ultimate load (Pmax) and the load carried by the bars (Pbar), are 

shown in Table 5.1 for all columns. Normalized load values (Pnorm) for the load carried 

by the concrete are shown in Table 5.1, for concentrically-loaded columns. Those 

values are calculated as the difference between the peak load and the force carried by 

the longitudinal reinforcement, normalized with respect to the cylinder concrete 

compressive strength multiplied by the net concrete area ((Pmax - Pbar)/(f'cAc)). 

5.1.1. Effect of longitudinal reinforcement type. Graphs of normalized axial 

load versus concrete strain, longitudinal rebar strain, axial displacement and lateral 

deflection, are shown in Figures 5.2, 5.3, 5.4 and 5.5, respectively, for columns having 

different longitudinal reinforcement types. The column specimens compared in Figures 

5.3 to 5.5, were designed to have the same longitudinal reinforcement ratio, except for 

specimens reinforced with 20 mm diameter BFRP bars. The results show that at all 

levels of eccentricity, steel RC columns exhibit higher axial load capacities than FRP 

RC columns. Under concentric loads, steel RC column shows 19% and 22% higher 

axial load capacities than BFRP RC and GFRP RC columns, respectively. As the load 

eccentricity increases to e/h of 22.2%, the differences in the ultimate capacities between 

steel RC and FRP RC columns decrease, where steel RC columns show higher peak 

loads than BFRP RC and GFRP RC columns by only 6.4% and 5%, respectively. 

However, it is observed that at e/h of 44.4%, the steel RC column shows much higher 

capacity than the BFRP RC and GFRP RC columns by 39% and 34%, respectively. 

Moreover, as reported in Table 4.1, steel bars contributed 31.4% to the ultimate 

capacity of the column, which is much higher than the calculated bar contributions of 

BFRP and GFRP bars of 10.9% and 10.5%, respectively. Overall, the steel-, BFRP- and 

GFRP- RC columns showed similar responses up to peak loads in terms of concrete 

strains, longitudinal reinforcement strains, axial displacements and lateral deflections. 

The normalized axial load versus concrete strain graphs illustrated in Figure 5.2, show 

that, on average, the concrete strains at crushing for BFRP RC and GFRP RC columns 

are higher than those for steel RC columns at all levels of load eccentricity. As 

previously explained, this could be due to the lower modulus of elasticity of FRP bars 
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as compared to steel bars which resulted in lower axial stiffness of the FRP-RC 

columns, and thus higher strains in concrete. This is also supported by the higher 

calculated normalized concrete load values for FRP RC columns as compared to steel 

RC columns, as reported in Table 5.1. In addition, the normalized axial load vs. axial 

displacements curves in Figure 5.4, and the values reported in Table 4.1, show that the 

steel RC columns developed axial displacement values at peak loads that are lower than 

those of BFRP- and GFRP- RC columns, under concentric loads. 

 

    

(a) (b) 

 

(c) 

Figure 5.2: Normalized axial load vs. concrete strain curves compared for different 
longitudinal reinforcement types for (a) concentric loads, (b) 40 mm eccentricity and 

(c) 80 mm eccentricity 
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(a) 

 

(b) 

 

(c) 

Figure 5.3: Normalized axial load vs. longitudinal reinforcement strain curves 
compared for different longitudinal reinforcement types for (a) concentric loads, (b) 

40 mm eccentricity and (c) 80 mm eccentricity 
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(a) 

 

(b) 

 

(c) 

Figure 5.4: Normalized axial load vs. axial displacement curves compared for 
different longitudinal reinforcement types for (a) concentric loads, (b) 40 mm 

eccentricity and (c) 80 mm eccentricity 
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The axial displacements at ultimate loads were also lower for steel RC columns 

than for FRP-RC columns under e/h ratio of 22.2%, except for specimen B-16-40 which 

showed lower axial displacement at peak load than its counterpart steel RC specimen. 

At e/h ratios of 44.4%, steel RC columns exhibited higher axial displacements at peak 

loads than FRP RC columns. BFRP RC and GFRP RC columns show higher ductility 

than steel RC columns by 6% to 55% and by 16% to 45%, respectively. This is because, 

at peak loads, the strain values of BFRP and GFRP bars were less than 11% and 17% 

of their ultimate tensile strains, respectively, whereas steel bars reached their yield 

strains. Thus, it would be expected the FRP RC columns would sustain more loads and 

deformations after peak loads. Similar findings were reported in other studies [56]. This 

is also supported by the axial load-lateral deflection responses shown in Figure 5.5, 

which show that BFRP and GFRP RC columns develop larger lateral deflections than 

steel RC columns at every load level. No axial load-lateral deflection data is available 

for specimens S-16-40 and B-16-40 due to errors with LVDT. Similar results were 

reported in previous studies [35, 48, 49, 51, 56], whereas other studies showed that FRP 

RC columns were less ductile than steel RC columns at low eccentricities, and were 

more ductile at high eccentricities [57, 59].  

 

 

(a) (b) 

Figure 5.5: Normalized axial load vs. mid-height lateral deflection curves compared 
for different longitudinal reinforcement types for (a) concentric loads, (b) 40 mm 

eccentricity and (c) 80 mm eccentricity 

 

From all the reported results, there were insignificant differences between 

BFRP RC and GFRP RC columns in terms of overall strain and displacement responses, 
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peak loads and bars strength contributions. However, BFRP RC columns were found 

to be more ductile than their counterpart GFRP RC columns, at all levels of 

eccentricities, as shown by the ductility indices reported in Table 5.1. 

As explained in previous chapters, column specimens reinforced with four 20 mm 

diameter BFRP bars were designed to have an equivalent strength to columns 

reinforced with 16 mm diameter steel bars (𝑓𝑦𝐴𝑠𝑡 = 0.35 𝑓𝑓𝑢𝐴𝑓). Since the modulus of 

elasticity of steel is around four times higher than that of BFRP, comparing the overall 

behavior of those two sets of columns is essential in determining the effects of replacing 

steel reinforcement with BFRP reinforcement having an equivalent strength, rather than 

an equal reinforcement ratio. The results show that with the equivalent strength method 

adopted, steel RC columns still show higher axial capacities than BFRP RC columns 

by 19%, 3.3% and 22% at concentric loads, e/h of 22.2% and e/h of 44.4%, respectively. 

Also, the bars strength contribution of steel RC columns is still higher than for BFRP 

RC columns, as shown in Table 4.1. In general, it is noticed that the observations 

regarding overall column behavior, ductility, axial displacements, lateral deflections, 

concrete strains and longitudinal reinforcement strain responses are very much the same 

for BFRP RC columns designed with the equivalent strength method as compared to 

those designed with the same reinforcement ratio method. Even though it was 

concluded in a previous study that using a 0.35 reduction factor to account for the lower 

compressive strength of glass FRP bars as compared to their tensile strength provided 

accurate and conservative predictions of the capacities of GFRP RC columns, this factor 

might not be adequate for BFRP bars. The present results suggest that in order to obtain 

ultimate capacities and bars strength contributions equivalent to those of steel RC 

columns, higher longitudinal reinforcement ratios would be required for BFRP RC 

columns. 

5.1.2. Effect of longitudinal reinforcement ratio. Column specimens B-20-0, 

B-20-40, B-20-80 and specimens B-16-0, B-16-40 and B-16-80, were designed to study 

the effect of different BFRP longitudinal reinforcement ratios of 2.48% and 3.88%. The 

results show that the columns having a larger BFRP longitudinal reinforcement ratio 

(3.88%) attain higher ultimate capacities than their counterparts having lower 

reinforcement ratio (2.48%), at all eccentricity values. However, the columns have very 

close ultimate capacity values under concentric loads and eccentric loads of e/h of 

22.2%, with percentage differences of only 0.3% and 3%, respectively. The differences 
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in the ultimate capacities between the columns is larger at eccentric load of e/h of 

44.4%, in which specimens with larger BFRP reinforcement ratios show 17% higher 

axial capacities than those with smaller BFRP reinforcement ratios. 

Additionally, the strength contribution of BFRP bars to the ultimate column 

capacity was found to be higher for column with larger reinforcement ratio, at 17.8%, 

as compared to the one with smaller reinforcement ratio, at 10.9%, as shown in Table 

4.1. This is a result of the higher ultimate strains reached in the 20 mm diameter BFRP 

bars and their larger cross-sectional area, as compared to the 16 mm diameter BFRP 

bars. Moreover, specimens with larger BFRP reinforcement ratios showed larger axial 

displacements at peak loads than those with smaller BFRP reinforcement ratios, at all 

load levels. 

In addition, higher lateral deflections occurred with eccentrically-loaded 

specimens having lower BFRP reinforcement ratios than those with higher BFRP 

reinforcement ratios. Nonetheless, column ductility was higher for larger BFRP 

reinforcement ratios than for smaller ones, by 4% and 10% at concentric and 80 mm 

eccentric loads, respectively. However, at 40 mm eccentricity, the ductility of BFRP 

RC column with lower reinforcement ratio was slightly higher than for the one with 

larger reinforcement ratio by 6%. Overall, the BFRP RC columns for both longitudinal 

reinforcement ratios showed similar responses of axial load versus concrete strains, 

longitudinal reinforcement strains, axial displacements and lateral deflections. 

5.1.3. Effect of eccentricity-to-depth (e/h) ratio. Three different loading 

conditions were investigated in this study, including concentric loads, and eccentric 

loads at e/h of 22.2% and 44.4%. As explained under section 4.2, the failure modes of 

the columns were mainly affected by the level of applied eccentricity. Columns tested 

under concentric loads experienced compression-controlled failure, where diagonal 

failure planes occurred due to the shear sliding of the lower and upper parts of the 

columns after the cores were crushed. On the other hand, similar failure modes were 

observed for columns tested under e/h of 22.2% and 44.4%. However, under e/h of 

22.2%, compression cracks occurred first followed by tension cracks, whereas for e/h 

of 44.4%, tension cracks occurred first followed by compression cracks. Also, 

reductions in the ultimate capacities of columns due to the eccentric loads were almost 

the same for all specimens regardless of the longitudinal reinforcement type. However, 



83 
 

the BFRP RC columns having a higher longitudinal reinforcement ratio of 3.88%, 

showed lower strength reductions than those reinforced with a lower BFRP longitudinal 

reinforcement ratio of 2.48%. It was also found that the initial axial and lateral stiffness 

of the columns decreased considerably with each increase in load eccentricity. 

5.1.4. Effect of transverse reinforcement type. Specimens of Group 2 were 

prepared to study the effects of using BFRP ties as compared to steel ties, on the overall 

columns’ behavior. Confinement of concrete columns by transverse reinforcement 

improves strength and ductility by restraining lateral dilation. Also, by restraining 

concrete dilation, transverse reinforcements are known to delay the damage process 

[101]. In this study, specimens B-20-0, B-20-40 and B-20-80, transversely reinforced 

with steel ties at 180 mm spacing, and specimens B-T180-0, B-T180-40 and B-T180-

80, transversely reinforced with BFRP ties at 180 mm spacing, are used to study the 

effect of replacing steel ties with BFRP ties. Normalized axial load versus concrete 

strains, longitudinal bars strains, axial displacements and lateral deflections, are shown 

in Figures 5.6 to 5.9, respectively, for the mentioned column specimens. Comparing 

the normalized axial load values for the columns, the specimens confined with steel ties 

showed very slightly higher axial capacities than the ones confined with BFRP ties by 

1.9%, 4.7% and 2%, at concentric loads, e/h of 22.2% and e/h of 44.4%, respectively. 

In addition, there was insignificant difference in the confinement efficiencies of both 

columns, in which specimen B-T180-0, confined with BFRP ties, showed only 5% 

higher confinement efficiency than specimen B-20-0, confined with steel ties, as shown 

in Table 5.1. However, it was found that the BFRP bar strength contribution was higher 

in the column confined with steel ties than in the column confined with BFRP ties by 

around 40%, as shown in Table 4.1. 

Additionally, for the same tie spacing, columns confined with steel ties showed 

very similar responses to their counterparts confined with BFRP ties in terms of axial 

load versus concrete strain at all levels of eccentricity, as shown in Figure 5.6. Likewise, 

Figures 5.7 to 5.9 show similar responses in terms of axial load versus longitudinal 

reinforcement strain, axial displacements and lateral deflections, for columns confined 

with steel ties and those confined with BFRP ties. However, this cannot be generalized 

for all load eccentricity levels, since some data were not available for some columns 

due to errors with the strain gauges and the LVDTs. The results, therefore, demonstrate 

that BFRP ties can have comparable confinement efficiencies to steel ties having the 
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same ties spacing. This suggests that the provisions of CSA-S806-12 [27] and 

ACI440.1R-15 [2] for FRP transverse reinforcement, which mandate maximum 

spacing equal to the least column dimension, 16 times the diameter of the longitudinal 

bars, or 48 times the diameter of the ties, can ensure adequate confinement of the 

concrete core of FRP-RC columns. These requirements are similar to those mandated 

by ACI 318-14 [44] and CSA-A23.3-14 [86] for steel transverse reinforcement. Similar 

results were reported in previous studies [51, 53, 54, 59]. 

 

 

Figure 5.6: Normalized axial load vs. concrete strain curves compared for different 
transverse reinforcement types 

 

 

Figure 5.7: Normalized axial load vs. longitudinal reinforcement strain curves 
compared for different transverse reinforcement types 

 



85 
 

 

Figure 5.8: Normalized axial load vs. axial displacement curves compared for 
different transverse reinforcement types 

 

 

Figure 5.9: Normalized axial load vs. mid-height lateral deflection curves compared 
for different transverse reinforcement types 

 

In general, transverse reinforcements (ties) in RC columns do not experience high 

strains/stresses at low levels of axial deformation. As the axial deformation increases 

and stresses start approaching peak values, microcracks start forming and propagating 

in the concrete core, which cause the core to dilate and transverse stresses to increase. 
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This, in turn, imposes stresses in the transverse reinforcement activating their 

confinement effects. The impact of confinement provided by the ties on the peak and 

post-peak cracking behavior and deformability of the tested columns is evaluated by 

analysing the dilation and volumetric strain responses. Figure 5.10 shows graphs of 

volumetric strain versus axial strain and dilation ratio versus axial strain for columns 

B-20-0 and B-T180-0, confined with steel ties and BFRP ties, respectively. Volumetric 

strain is defined as the change in volume per unit volume, in a tri-axial state of stress, 

and is given by: 

𝜀𝑣 =  𝜀𝑎 + 2𝜀𝑙    (5.2) 

where, εa = axial strain and εl = lateral strain.  

The assumption is that a positive volumetric strain designates volume reduction, while 

a negative value designates volume expansion. It should be noted that the volumetric 

strain described herein is ideal since it is measured at mid-height of the specimens, 

while the rest of the cross-section does not behave as the mid-height cross section due 

to restraints at the boundaries. The mid-height cross-section is least affected by the 

boundary conditions. The dilation ratio is defined as the ratio of lateral strain to axial 

strain, and its initial value for plain concrete (known as the Poisson’s ratio) ranges from 

0.15 to 0.22. This ratio approaches 0.5 at the unstable crushing stage when the concrete 

axial strain reaches around 0.002, beyond which it increases with an almost vertical 

slope. 

 

 

(a)                                                  (b) 

Figure 5.10: Graphs of (a) volumetric strain versus axial strain and (b) dilation ratio 
versus axial strain, for specimens B-20-0 and B-T180-0 
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It can be seen from Figure 5.10a, that the initial slopes of the two curves is close to 

1-2υ (where υ is the plain concrete’s Poisson’s ratio assumed to be 0.2), corresponding 

to the perfectly elastic condition. The curves then deviate from this line as peak loads 

are approached, and reach their maximum points. Those points are points of reversal in 

volumetric strain, and correspond to the start of uncontrolled crack growth leading to 

failure. The post-peak curves of both specimens develop gradually and in a similar 

manner, showing stable crack progression and indicating that both the steel and BFRP 

ties were active in confining the concrete core. Figure 5.10b shows that, the dilation 

ratio of specimen B-20-0 starts from 0.2 and increases fairly linearly up to 0.5 at an 

axial strain value of around 0.0016. Past this point, the dilation ratio increases more 

rapidly and reaches a value of almost 1.0 at an axial strain value of 0.002. In the case 

of specimen B-T180-0, the dilation ratio starts from a value of 0.13 and increases fairly 

linearly up to a value of 0.5 at an axial strain of about 0.0017. The dilation ratio then 

continues to increase at almost the same rate up to a value close to 1.0 at which the axial 

strain is about 0.0022. Past this point, the dilation ratio increases more rapidly with an 

almost vertical slope up to failure. These results show that the steel and BFRP ties 

demonstrated similar confinement efficiencies, and similar control of crack 

propagation. Consequently, it can be concluded that BFRP ties could provide efficient 

confinement to the concrete core and increase columns’ deformation capacities, as was 

also reported for other FRP ties in previous studies [35, 46, 50, 52, 53, 58, 60, 78, 85]. 

5.1.5. Effect of transverse reinforcement spacing. Column specimens of 

Group 2 were prepared to study the effects of reducing BFRP ties spacing on the overall 

behavior of the columns. Since columns of Group 2 were all cast from the same concrete 

batch, graphs for normalized loads are not required. The results show that reducing 

BFRP ties spacing did not have any significant effect on the ultimate capacities of the 

columns, with the maximum percentage difference in the axial capacities of the 

columns being less than 10%. However, reducing BFRP ties spacing to 60 mm resulted 

in a higher strength contribution of the BFRP bars as compared to 120 mm and 180 mm 

spacing, by 23% and 39%, respectively, as listed in Table 4.1. Reducing tie spacing 

from 180 mm to 120 mm increased bar strength contribution by 16%. Also, Table 5.1 

shows that reducing the tie spacing from 180 mm to 60 mm improved column ductility 

by 74%, 25% and 24% at concentric loads, e/h of 22.2% and e/h of 44.4%, respectively. 

It is also found that the ductility of columns confined with BFRP ties at reduced spacing 
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of 60 mm and 120 mm, was higher than that of columns confined with steel ties at 180 

mm, at all load eccentricities, as shown in Table 5.1, despite the lower concrete 

compressive strength of columns of Group 2, confined with BFRP ties, as compared to 

columns of Group 1, confined with steel ties. Contrary to expectations, columns 

confined with BFRP ties at 120 mm showed higher ductility than those confined with 

BFRP ties at both 180 mm and 60 mm, for all load levels. No obvious reason is available 

for this observation. In addition, there were insignificant differences in the confinement 

efficiency values between the columns having different BFRP ties spacing. At 60 mm 

ties spacing, the column’s confinement efficiency was about 6% higher than at 120 mm 

ties spacing, and was around 6% lower than at 180 mm ties spacing. 

Figures 4.7b, 4.8b, 4.9b and 4.10b, show that the columns had similar axial 

displacement, lateral deflection, concrete strain and longitudinal reinforcement strain 

responses at all eccentricity levels. However, column specimens B-T120-0, B-T60-40 

and B-T60-80, showed second peak loads after the concrete cover had spalled. This 

indicates that reducing the BFRP tie spacing can improve confinement of the concrete 

core. Also, the columns having BFRP ties spacing of 120 mm and 60 mm showed lower 

rates of strength decay than those with BFRP ties spacing of 180 mm, for all loading 

conditions, indicating that reduced tie spacing can improve columns ductility. The 

failure modes for all columns were similar irrespective of the BFRP ties spacing, and 

were characterized by compression failure due to concrete crushing. Thus, it can be 

concluded that reducing BFRP ties spacing would have more pronounced effect on 

confinement efficiency and ductility than on strength capacity of FRP RC columns. 

Similar conclusions were also reached in previous studies [49, 50]. 

Figure 5.11 shows graphs of volumetric strain versus axial strain, and dilation 

ratio versus axial strain for columns B-T60-0, B-T120-0 and B-T180-0. It can be seen 

from Figure 5.11a, that the initial slopes of the curves for specimens B-T60-0 and B-

T180-0 is close to 1-2υ (where υ is the plain concrete’s Poisson’s ratio assumed to be 

0.2), corresponding to the perfectly elastic condition. The curves then deviate from this 

line as peak loads are approached, and reach their maximum points, which correspond 

to the start of uncontrolled crack growth leading to failure. Column B-T60-0 reached a 

higher axial strain value, of 0.0023, at this maximum point, which indicates that a 

reduced tie spacing of 60 mm allowed for more effective confinement of the concrete 



89 
 

core and delayed crack propagation. The post-peak curves of all specimens then 

develop gradually up to failure. 

Additionally, Figure 5.11b shows that specimen B-T60-0 has an average 

dilation ratio ranging from 0.2 to 0.25 up to an axial strain value of approximately 

0.002, and reaches 0.5 at an axial strain of around 0.003 past which it increases with an 

almost vertical slope up to failure. On the other hand, specimen B-T120-0 has an 

average dilation ratio of 0.3 up to an axial strain of about 0.0015, and reaches a value 

of 0.5 at an axial strain of about 0.0018 past which it increases with an almost vertical 

slope up to failure. Specimen B-T180-0 showed similar response to specimen B-T120-

0, in which the dilation ratio starts from 0.13 and reaches 0.5 at an axial strain of about 

0.0017. The dilation ratio then continues to increase at almost the same rate up to a 

value close to 1.0 at an axial strain of about 0.0022, past which it increases with an 

almost vertical slope up to failure. Pessiki and Peironi [71] reported that the 

confinement of spirals becomes ineffective as the spiral pitch becomes close to the 

diameter of the column’s core. This can explain the similarity in the confinement 

efficiency between specimens B-T180-0 and B-T120-0, despite the reduced ties 

spacing of specimen B-T120-0, in which the 120 mm spacing is close to the 115 mm 

core width of columns tested in this study. Overall, the results show that reducing the 

BFRP ties spacing improves the confinement efficiency of BFRP-RC columns, and 

allows for more controlled crack propagation. 

 

 

(a)                                                          (b) 

Figure 5.11: Graphs of (a) volumetric strain versus axial strain and (b) dilation ratio 
versus axial strain, for specimens B-T60-0, B-T120-0 and B-T180-0 
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5.2. Experimental Axial Load – Bending Moment Interaction Diagrams 

 In this study, three loading conditions were considered, including concentric 

loading, and loading under 40 mm eccentricity and 80 mm eccentricity. The 

experimental results of the study were used to plot normalized axial load-bending 

moment (P-M) interaction diagrams for all columns, in terms of normalized axial force 

(Kn) and normalized bending moment (Rn). The Kn and Rn values are calculated as: 

𝐾𝑛 =  
𝑃𝑛

𝑓𝑐
′  𝐴𝑔

    (5.3) 

𝑅𝑛 =  
𝑀𝑛

𝑓𝑐
′ 𝐴𝑔 ℎ

    (5.4) 

where, Pn = ultimate axial load sustained by column, 

Mn = bending moment corresponding to the ultimate axial load of each column, 

f’c = concrete compressive strength, 

Ag = is the column’s gross sectional area, and 

h = is the column dimension (equal to 180 mm for all columns), 

The moment values used for developing the interaction diagrams consist of two 

moments, Mn1 and Mn2. Mn1 is calculated based on the initial eccentricity, and Mn2 is 

the secondary moment developed due to the lateral mid-height deflections of the 

columns, considering the P-δ effects. Mn1 and Mn2 moments are given by: 

𝑀𝑛 =  𝑀𝑛1 +  𝑀𝑛2 =  𝑃𝑛 (𝑒 +  ∆) 

where, e = initial applied eccentricity value, and 

Δ = mid-height lateral deflection in column at peak load (values of which are 

shown in Table 4.1.) 

Figure 5.12 shows the normalized axial load-bending moment interaction diagrams for 

columns of Groups 1 and 2. Three points were used to develop the P-M curves for each 

set of specimens. The first point represents the column specimens tested under 

concentric loads, and the second and third points represent the column specimens tested 

under 40 mm and 80 mm eccentricities, respectively. In order to allow for a complete 

representation of the P-M interaction diagram for the steel RC columns, a fourth point 

was added to the P-M curve which represents the theoretical capacity of a steel RC 
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column under pure flexural loads, having the same dimensions and reinforcement 

details as the columns tested in this study. The fourth point on the P-M curve was 

determined from the flexural capacity equations for steel RC beams based on ACI 318-

14 code [44]. 

 

 
(a) 

 
(b) 

Figure 5.12: Normalized experimental axial load-bending moment interaction 
diagrams for columns of (a) Group 1 and (b) Group 2 
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 The P-M interaction diagrams are shown separately for each set of columns in 

Figures 5.13 to 5.19, where the strain gradients at the first three points of the P-M curves 

are also shown. The P-M curves of Figure 5.12a show that the capacities of the steel 

RC columns are higher than those of the BFRP RC or GFRP RC columns reinforced 

with the same longitudinal reinforcement ratio (2.48%), at every eccentricity level. 

Also, the results show that capacities of the steel RC columns are higher than those of 

the BFRP RC columns designed to have equivalent strength to the steel RC ones, which 

is represented by the red P-M curve in Figure 5.12a. This is owing to the lower elastic 

modulus of FRP bars as compared to steel bars. Additionally, there were insignificant 

differences in the capacities of the columns reinforced with GFRP and BFRP bars at 

the same longitudinal reinforcement ratio of 2.48%, at all levels of eccentricity. 

Moreover, the P-M curves of Figure 5.12a, show that the columns reinforced with a 

higher BFRP longitudinal reinforcement ratio of 3.88%, showed very close capacities 

to those of BFRP RC or GFRP RC columns, reinforced with the same longitudinal 

reinforcement ratio of 2.48%, at low levels of eccentricity. Nevertheless, as the 

eccentricity increases, the BFRP RC columns with higher longitudinal reinforcement 

ratio exhibit higher capacities as compared to columns having lower FRP longitudinal 

reinforcement ratios. This can be due to the higher stiffness of BFRP RC columns at 

higher longitudinal reinforcement ratios, which allows them to develop higher tensile 

stresses as bending stresses increase. 

 

 

Figure 5.13: Normalized experimental axial load-bending moment interaction 
diagrams with strain gradients for steel RC columns 
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Figure 5.14: Normalized experimental axial load-bending moment interaction 

diagrams with strain gradients for GFRP RC columns 

 

 
Figure 5.15: Normalized experimental axial load-bending moment interaction 

diagrams with strain gradients for BFRP RC columns at longitudinal reinforcement 
ratio of 2.48% 
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Figure 5.16: Normalized experimental axial load-bending moment interaction 

diagrams with strain gradients for BFRP RC columns at longitudinal reinforcement 
ratio of 3.88% 

 

 

Figure 5.17: Normalized experimental axial load-bending moment interaction 
diagrams with strain gradients for BFRP RC columns at BFRP ties spacing of 60 mm 
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Figure 5.18: Normalized experimental axial load-bending moment interaction 

diagrams with strain gradients for BFRP RC columns at BFRP ties spacing of 120 
mm 

 

 
Figure 5.19: Normalized experimental axial load-bending moment interaction 

diagrams with strain gradients for BFRP RC columns at BFRP ties spacing of 180 
mm 
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5.3. Evaluation of Proposed Design Equations for FRP RC Columns 

 A number of design equations have been proposed in the literature for 

determining the ultimate axial capacities of short FRP RC columns, as shown in Table 

2.3. The equations were analysed in the introduction section, and the concept behind 

each one was explained. Average ratios of the predicted axial capacities of the columns 

tested in this study, as calculated by each of the proposed equations, to their 

experimental axial capacities (Ppred/Pexp), are illustrated by bar charts shown in Figures 

5.20 and 5.21, for BFRP-RC and GFRP-RC columns, respectively. Analysis of the 

predicted-to-experimental capacity ratios of columns tested in previous studies, which 

was presented in the introduction section, showed that Equation 2.3, which assumes 

compressive contribution of FRP bars of 25% of their ultimate tensile capacities, gives 

the most accurate predictions of the ultimate capacities of FRP-RC columns. The 

reduction factor 0.25 was proposed in a previous study for columns reinforced with 

CFRP bars, and was found to yield accurate predictions of the columns’ ultimate 

capacities [50]. Nevertheless, the 0.25 reduction factor proposed for CFRP bars was 

found to be inadequate for BFRP bars, as given by using Equation 2.3, which resulted 

in overestimation of the axial capacities of BFRP-RC columns by 18%. On the other 

hand, using the 0.25 reduction factor in Equation 2.3 results in only 3% overestimation 

of the capacities of GFRP-RC columns, as shown in Figure 5.21. 

 

 

Figure 5.20: Predicted-to-experimental capacity ratios from proposed design 
equations for BFRP-RC columns 
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Figure 5.21: Predicted-to-experimental capacity ratios from proposed design 
equations for GFRP-RC columns 

 

Equation 2.5, which is proposed by Mohamed et al. [51] and assumes the 

compressive strain in FRP bars to be equal to 0.002, which is concrete strain at the onset 

of micro-cracking in the plastic stage, was found to provide the most accurate 

predictions of the axial capacities of BFRP-RC columns (Ppred/Pexp = 0.99). Equation 

2.5 provided fairly good predictions of GFRP-RC columns capacities (Ppred/Pexp = 

0.95). Moreover, evaluating the recommendations of the current FRP design codes, 

CSA S806-12 [27] and ACI440.1R-15 [2], to ignore the contribution of FRP bars in 

compression, several of the previous studies [42, 56, 58, 60, 67, 68] concluded that the 

contribution of FRP bars is significant and should not be ignored. In this study, ignoring 

the contribution of FRP bars to the capacity of columns in Equations 2.1, 2.12c and 

2.12d, resulted in predicted-to-experimental axial capacity ratios for the columns from 

0.87 to 0.91. This confirms conclusions from previous studies that the 

recommendations of the FRP design codes are conservative, and that the contribution 

of FRP bars to the ultimate capacities of the columns should not be neglected.  

In this study, specimens reinforced with four 20 mm diameter BFRP bars were 

designed based on the equivalent strength of four 16 mm diameter steel bars using a 

reduction factor of 0.35 to account for the lower compressive strength of BFRP bars as 

compared to their tensile strength (𝑓𝑦𝐴𝑠𝑡 = 0.35 𝑓𝑓𝑢𝐴𝑓), as was done in previous 
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studies [47, 49]. Some previous studies reported that the 0.35 reduction factor was 

found to provide accurate predictions of the ultimate capacities of RC columns 

reinforced with GFRP bars [47, 49]. However, based on the experimental results of this 

study, it was concluded that the reduction factor of 0.35 would not be adequate for 

BFRP bars. This conclusion is further confirmed by analysis of the proposed design 

equations, in which Equation 2.2, which assumes compressive strength of FRP bars of 

35% of their ultimate tensile strength, was found to overestimate the columns’ 

capacities by 30%. Also, Equation 2.2 resulted in overestimation of the capacities of 

GFRP-RC columns tested in this study by 9%. 

As shown in Figure 5.20, equations 2.6, 2.7, 2.9, 2.10, 2.11, 2.12a and 2.12b, 

which assume maximum strain in the FRP bars of 0.0024 to 0.003, equivalent to 

crushing strain in concrete, were found to overestimate the ultimate capacities of BFRP-

RC columns by only 1 to 4%. However, the same equations resulted in accurate 

predictions of the capacities of GFRP-RC columns, where ratios of Ppred/Pexp ranged 

from 0.95 to 1.0. It should be noted that Equations 2.13 and 2.5 are similar, but with 

the difference that Equation 2.13 considers the area of the bars in the gross area of the 

column, whereas the bar area is deducted from the gross area in Equation 2.5. 

Consequently, it can be concluded that the axial capacities of BFRP RC columns 

might not be accurately predicted by the same equations used for other types of FRP 

RC columns. Also, as previously concluded from the analysis of the literature, 

considering the contribution-to-capacity of FRP bars based on the ultimate concrete 

strain in the design equations, provide the most accurate predictions of the FRP-RC 

columns’ capacities. Assuming strain in FRP bars equal to strain in concrete at the onset 

of cracking, of 0.002, in design equations, can yield the most accurate predictions of 

BFRP-RC columns’ capacities. 
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Chapter 6. Conclusion and Future Work 
 

In this thesis, a critical review of the literature on fiber-reinforced polymer -

reinforced concrete (FRP-RC) columns is presented, and an experimental investigation 

is conducted on the overall behavior of FRP-RC columns under different test 

parameters. A total of 22 RC columns were cast and tested, including 3 GFRP-RC 

columns and 16 BFRP-RC columns, as well as 3 steel-RC columns serving as control 

specimens. The loading conditions investigated included concentric and eccentric 

loads. Of the 16 BFRP-RC columns, 9 columns were transversely reinforced with steel 

ties, and 7 columns were transversely reinforced with BFRP ties, to study the effects of 

BFRP ties on the columns’ overall behavior. The test parameters included the 

longitudinal reinforcement type (steel, GFRP and BFRP), the BFRP longitudinal 

reinforcement ratio (2.48% and 3.88%), the transverse reinforcement type (steel and 

BFRP ties), the BFRP transverse reinforcement spacing (60, 120 and 180 mm), and the 

loading eccentricity (e/h = 0, 22.2% and 44.4%). The effects of the test parameters on 

the behavior of the columns were studied in terms of the columns’ ultimate capacities, 

deformation capacities and ductility, and strength contribution of longitudinal 

reinforcement. It should be emphasized that all discussions and conclusions are for 

columns tested under static loading conditions; the columns’ behavior could be 

different under cyclic and creep loadings. The following conclusions are made from the 

results of this research: 

● The failure modes of the tested columns were mainly affected by the level of 

eccentricity, and by the transverse reinforcement type and spacing. Failure 

modes were observed to be similar for columns subjected to the same loading 

conditions, irrespective of the longitudinal reinforcement type or ratio, with all 

columns experiencing a compression-controlled failure mode due to concrete 

crushing for FRP RC columns, and concrete crushing and yielding of steel 

reinforcement for steel RC columns. However, under high eccentric loads, 

failure modes of columns were also affected by the type of longitudinal 

reinforcement. 

● At all levels of load eccentricities, steel RC columns exhibited higher axial load 

capacities than FRP RC columns. The capacities of steel RC columns were 

higher than those of FRP RC columns by around 19 to 22%, under pure axial 
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loads. However, as the load eccentricity increased, the differences in the 

ultimate capacities between steel RC and FRP RC columns decreased. This 

could be attributed to the high strains developed in FRP bars at ultimate 

resulting in high contribution-to-capacity of FRP bars in tension. 

● The contribution of steel bars to the ultimate capacities of the columns was 

found to be 31.4%, whereas the strength contributions of BFRP and GFRP bars 

were lower, at 10.9% and 10.5%, respectively. 

● The ductility of columns reinforced with BFRP or GFRP bars was higher than 

the ductility of columns reinforced with steel bars, at all load eccentricities, by 

up to 55% and 45%, respectively. 

● There were insignificant differences between BFRP RC and GFRP RC columns 

in terms of overall strain and displacement responses, peak loads and bars 

strength contributions. However, BFRP RC columns were found to be more 

ductile than their counterpart GFRP RC columns, at all levels of eccentricity, as 

calculated by their ductility indices. 

● Increasing the longitudinal reinforcement ratio for BFRP RC columns does not 

significantly affect the ultimate capacities of the columns under pure axial loads, 

but results in higher columns’ ultimate capacities under eccentric loads. The 

differences in the ultimate capacities between the columns increase as load 

eccentricities increase. Increasing BFRP longitudinal reinforcement ratio from 

2.48% to 3.88% increases the columns’ axial capacities by 3%, and 17% at e/h 

of 22.2% and 44.4%, respectively. 

● Increasing BFRP longitudinal reinforcement ratio from 2.48% to 3.88%, 

increased the contribution of BFRP bars to the ultimate capacity of the columns 

from 10.9% to 17.8%. However, increasing the BFRP longitudinal 

reinforcement ratio did not significantly affect the strain and deformation 

responses of the columns. 

● BFRP ties have proven to provide efficient confinement to the concrete core 

and to increase columns’ deformation capacities. 

● BFRP ties were found to have comparable confinement efficiencies to steel ties 

having the same ties spacing. This suggests that the provisions for FRP 

transverse reinforcement of the current FRP-RC design codes, CSA-S806-12 

[27] and ACI440.1R-15 [2], can ensure adequate confinement of the concrete 

core of FRP-RC columns. 
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● Reducing BFRP ties spacing did not have any significant effect on the ultimate 

capacities of the columns, with the maximum percentage difference in the axial 

capacities of the columns being 10%. However, reducing BFRP ties spacing to 

60 mm resulted in a higher strength contribution of the BFRP bars as compared 

to 120 mm and 180 mm spacing, by 23% and 39%, respectively. Also, reducing 

the tie spacing from 180 mm to 60 mm improved column ductility by 74%,  25% 

and 24% at concentric loads, e/h of 22.2% and e/h of 44.4%, respectively.  

● BFRP RC columns confined with BFRP ties at different spacing showed similar 

axial displacement, lateral deflection, concrete strain and longitudinal 

reinforcement strain responses at all eccentricity levels. 

● Overall, reducing BFRP ties spacing would have more pronounced effect on 

confinement efficiency and ductility than on strength capacity of FRP RC 

columns. 

● Evaluation and analysis of the proposed design equations for FRP-RC columns 

in the literature show that considering the contribution-to-capacity of FRP bars 

based on the ultimate concrete strain in the design equations, provides the most 

accurate predictions of the columns’ capacities. Assuming strain in FRP bars 

equal to strain in concrete at the onset of cracking, of 0.002, in design equations, 

can yield the most accurate predictions of BFRP-RC columns’ capacities. 

● It is concluded that the axial capacities of BFRP RC columns might not be 

accurately predicted by the same equations applicable to other types of FRP RC 

columns. 

The critical literature review, and analysis of the experimental results have shed 

light on the structural performance of FRP-RC columns; however, further 

investigations are deemed necessary for a better understanding of such performance, 

which can be summarized as follows: 

 The uncertainty encountered in evaluating the compression properties of FRP 

bars has led to contradicting results on their contribution to the load-carrying 

capacities of the tested columns. Therefore, there is a need to standardize the 

tests used to evaluate such properties, similar to other standard tests related to 

FRP bars. 

 Very few studies have focused on the structural performance of eccentrically-
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loaded and slender FRP-RC columns. More tests are deemed necessary to 

quantify the contribution of the FRP bars in tension and whether it is necessary 

to limit the contribution of FRP bars in compression. 

 Very few tests have reported on the seismic performance of FRP-RC columns 

and therefore, no definite conclusion can be made on their performance. 

Columns constitute the main resisting structural element in seismic areas, which 

requires more experimental and analytical investigations on the topic. 

 Various approaches are used in the literature to determine the ductility of FRP-

reinforced columns. It is recommended that a standardized method of 

determining the ductility of FRP-reinforced columns be developed in order to 

have a better understanding of the ductility performance of such columns 

especially under seismic loadings. 

 The use of HSC, FRC, IPC in FRP-reinforced columns has received little 

attention despite the promising results obtained from the few studies reported in 

the literature. Concrete mixes that can provide adequate deformation and high 

ductility are recommended for FRP-reinforced columns to overcome the 

brittleness of the bars and to efficiently utilize their high tensile properties. 

Further studies are definitely needed to fill the gap in this area. 

 Further experimental and analytical studies are encouraged to investigate the 

feasibility of using hybrid reinforcement (FRP and steel bars) in columns as an 

alternative to all-FRP-reinforced columns. Moreover, the use of hybrid 

reinforcement with HSC or FRC mixes may also provide a promising approach 

to overcome the lack of ductility associated with FRP bars. 

 Very limited information is available on the use of BFRP bars as reinforcement 

for concrete columns, which can be associated to the recent introduction of 

basalt fibers to the construction industry. Further experimental investigations 

are definitely required. 

 More research is required into the effects of confining RC columns with FRP 

transverse reinforcement, and on the effects of FRP transverse reinforcement 

ratios. In particular, more studies are needed to quantify the effects of BFRP 

transverse reinforcements on the behavior of FRP-RC columns. 

 The long-term behavior and durability of FRP-RC columns when exposed to 

harsh environmental conditions has received little attention. Likewise, the 
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performance of FRP-reinforced columns under extreme loading conditions and 

fatigue should be further investigated. 

 The design equations proposed in the literature can accurately predict the load-

carrying capacities of short columns. More analytical studies are needed to 

investigate the performance of the slender ones. 

Finally, the use of FRP bars to reinforce concrete elements in compression has 

reached a milestone. The available design equations are deemed satisfactory in 

predicting the load-carrying capacities of short FRP-reinforced columns. Therefore, it 

seems that it is time for code authorities to recognize the use of FRP in compression 

members. Simultaneously, research investigations must continue to fill the gap in our 

understanding on the unresolved topics. 
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