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ABSTRACT 

Over the past two decades, fibre reinforced polymers (FRP) materials have attracted considerable 

attention as a viable alternative to steel reinforcement in reinforced concrete (RC) structures, in 

which chloride-ion induced corrosion of the steel reinforcement is one of the major challenges. 

However, the linear-elastic- behaviour of FRP up to failure with low modulus of elasticity is still 

a relevant issue in structures subjected to earthquake excitations, whereas the nonlinear response 

of steel R.C structures is commonly used to dissipate earthquakes-induced energy.  

This study presents an assessment of the seismic performance of rectangular concrete columns 

internally reinforced with G (Glass) FRP. Eight full-scale columns prototypes, with a shear span 

of 1650-mm and 350-mm square cross-section, were constructed and tested under simulated 

seismic waves and constant axial loading. These columns simulate the lower portion of first 

storey columns between the footing and the contra-flexure point. Therefore, heavy steel-RC 

footing was post-tensioned to the laboratory strong floor in order to provide rational fixity to the 

column. The test parameters included reinforcement type, longitudinal reinforcement ratio, level 

of axial load, and spacing of transverse reinforcement.  

Test results showed that deformability of GFRP-RC columns prototypes successfully replaced 

ductility in steel-RC columns in dissipating the seismic energy in the presence of constant axial 

load. Furthermore, the failure of sections was prominent by flexure concrete crushing at high 

drifts. Accordingly, GFRP-RC columns are a doable application in earthquake-resistant 

structures.   
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CHAPTER 1 

INTRODUCTION 

1.1   BACKGROUND 

Earthquake ground motions develop lateral forces on reinforced concrete (RC) structures due to 

the inertia of their masses. These lateral forces could be transferred by the building components 

to the foundation, dissipated by damage which occurs in the structural members, or a 

combination of both responses occur simultaneously. Carefully-detailed and well-designed 

structural systems are commonly used to prevent severe damage of the structural members. One 

of the common structural systems used to resist the seismic loading is moment-resisting frames, 

in which, the lateral loads are primarily carried by the flexure of its main components (columns 

and beams); considering that the joints between the beams and the columns are rigid enough to 

maintain the integrity of the structure.  

In steel-RC structures, recent design practice for buildings in seismic regions calls for strong 

columns-weak beams, which allow the yielding to occur in beams prior to columns. As shown in 

Figure 1.1; when beams yield before columns, the damages are distributed in all stories of the 

building allowing larger displacement at failure which gives warning before the building 

collapse. on the contrary, when the yielding occurs in columns before beams, the failure is 

sudden and occurs only in one story (Figure 1.2). It worth mentioning that preventing the 

yielding to occur at the first story columns before beams is considered as a challenge due to the 

accumulated inertia forces transferred from the upper storeys (Park and Paulay 1975). Therefore, 
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the main purpose for the current column design is to develop a large number of inelastic 

deformations without significant damages.   

 

Figure 1.1: Strong columns-weak beams mechanism  

 

 

Figure 1.2: Weak columns – strong beams mechanism 

Large displacement at collapse 

Small displacement at collapse 

Yielding in beams 

Yielding in columns 
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Considering the catastrophic effect of earthquakes on social life as well as the economy, rapid 

development of materials, design, and construction techniques have been always required. One 

of the serious attempts for alternative materials to the ordinary steel is fibre reinforced polymers 

(FRP).  Using FRP as an internal reinforcement in structural members has showed a promising 

performance in recent literature (Sharbatdar et al. 2004, Mady et al. 2011, Hasaballa et al. 2011, 

Ghomi 2014, Hasaballa 2014, Tavassoli et al. 2015). In fact, many major projects have used FRP 

bars as main reinforcement in concrete beams, slabs and bridge decks (Cookshire-Eaton Bridge 

2003; Val-Alain bridge 2004; Melbourne bridge 2005).  

This research focuses on the effect of replacing steel reinforcement by glass fibre reinforced 

polymers (GFRP) in columns subjected to seismic loading. 

1.2 PROBLEM DEFINITION 

Steel is used commonly to reinforce concrete structures due to its favourable properties such as 

high tensile strength, ductility and stiffness. However, according to service life analysis, the 

performance of steel reinforcement in concrete structures still has many concerns as discussed 

below. 

1.2.1 Corrosion of Steel Reinforcement  

Steel-RC structures are vulnerable to corrosion of steel reinforcement, which can lead to loss of 

serviceability, reduction of load carrying capacity, and even partial or full collapse. Steel in 

concrete is usually in a non-corroding, passive condition. However, there are two major 

situations in which corrosion of reinforcing steel can occur. These include; carbonation, and 

chloride contamination. Carbonation occurs when carbon dioxide diffuses through the porous 

concrete and reduces the alkalinity to approximately 8 or 9 in which the passive layer is no 
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longer stable. On the other hand, chloride ion-induced corrosion occurs when chloride ions move 

into the concrete with sufficient quantity, mainly from de-icing salts that are applied to the 

concrete surface or from seawater in marine environments, resulting in disrupting the passive 

film and causing the steel to rust and pit.  The formation of rust occupies a greater volume than 

the steel bars; this expansion creates tensile stresses in the concrete, which can eventually cause 

cracking, delamination, and spalling of the concrete cover. As a result, steel strength capacity 

will be reduced and the integrity of structures can be affected potentially causing a disaster. 

Different protection techniques are used to overcome the corrosion-related problems such as 

increasing concrete cover, improving the permeability of concrete, cathodic protection and epoxy 

coating protection. However, none of these solutions is effective in eliminating the problem. 

Therefore, steel-RC structures need much attention against corrosion problems, which may 

require repairing, strengthening or even rebuilding when severe deterioration is reached. This 

will increase the cost and labour time and may threaten the safety of the public. 

1.2.2 Post-Earthquake Residual Deformation in Structural Members 

Due to the elasto-plastic characteristics of the ordinary steel bars; steel reinforced concrete 

structures are vulnerable to residual deformation during earthquakes which may prevent the 

recoverability of the RC structures to maintain its function. Therefore, evaluation of RC 

structures’ performance based on ductility and energy dissipation only seem to be unable to fully 

characterize the performance of RC structures during earthquakes. It has been reported that the 

energy dissipation represents a small portion of the damages for well-designed structures, while 

the ductility main concern is to prevent the failure of the building and does not guarantee the 

serviceability after earthquakes (Fahmy et al. 2009).  Therefore, the new seismic design 
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philosophies assess the performance of the RC structures by the degree of damages and repair 

effort. For example, the Japan Society of Civil Engineers (JSCE 2000) recommends that the 

residual displacement should be checked during the design stage; residual displacement should 

be less than 1% of the column height (Sun et al. 2011). 

Considering the above concerns, replacement of steel with GFRP reinforcement may be 

considered due to the following characteristics: 

 GFRP material is inherently protected against moisture, alkali effects, and chemical 

attack; however selection of appropriate resin systems, processing conditions, and the 

application of gel coats and protective coatings should be considered (Karbhari et al. 

2003). This indicates that GFRP reinforcement is insusceptible to deterioration due to 

chlorination and carbonation when using an appropriate type and thickness of resin-

rich surface surrounding the glass fibre.   

 GFRP reinforcement does not have a yielding plateau, instead; they exhibit high 

tensile strength with large strains prior to failure, as shown in Figure 1.3. These 

characteristics produce deformable structural members under reversed cyclic loading, 

which may replace the inelastic behaviour (Ductility) of steel reinforcement in 

dissipating earthquakes-induced energy in earthquakes- resistant structures. Moreover, 

the high elasticity of GFRP reinforcement may control the damages and promote less 

residual deformation following a seismic event. 

 The light weight of GFRP reinforcement compared to steel, around one-sixth to one-

fourth of that of steel, lowers the cost of transportation and eases the construction 

process.   
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Figure 1.3: Stress-strain relationship for GFRP and steel reinforcement 

 Earthquakes generate inertia forces in concrete structures which are proportional to the 

building mass. Therefore, the buildings with lower stiffness to weigh ratio are 

vulnerable to poor performance during earthquakes. Steel, compared to GFRP 

counterpart, has a lower stiffness to weight ratio, which may contribute to increase the 

catastrophic effect of earthquakes on steel RC structures.  GFRP bars are non-

conductive and magnetic-free, which is favourable in structures where electric and 

magnetic interference is undesirable (For example; magnetic resonance imaging or 

MRI, computer industries, etc.).  

Regarding the aforementioned superior characteristics, in addition to the relatively lower cost 

and desirable stress-strain characteristics of GFRP reinforcement compared with other types of 

FRP bars. The GFRP reinforcement may be considered as an applicable alternative to steel 

reinforcement in columns subjected to seismic loading.  
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Due to lack of research studies and experimental evidences; the performance of GFRP-RC 

columns, particularly subjected to seismic loading, are not well defined or suitably documented. 

Therefore, CSA S806-12 standard (CSA 2012) ignored any contribution of GFRP reinforcement 

to the load carrying capacity of structural members, in which GFRP bars are used as main 

reinforcement in compression (Example: Columns or compression reinforcement in flexure 

members). In addition, current ACI 440.1R-06 (ACI Committee 440 2006) design guidelines 

recommend not to rely on FRP bars as longitudinal reinforcement in columns. Moreover, the 

effect of the inherent brittleness of FRP raised many concerns of the capability of replacing steel 

by GFRP bars in earthquake-resistant columns, since it is well-documented that the inelastic 

behaviour of most structures is more common in dissipating earthquakes-induced energy. As a 

result, the current FRP design codes and guidelines such as CSA/S806-12 (CSA 2012), ACI 

440.1R-06 (ACI Committee 440 2006), ISIS Canada Design Manual No. 3 (ISIS Canada 2007) 

have no considerable seismic provisions, if any. Therefore, the behaviour of GFRP-RC columns 

under seismic loading has been investigated in the current study.  

1.3 SCOPE OF WORK 

The performance of GFRP–RC columns under seismic loading has been evaluated by designing, 

constructing and testing eight full-scale columns. The selection of GFRP reinforcement was due 

to the desirable stress–strain characteristics up to failure, in addition to the relatively lower cost 

among the other types (carbon and aramid FRP), which made GFRP reinforcement more 

attractive in the construction industry. The variety of columns was based on wide range of axial 

loading, spacing between transverse reinforcement and reinforcement ratios. The lower portion 

of the first storey columns, between the footing and the inflection point, has been selected to 
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represent the critical section for buildings subjected to seismic loading. The columns prototype 

measured 1650-mm long and 350-mm square cross section. These dimensions were chosen to 

promote flexure failure in addition to be representative to most common columns used in the 

practical field. Sand-coated GFRP type was used to provide uniform distribution of bond stresses 

along the bar. In addition, normal strength concrete was used to simulate common practise. The 

applied seismic load was selected to be simulated by quasi-static cyclic loading in the presence 

of constant axial load.   

1.4 RESEARCH OBJECTIVES 

The main objectives of this study are to: 

 Check the feasibility of using GFRP as main reinforcement in columns subjected to 

simultaneous tension- compression reversal and axial loading. 

 Investigate the seismic performance of concrete columns reinforced with GFRP 

longitudinal reinforcement. 

 Assess the contribution of GFRP transverse reinforcement to the confinement of concrete 

core in GFRP-RC columns. Study the stability of the longitudinal reinforcement with 

different transverse spacing.  

To achieve these objectives, the effects of the following specific parameters are studied: 

 Reinforcement type (Steel and GFRP). 

 Longitudinal GFRP reinforcement ratio (1.3, 1.9 and 2.6%).  

 Level of axial load (0.1    , 0.15     and 0.2    ). 

 Spacing between transverse reinforcement (75, 100 and 150 mm).  
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1.5 WORK METHODOLOGY 

The performance of GFRP-RC columns under seismic loading was assessed based on laboratory 

investigations and analytical studies as described in this section.  The laboratory investigations 

include constructing and testing eight full-scale column specimens. The specimens simulate part 

of first storey columns between the foundation and point of contra-flexure; therefore the footing 

was post-tensioned to the laboratory strong floor to simulate rational fixity to the column. To 

simulate the seismic loading to each column in the laboratory, both axial and reversal lateral 

quasi-static cyclic loads were applied. The axial load was applied from the beginning of the test, 

using a 1000-kN capacity hydraulic jack, and was remained constant during the test. A hinged-

loading frame was used to transfer the axial load from the hydraulic jack to the column specimen 

and to allow translating the column laterally.  The reversal lateral quasi-static cyclic loads were 

applied using a 1000-kN capacity,  250-mm stroke actuator centered on the column cap. The 

columns were investigated under variable parameters which include longitudinal reinforcement 

ratio, axial load and degree of confinement. All tests were stopped when column specimens fail 

completely by concrete crushing. The analytical Studies’ main objective was to develop strength 

interaction diagram for GFRP-RC columns to predict the bending moment capacity 

corresponding to the axial force applied to the columns. The method used by (Choo et al. 2006) 

to develop the strength interaction diagram was adopted in this research. This method is based on 

the ultimate strength approach which is similar to the one used for steel-RC columns.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1  INTRODUCTION 

The demand to satisfy aerospace industry after World War II has attracted researchers and 

scientists to develop fibre-reinforced polymers (FRP) materials. The superior characteristics of 

FRP materials have expanded their use to include the construction industry. However, FRP 

reinforcement was not commercially available for structural engineering until the 1970s when 

their superior corrosion-resisting performance over epoxy-coated steel was recognized. Since 

then, FRP reinforcement was under development until it started to be increasingly used in bridge 

decks and other structures (ACI Committee 440 2006). 

The FRP materials exist with three main types of fibres: carbon, aramid and glass. They can also 

have different shapes such as bars, sheets, fabric etc. FRP systems are used either as internal 

reinforcement for new structures or for repairing and strengthening of existing structures, 

especially for structures built at coastal areas or areas subjected to chloride attack. To stay within 

the scope of this research, the following section will only focus on the GFRP materials in the 

form of internal reinforcing bars.   

2.2 GFRP REINFORCEMENT 

Glass fibre-reinforced polymers bars are commonly used in the construction industry due their 

favourable properties in addition to relatively low cost compared to other FRP products (carbon 

and aramid). The following sub-sections provide a brief overview of the GFRP bars and some of 

their important properties and characteristics related to their application as reinforcement in concrete.  
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2.2.1 Constituents  

Glass FRPs are composite materials consisting of continuous fibres embedded in a polymeric 

matrix (resin) and hardened in the required shape with some additives and fillers. The properties 

of the final GFRP products depend on the properties of each constituent in addition to the 

manufacturing process. This means that processing the same fibres and matrix with the same 

fibre-volume ratio can produce composites which differ significantly in their final properties 

depending on the manufacturing process.  

2.2.1.1 Fibres 

The GFRP reinforcing bars have a unidirectional fibre orientation resulting in a maximum 

strength and stiffness in the direction of the fibre axis. The primary function of fibres is to 

provide strength and stiffness to the product. They are also responsible of the electrical and 

thermal conductivity properties.  Four types of glass fibres are available; E-glass (high electrical 

resistance), S-glass (high strength), C-glass (high chemical resistance, and AR-glass (high alkali 

resistance). The mechanical properties of each composite are proportional to the amount of fibre 

by volume oriented in that direction (fibre volume fraction). In general, glass fibres have many 

advantages compared to the carbon and aramid fibre, such as: 

 Low cost; 

 High chemical resistance; 

 Great impregnation in the resin; 

 High electrical insulating properties; 

 Low thermal conductivity; and 

 High impact resistance. 
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On the other hand, glass fibres have some significant disadvantages, such as: 

 Low stiffness; 

 Low fatigue resistance; and 

 High density. 

The average tensile strength of freshly drawn glass fibres may exceed 3.45 GPa. However, 

surface damage produced by abrasion, either by rubbing against each other or by contact with the 

processing equipment, tends to reduce this value to the range of 1.72–2.07 GPa. Strength 

degradation is increased as the surface flaws grow under cyclic loads, which is one of the major 

disadvantages of using glass fibres in fatigue applications. The tensile strength of glass fibres is 

also reduced in the presence of water or under sustained loads (creep). Water bleaches out the 

alkalis from the surface and deepens the surface flaws that already exist to reach the fibres. 

Under sustained loads, the growth of surface flaws is accelerated due to atmospheric moisture. 

As a result, the tensile strength of glass fibres is decreased with increasing time of load duration. 

2.2.1.2 Resin 

A resin is a polymeric material which has a glass transition temperature above room temperature. 

The main function of resins is to protect the fibres, bind them together, and transfer stresses 

between them. They also provide lateral support against buckling when subjected to compressive 

stresses. 

There are two major groups of resins: thermoset and thermoplastic. Thermoplastic resins can be 

reshaped upon heating and become rigid again upon cooling. Thermoset resins, on the other 

hand, cannot be reshaped once cured and formed. In general, thermosetting resins are more 
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commonly used in the manufacturing of FRP products than thermoplastic resins. The most 

commonly used thermosetting resins are polyester, epoxy, vinyl ester and phenolics. 

2.2.1.2.1 Polyester  

Unsaturated polyester resins are the most common type of resins used; they represent 

approximately 75% of the total resins used. The main advantages of these resins are: 

 Their relatively low cost; 

 Their good mechanical and electrical performance; and 

 The ease of handling and processing. 

2.2.1.2.2 Epoxy  

Epoxy resins have a major benefit which is its lower shrinkage tendency over polyester resins. 

The main advantages of these resins are: 

 Their great mechanical properties; 

 Their chemical resistance; 

 Their superior electrical properties;  

 Their good performance at elevated temperatures; and 

 Their excellent adhesion to the fibres. 

The viscosity of epoxy is much higher than most polyester resins and they have little or no odor 

as compared to polyesters. In addition, epoxies are compatible with most composite 

manufacturing processes. They are the predominant resin used in external repair of concrete 

using FRP sheet and fabric products. 
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2.2.1.2.3 Vinyl Ester 

Vinyl ester resins have the advantages of both polyester and epoxy resins such as the chemical 

resistance and ease of processing. On the other hand, the volumetric shrinkage of vinyl ester is 

higher than that of the epoxy resins. Their adhesion properties are lower than that of epoxy 

resins. They are commonly used with carbon and glass fibres. 

2.2.1.2.4 Phenolic 

They consist mainly of phenol and formaldehyde. They are not widely used in the construction 

industry; however, they have many advantages including: 

 High temperature resistance; 

 Creep resistance; 

 Excellent thermal and sound insulation; 

 Corrosion resistance; and  

 Excellent fire properties. 

2.2.2 Mechanical Properties 

2.2.2.1 Tensile behaviour  

The GFRP composites are brittle in nature; their behaviour when loaded in tension is 

characterized by a linear elastic stress-strain relationship up to failure as shown in Figure 2.1. 

Unlike steel reinforcement, they do not exhibit yielding behaviour before rupture when loaded in 

tension. 

The strength and stiffness of GFRP bars depend on many parameters such as the fibre volume 

fraction and the manufacturing process. Therefore, strength and stiffness may vary amongst bars 
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with the same diameter, shape, and constituents; thus, the tensile strength of a particular GFRP 

bar should be obtained from the bar manufacturer (ACI Committee 440 2006). 

Since most GFRPs are made of thermosetting resin which cannot be reshaped after curing, GFRP 

bars cannot be bent after being manufactured except in the case of using thermoplastic resin. 

However, it can be fabricated with bends. In this case, a strength reduction of 40 to 50% in the 

bend portion compared with the strength of a straight bar is expected due to stress concentrations 

(ACI Committee 440 2006). 

In general, the tensile strength of the FRPs is much higher than that of the steel reinforcement. 

On the other hand, FRPs stiffness is lower than that of steel reinforcement. Table 2.1 shows 

typical tensile properties of reinforcing bars.   

Table 2.1: Typical tensile properties of reinforcing bars (ACI Committee 440 2006) 

 Steel GFRP CFRP AFRP 

Yield Stress (MPa) 276-517 N/A N/A N/A 

Tensile Strength (MPa) 483-690 483-1600 600-3690 1720-2540 

Modulus of Elasticity (GPa) 200 35-51 120-580 41-125 
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Figure 2.1: Typical stress-strain relations for various types of reinforcement 

2.2.2.2 Shear behaviour 

In general, FRP bars are weak in inter-laminar shear because the resin is usually unreinforced in 

the transverse direction of the bar and, consequently, inter-laminar shear strength is governed by 

the weak resin. Orientation of the fibres in an off-axis direction across the layers of longitudinal 

fibres increases the shear resistance. Just like tensile properties, shear properties should be 

obtained from the bar manufacturer (ACI Committee 440 2006).  

2.2.2.3 Bond behaviour 

Bond properties of a GFRP bar depend mainly on the surface preparation of the bar (e.g. sand-

coated or ribbed), the mechanical properties of the bar, and the environmental conditions. The 

bond force between and GFRP bar and the concrete may be transferred by adhesion (chemical 

bond), friction, and mechanical interlock. 
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2.2.3 Durability of GFRP Reinforcing Bars 

Using GFRP reinforcement as an alternative to steel in RC structure has showed a desirable 

performance in eliminating the corrosion problems. However, many environmental conditions 

have raised concerns for the capability of causing degradation to the mechanical properties of 

GFRP materials. These conditions include; moisture/solution, alkali, thermal, creep, fatigue, 

ultraviolet, and fire. Karbhari et al. (2003) summarized different durability issues of FRP 

composites, in general, under different environmental conditions. The term durability was 

defined as” the ability to resist cracking, oxidation, chemical degradation, delamination, wear, 

and/or the effect of foreign object damage for a specified period of time, under the appropriate 

load conditions, under specified environmental conditions”.  It was concluded that FRP bars are 

insusceptible to material deterioration when using appropriate resin systems, processing 

conditions, and the application of gel coats and protective coatings. Debaiky et al. (2006) 

indicated that the accelerated laboratory test results should be studied cautiously since there are a 

great deal of variability and uncertainty compared with the actual environment. Mufti et al. 

(2007) conducted a field evaluation of five existing bridges reinforced with GFRP bars. The 

outcomes showed that GFRP reinforcement was in a great condition.   

2.3 MODES OF FLEXURE FAILURE OF FRP-RC SECTIONS 

2.3.1 Balanced Failure 

Since the FRP does not yield at the balanced failure strain and fails suddenly without warning, 

balanced failure strain has a very different meaning for FRP-RC than does the term “balanced 

strain condition” for steel-RC structures. The balanced failure occurs when the rapture of FRP is 

reached at the time of crushing of the concrete.  
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2.3.2 Tension Failure 

When sections are under-reinforced with steel, steel yields and the curvature increases rapidly 

until the strain of concrete reaches the ultimate strength and then fails. In the case of sections are 

under-reinforced with FRP, there is no yield before failure; therefore the failure of the section is 

sudden. And this occurs when the rapture of FRP happens before the concrete reaches its 

ultimate compressive strength. To control section not to have tension failure, reinforcement ratio 

has to be more than the balanced reinforcement ratio.  

2.3.3 Compression Failure 

Compression failure occurs when the concrete reaches its ultimate strength while the FRP 

remains un-ruptured. This failure is less violent than tension failure. To design sections for this 

case, section have to be over-reinforced with FRP (reinforcement ratio is greater than balanced 

reinforcement ratio). 

2.4 GENERAL BEHAVIOUR OF GFRP-RC COLUMNS  

2.4.1 GFRP Reinforcement under Compression 

Deitz et al. (2003) studied the effect of direct compression on the GFRP bars by testing rebar 

specimens with an outside diameter of 15 mm. The ultimate tensile strength was 610 MPa, and 

young’s modulus in tension was 40 GPa. To determine the ultimate compression strength, 

unbraced lengths varying from 50 to 380 mm were used, while nominal unbraced length of 80, 

200 and 300 mm were used to determine the Young’s modulus in compression. The main 

objective was to determine the ultimate strength and young’s modulus of the GFRP bars. It was 

observed that failures occurred in three modes: 
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 Specimen with nominal length ranging from 50 to 110 mm exhibited crushing failure 

(the glass fibres separated from resin matrix and buckled individually).   

 Specimen with nominal length ranging from 210 to 380 mm exhibited pure buckling 

failure of the entire rebars (the resin matrix and fibre of the GFRP bars buckled at the 

same time). 

 Specimen with nominal length ranging from 210 to 380 mm exhibited a combination 

of the crushing and buckling modes. 

It was concluded that: 

 The ultimate compression strength was equal to 50% of the ultimate tensile strength. 

 The young’s modulus in compression approximately was equal to young’s modulus 

in tension. 

Paramanantham and Daniali (1993) investigated the behaviour of concrete columns reinforced with 

GFRP bars. The main objective was to develop equations for calculating column capacities under 

concentric and eccentric axial loads. For concentric loading, the axial capacity of the column (  ) can 

be calculated as: 

  = 0.85   (  −  ) + 0.003                                                                                 [2.1] 

For columns under eccentric loading; 

   =    +    −                                                                                                            [2.2] 

Where: 

The force carried by concrete,    = 0.85     ab                                                                   [2.3] 
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The force carried by the bars in compression   = 0.5       ,                                               [2.4] 

The force carried by the bars in tension   = 0.5                                                                 [2.5] 

 Where: 

     :  Concrete characteristic compressive strength 

   : Gross cross sectional area 

   : Area of FRP fibres 

   : Tensile modulus of elasticity of FRP bars 

  : Ratio of depth of rectangular compression block to depth to the neutral axis 

a: Depth of equivalent rectangular stress block 

b: Width of compression face of the member 

  ′: Compressive strain of FRP bars 

   : Compressive modulus of elasticity of FRP bars 

  :  Tensile strain of FRP bars 

Alsyed et al. (1999) investigated the contribution of longitudinal GFRP reinforcement in 

concrete columns under monotonic axial loading. Fifteen rectangular concrete columns were 

tested with different combination of steel and GFRP reinforcement. The dimensions of all 

columns were 450×250×1200 mm. The longitudinal reinforcement consisted of 15.7 mm-

diameter bars with modulus of elasticity of 36 GPa, while the GFRP tie bars consisted of 6.35 

mm-diameter with modulus of elasticity of 42 GPa. It was observed that the GFRP longitudinal 

reinforcement showed similar behaviour to steel reinforcement with a reduction in the axial load 

capacity. Moreover, failure in steel-RC columns was due to buckling of the longitudinal bars at 

the mid-height of the column, whereas the failure of the GFRP-RC columns was due to crushing 
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of concrete. It was concluded that the reduction in column axial capacity due to replacing steel 

bars with GFRP Longitudinal bars was 13%, while in case of using GFRP ties the reduction in 

the axial capacity was 10%.   

De Luca et al. (2010) investigated the effect of replacing steel reinforcement with GFRP in 

columns subjected to pure axial load. Five specimens were tested with the same area of 

longitudinal reinforcement (1%).  One control specimen was reinforced with No. 13 steel ties 

(12.7-mm diameter) at 150-mm. spacing,  while the other four specimens were reinforced with 

GFRP reinforcement using the same bar size as steel specimen and different tie spacing (75 and 

300 mm).  The 300-mm spacing was selected according to ACI 318-08 requirement, taking into 

consideration the difference in modulus of elasticity between GFRP and steel, while, the 75-mm 

spacing was used as the minimum practical spacing. The objective was to investigate the 

feasibility of using GFRP reinforcement in columns, in addition to assess the contribution of 

GFRP ties to concrete confinement.  

It was observed that the GFRP-RC specimens exhibited a gradual decrease in stiffness as the 

load reached approximately 60% of the peak capacity, whereas for the steel-RC specimen, the 

stiffness started decreasing as the load reached approximately 80% of the peak capacity. The 

average load carried by the longitudinal GFRP reinforcement ranged between approximately 2.9 

and 4.5% of the peak load, whereas the average load carried by the vertical steel reinforcement 

was approximately 11.6%. The relatively low contribution of GFRP bars to load-carrying 

capacity resulted in higher strains compared to the steel-RC counterpart. The mode of failure of 

the GFRP-RC specimen with 300-mm tie spacing was sudden and accompanied by an explosive 

noise, while, GFRP specimen with 75-mm tie spacing experienced gradual damage progression.  
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It was concluded that: 

 The contribution of the internal GFRP reinforcement should be neglected when 

computing the largest axial load, which the GFRP-RC column can support, and 

considering the only force carried by the concrete, which is equal to 0.85 fcAc. 

 Specimens internally reinforced with glass FRP bars appeared to behave very similarly to 

the conventional steel-RC one when the longitudinal reinforcement ratio was equal to 

1%.  

 Tie spacing plays a relevant role in terms of ductility. A brittle failure can and should be 

prevented by using an appropriate spacing between the tie. 

 Using GFRP as internal reinforcement becomes uneconomical when the bending 

moment caused by lateral loading exceeds the bending moment of vertical load with 

eccentricity that remain within the middle third of the cross section. 

Tobbi et al. (2012) studied the behaviour of GFRP-RC columns under concentric loading. The 

objective of the study was to investigate the contribution of transvers reinforcement to the 

confinement of the concrete core. Eight full-scale specimens were tested with reinforcement ratio 

equals to 0.019   . The tie spacing used was 80 and 120 mm. Specimens were instrumented with 

strain gauges glued to the bars at the mid-height, in addition to two LVDTs located at mid-height 

on each side of the specimen. To ensure the parallelism of the specimen and surface, a thin layer 

of rubber was used as capping on the top and bottom ends. Displacement control was applied at a 

rate of 2.5 kN/s. 
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It was observed during the test that when the early spalling of the concrete cover occurred, the 

axial capacity decreased before any effective contribution of the lateral confinement was 

observed. However, strength gain and toughness due to the confinement of the core took place 

when the concrete cover was completely spalled off. Reducing tie spacing from 120 to 80 mm 

resulted in strength gain of more than 20% due to confinement efficiency and enhancing the 

buckling resistance of the longitudinal bars.  

It was conducted that: 

 The strength reduction of 0.85 for steel-RC columns still can be used for GFRP-RC 

columns. This mainly attributed to the difference in size and shape of RC columns and 

the concrete cylinders.  

 Assuming that the compressive strength of GFRP bars has a percentage of 35% of the 

tensile strength has showed a reasonable estimation to the experimental results. 

 Using transverse reinforcement effectively increased strength, toughness, and ductility of 

the confined concrete core, more research need to determine the limit spacing of ties. 

 The contribution of the GFRP longitudinal bars (10% of the column capacity) was 

similar to steel reinforcement in columns (12% of the column capacity), as a result, 

GFRP can be used in compression members.  

Tobbi et al. (2014a) proposed a strength model for concrete columns reinforced with FRP (GFRP 

and CFRP) subjected to axial loading. A total of 23 full-scale columns were designed, 

constructed, and tested. Two specimens were reinforced with steel, while the remaining 21 were 
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reinforced with FRP. It was observed during testing that FRP-RC columns failed after buckling 

or crushing of the longitudinal bars took place, while for steel-RC columns, the failure was due 

to buckling with or without rapture of FRP ties. When the spalled and crushed concrete were 

removed after testing, it was noticed that the arching action took place horizontally between 

transversally restrained longitudinal bars and vertically between successive ties. The test results 

showed that the steel ties provided a constant pressure due to yielding; on the other hand the FRP 

ties increased the lateral pressure as the lateral expansion of concrete increased.  

It was concluded that;  

 FRP-RC columns had lower ultimate axial strain than steel-RC columns.  

 The proposed strength model showed a good agreement with the experimental work. 

   The contribution of FRP reinforcement could be quantified. 

Tobbi et al. (2014b) investigated the performance of FRP-RC columns with different 

reinforcement types and ratios.  Twenty full-scale columns were tested under axial loading. One 

column was without any reinforcement, while the remaining 19 were internally reinforced with 

FRP and steel. The test parameters included; shape of transverse reinforcement (C-shaped parts 

assembly or closed ties), longitudinal reinforcement ratio (0.8, 1.0 or 1.9%), longitudinal 

reinforcement material (GFRP, CFRP or steel), diameter of the transvers reinforcement (No. 10 

or No. 13 use diameter), transverse reinforcing spacing (120, 80, 67 or 60 mm) and confining 

volumetric ratio (defined as the ratio of the volume of transverse confining reinforcement to the 

volume of confined concrete core). 

It was concluded that;  



                                                                                                      Chapter 2 – Literature Review  

______________________________________________________________________________ 

25 

 

 The contribution of FRP reinforcement to the load carrying capacity in columns 

subjected to axial loading should be neglected.  

 The most important parameters, affecting the efficiency of the concrete confinement, are 

configuration and spacing of transverse reinforcement. 

 Columns reinforced internally with FRP can reach the ultimate tensile strain of the 

longitudinal bars under good confining condition.    

Mohamed et al. (2014) studied the performance of spiral columns reinforced with FRP 

reinforcement under axial loading. Fourteen full-scale columns were constructed and tested. 

These columns were divided into six GFRP-RC columns, six CFRP-RC columns, and the 

remaining two included a column without reinforcement (plain concrete) and a steel-RC column. 

It was observed that using GFRP, CFRP and steel increased the peak load up to 1.20, 1.40 and 

1.27 times that of the plain concrete specimen. Moreover the GFRP-RC specimens showed a 

lower rate of strength decay compared with steel and CFRP counterparts. Two failure modes 

were noticed during testing; first mode was observed in GFRP and steel-RC specimens when the 

failure started in a ductile manner with spalling of concrete cover, followed by buckling of the 

longitudinal bars and rupture of the spiral or hoops. The failure of CFRP-RC specimens was 

more brittle; similar to that of the plain concrete specimen. It was concluded that GFRP and 

CFRP-RC columns showed a similar behaviour to steel-RC columns. In addition, the CSA/S806-

12 (CSA 2012) limitations for confinement showed a good agreement with the experimental 

results. 

 Generally, the overall performance of the GFRP reinforcement as internal reinforcement in 

columns under pure axial load had showed similar behaviour to the steel counterpart in terms of 
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damage progression and peak capacity. It is worth mentioning that the contribution of the steel 

reinforcement to the load-carrying capacity is less than 15% in the literature, while the remaining 

portion of the load-carrying capacity is due to the concrete resistance. Therefore, the main 

contribution of the internal reinforcement in columns under axial loading is to enhance the 

properties of the concrete core in order to prevent sudden failure, which is the case for both steel-

RC columns and its GFRP-RC counterparts. 

2.4.2 GFRP Reinforcement under Simultaneous Bending Moment and Axial Loading  

Moment-axial force interaction diagrams are used to indicate the capacity of column sections 

under simultaneous bending moment and axial loading. In other words, these diagrams are used 

to predict the bending moment capacity corresponding to the axial force applied to the column 

sections. Generating the interaction diagrams for steel and GFRP is based on the plane section 

analysis conducted for strain profiles with the ultimate compressive strain of the concrete 

assigned to the extreme compression fibre.  In steel-RC columns, steel yields when the load is 

greater than the yielding stress causing the concrete to reach its ultimate strain, as a result a 

balanced strain condition occurs when the crushing of concrete and yielding of steel occurs 

simultaneously. The FRP bars do not have the ability to yield, however they are capable of 

sustaining high strains within the elastic range. The compressive and tensile strength of FRP 

materials as well as their stress-strain relationship are different from those of steel. Therefore, the 

FRP reinforcement has a different axial-moment interaction diagram that needs to be verified 

against experimental data.  

Choo et al. (2006) conducted a parametric study to examine the strength interaction behaviour of 

FRP-RC columns. Slenderness effects of columns were also examined using a numerical 



                                                                                                      Chapter 2 – Literature Review  

______________________________________________________________________________ 

27 

 

integration technique. The objective of the study was to quantify the failure mechanism/modes 

exhibited by columns reinforced primarily with longitudinal FRP reinforcing bars.  

To model the instantaneous short term concrete stress-strain behaviour, the short term concrete 

compression stress-strain model (ST-curve) suggested by Hognestad (Ford et al. 1981) for short 

term monotonic loading was adopted. This model was expressed by a parabolic equation with its 

vertex at the maximum compression strength of concrete fc’, and followed by a straight line 

portion to its ultimate. Grad 60 steel stress-strain model was used for the analysis because it 

exhibits an initial linear elastic portion, a yielded plateau, and a nonlinear strain hardening rang 

in which stress increase with strain. The FRP stress-strain models based on that the FRP 

reinforcement bars behave in a linear elastic manner up to failure. Deitz et al. (2003) reported 

that the ratio of measured ultimate compressive strength of the GFRP reinforcement was 

approximately 50% of the measured tensile strength.  

The same assumption consistent with those applicable to steel-RC columns to determine the 

strength interaction relationships can be used for FRP-RC column: 

1. Plane sections remain plane under bending, so that the strain in concrete and 

reinforcement is   proportional to the distance from the neutral axis; 

2. There is a perfect bond between the reinforcement and concrete;  

3. The tension strength of concrete can be neglected.  

To determine the axial load-moment-curvature relationships, the following steps below should be 

applied (Figure 2.2): 
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1) Divide the column cross section into N strips and assume the location of the neutral 

axis. 

2) Select a small value for concrete strain    at the outermost concrete fibre in 

compression. 

3) Determine the strains at the centers of all concrete strips in compression and in all 

reinforcing bars. 

4) Using concrete and reinforcement stress-strain relationships, determine the stresses 

and, consequently, forces, in tension or compression in each reinforcing bar and in each 

strip of concrete in the compressive zone. 

5) Summing the vertical forces, and the moments about the centroid of the cross section to 

determine the resultant axial load P and the bending moment that the cross section can 

resist. 

6)  The value    is increased by a small amount Δε, and the procedure from step 4 is 

repeated. 

Step 4 through 6 are repeated until ultimate compressive strain (    = 0.003) is reached 

and then assuming a new location of the neutral axis and the procedures is repeated from 

step 2. 

Based on the analytical results, the following can be observed: 

 Grad 60 steel interaction curves have balance points (that is   =     and    =   ), that 

can be obtained computationally and well defined graphically. A reduction in axial load 

is accompanied by an increase in moment strength from the pure axial condition to the 
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balance points, and then the interaction curve undergoes simultaneous reduction of axial 

load and moment from the balance point to the condition of pure flexure. 

 For concrete columns reinforced with FRP, in most cases moment resistance increases 

as axial load decreases from pure axial load to pure flexure and this is especially 

apparent for reinforcement ratio, ρ of 3% or greater. When the failure point occurs 

before the strength interaction curve reaches pure flexure of equals 1%. This failure 

defined as brittle-tension failure, as shown in Figure 2.3. 

Based on the above analytical results, the following can be concluded: 

 The FRP-RC column cross-section interaction strength diagrams do not exhibit a balance 

points for concrete column with reinforcement ratio 1% as defined by the ACI 318-05 for 

steel-RC column cross sections. This is due to well-defined yield point and plateau for 

Grad 60 steel, whereas the stress/strain response of typical FRP reinforcing bars varies 

linearly-elastically until failure. 

 The FRP-RC column cross section interaction strength diagram exhibits a failure point 

before reaching pure bending moment. This failure is classified as brittle tension failure, 

it occurs when the outer most concrete fibre reaches its ultimate strain in compression at 

the instant where the outermost FRP reinforcing bars reaches an ultimate strain in 

tension. 

 Ignoring the contribution of FRP reinforcement in the compression zone may be 

conservative. However, the ultimate compressive strain of FRP reinforcing bars must be 

checked to avoid compression failure. 
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Figure 2.2: Proposed method of constructing FRP-RC columns interaction diagram (reproduced 

from Choo et al. 2006) 

 

Figure 2.3: Normalized axial load-moment interaction for GFRP-RC column-brittle tension 

failure point (reproduced from Choo et al. 2006) 
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2.4.3 Failure Mechanism 

Choo et al. (2006) identified two failure mechanisms of rectangular concrete columns reinforced 

with fibre-reinforced polymers based on an analytical study of strength interaction Curves (P-M). 

The interaction curves were developed from a similar approach of steel-RC column cross section 

strength interaction, which is defined by the outermost concrete fibre in compression reaches its 

ultimate compressive strain. The region of the interaction curve, where the steel still in the elastic 

range, is normally referred to as the compressive control region, while, the region, where the 

steel has yielded referred to as tension control region.  The studied parameters included 

compressive-to-tensile elastic modulus ratio, the concrete compressive strength, and the ratio of 

the distance between the outermost layer of reinforcement to the height of the column cross 

section in the direction of bending. The objective of the study was to identify the two modes of 

failure, how to overcome premature compression failure and to have a failure controlled by 

crushing of concrete rather than brittle tension failure. 

The two failure mechanisms included in the study were: 1) premature-compression failure; and 

2) brittle tension failure. The Premature-compression failure of concrete columns reinforced with 

FRP could happen when the FRP bars compression rapture occurs prior to crushing of the 

concrete. The probability of this failure to happen is very low because the ultimate compression 

strain of FRP bars is generally greater than the ultimate concrete strain in compression. The 

brittle tension failure occurs when the ultimate tensile strain of the outermost tension FRP bars 

and the ultimate compression strain of concrete were reached prior to reaching pure flexure 

strength. Tension rupture of FRP bars in concrete column is potentially disastrous because it is 
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sudden and explosive. Therefore, concrete crushing failure is more desirable for concrete 

columns reinforced with FRP bars.  

It was concluded that:  

 Brittle tension failure can be avoided and failure may occur by crushing of the concrete 

when the minimum requirement of FRP reinforcement ratio is satisfied. 

 FRP reinforcement bars with ultimate compression strains much greater than that of 

concrete compression strain (   = 0.003) are recommended to avoid premature failure. 

2.4.4 General Design Considerations 

Zadeh et al. (2013) suggested general considerations for the next revision of guidelines for 

GFRP-RC column. The main driving force behind the study was that current guideline does not 

rely on using GFRP bars as longitudinal reinforcement in columns or as compression 

reinforcement in flexural members.. The objectives of the study were to: 

 Investigate the behaviour of GFRP-RC members subjected to simultaneous flexural 

and axial loads. 

 Provide design procedures similar to those in practise for steel-RC columns. 

 Explain the developed interaction diagram for FRP-RC column sections. 

 Discuss strength reduction factors for simultaneous flexure and axial resistance. 

In that study, the proposed design only applies to buildings with five or fewer stories above 

ground and no more than one basement. The considerations presented in that study were the 

following: 
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 The building code ACI 318-11 (ACI 2011a) requires that the minimum reinforcement 

ratio equal to 0.01 of the gross area of concrete section for steel-RC columns. This 

amount of reinforcement is for the purpose of preventing passive yielding due to the 

gradual transferring of load from concrete to reinforcement. Even though the 

reinforcement ratio is based on out-dated experimental research to be considered for 

current concrete and steel, it still can apply for GFRP-RC members.  

 The behaviour of FRP bars in compression is very complicated to measure due to the 

anisotropic and nonhomogeneous nature of the FRP bars. It was reported that the 

compression strength and modulus of elasticity may reach up to 45 and 20% of the 

values in tension, respectively. However, the reduction in compression may provide 

mechanical properties more than concrete, it is more conservative to consider GFRP 

equivalent for concrete when performing analysis and design.  

 The tensile design strain of the GFRP bars should be limited to 0.01, because when the 

tensile rapture of GFRP bars exceeds 2%, large deformation will occur when the 

member reaches the ultimate tensile strain.   

 According to yielding of steel before buckling, ε =    = 0.002, the building code ACI 

318-11 limited the spacing between ties to the least dimension of the column, 16 

longitudinal or 48 tie-bar diameters. In of GFRP bars, the GFRP bars do not yield, 

therefore, to avoid buckling before concrete crushing, ε =    = 0.003, it was suggested 

that the spacing of ACI 318-11 must be halved. 
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 Due to the cracking of the steel-RC sections, the flexural stiffness members are 

modified. This modification needs to be adjusted for GFRP-RC structures, because of 

their different mechanical properties. The ACI 318-11 recommends modified moment of 

inertia (I) for steel, of the member, as listed:   

Steel-RC flexural members:   

        = (0.10 + 25 ρ) (1.20 - 0.20     d)    ≤ 0.50                                                  [2.6] 

Steel-RC columns: 

       = (0.80 + 25    ) [1 -   / (  h) - 0.5   /  ]   ≤ 0.87                                        [2.7] 

Modification factors for GFRP-RC members are developed after those of ACI 318-11. 

GFRP-RC flexural members: 

        = (0.10 + 25 ρf   /  )) (1.20 - 0.20     d)    ≤ 0.50                                       [2.8] 

GFRP-RC columns: 

       = [0.40 + 0.30 (     )]     ≤ 0.70                                                                    [2.9] 

 The effect of slenderness for compression members in a sway steel RC frames may be 

neglected according to ACI 318-11 (ACI 2011a) when the slenderness ratio (k  /r) is less 

than 22, while this limit should be reduced to 17 in case of using GFRP reinforcement 

(Mirmiran et al. 2001). For non-sway frame the effect of slenderness may be neglected 

when :   

(k  /r) (            = 34 - 12 (     )  40                                                [2.10] 
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Where    and    are the smaller and larger factored end moments obtained by an elastic 

frame analysis, respectively. 

 Design of GFRP-RC section under combined flexure and axial load may be conducted by 

satisfying the strain compatibility. In this analysis, the compression strength of GFRP can 

be assumed conservatively as equivalent to concrete. In addition, the GFRP bars fail at the 

design tension strain. Reductions of the combined nominal axial force and moment 

strength should be applied to obtain the design strength (θMn, θPn), similar approach to 

Steel-RC columns were used to generate strength interaction diagram for GFRP-RC 

columns. To construct the interaction diagram, the few critical values of the neutral axis 

depth should be used to calculate the moment of resistance and the axial load that the 

section can carry. Failures occur by either rapture of GFRP or crushing of concrete.  

It was concluded that: 

 GFRP longitudinal bars are effective in tension, however when subjected to compression, 

they can be replaced with an equivalent area of concrete.   

 Strength reduction factors for the interaction diagram can be based on the ACI 440.1R 

guidelines (ACI Committee 440 2006), which are established for flexure. 

 The flexure stiffness modification factors of the GFRP-RC members are functions of 

modulus of elasticity of GFRP bars. 

 The tensile strength of GFRP bars should be limited to 1% to avoid large deflection. 
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2.5 EARTHQUAKE-RESISTANT STRUCTURES 

A major consideration in earthquake-resistant design is the ability of structures to be capable of 

deforming in a ductile manner, which dissipates energy by post-elastic deformation when 

subjected to several lateral loading. The energy induced from earthquake is dissipated through 

plastic hinge formation in reinforced concrete beams rather than columns. To avoid failure to 

occur in columns, the sum of the moment strengths of the columns should exceed the sum of the 

beam strengths at a connection in each principal plane. The actual behaviour of reinforced 

concrete members have a significant reduction in stiffness which occurs with applying reversed 

loading. This reduction increases the deformation until the flexural strength is reached.   

2.5.1 Research on Steel-RC Columns under Cyclic Loading 

The subsequent section presents a summary of major parameters that affect the performance 

steel-RC columns under seismic loading.    

2.5.1.1 Effect of transvers reinforcement  

Ozcebe et al. (1987) investigated the effect of confinement in concrete columns subjected to 

simulated seismic forces. The test variables used were stirrups spacing and confinement 

configuration. The main objective was to investigate the effect of different parameters on the 

column confinement. Four full-size columns were tested under simulated seismic loading. The 

specimens represented the column between the foundation and the inflection point. Lateral load 

reversals were applied by two 250-kN capacity actuators, in addition to two 500-kN capacity 

hydraulic jack which applied the axial compression. It was concluded that the specimens that 

have the same confinement configuration but with a half tie spacing, showed ductile behaviour 

and sustained 70% of its peak load up to the end of cycles at 4  .  



                                                                                                      Chapter 2 – Literature Review  

______________________________________________________________________________ 

37 

 

Saatcioglu et al. (1992) studied the strength and ductility of confined concrete based on 

analytical models of a wide range of poorly confined and well-confined confined concrete. The 

analytical procedure was quantified using equilibrium of internal forces and the results of 

experimental observations. The main objective was to establish a stress-strain relationship for 

confined concrete. It was indicated that the deformability of concrete was affected by the 

behaviour of the longitudinal reinforcement and transverse reinforcement. Longitudinal 

reinforcement was restrained against buckling, however when the concrete spall off, the 

longitudinal reinforcement are susceptible to buckling. On the other hand, the transverse 

reinforcement provided lateral support to the longitudinal bars which restrain the lateral 

expansion. It was concluded that the stress-strain relationship, consisted of a parabola for the 

ascending branch and a linear portion of the descending branch, showed a good agreement with 

the analytical and the experimental results.   

Watson et al. (1994) studied the efficient quantity of the confinement of the concrete core to 

achieve a certain ductility level in the plastic-hinge region. It was mentioned that the quantity of 

the transverse reinforcement for a particular curvature-ductility factor increases significantly 

when the axial load ratio 
 

      
 increased.  The reason for this is that when the axial-load ratio is 

high, the flexural strength of columns was more dependent on the concrete compressive strength 

and stress distribution. In addition, the quantity of transverse reinforcement increased when the 

longitudinal reinforcement ratio decreased because the flexure strength of the column was more 

dependent on the concrete compressive strength. The quantity of transvers reinforcement 

increased also when the concrete-cover thickness ratio was increased. This is because when the 
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concrete cover thickness ratio is high, the column loses significant flexural strength when the 

cover spalls off.  

2.5.1.2 Effect of axial load 

Rabbat et al. (1986) tested sixteen full scale specimens to investigate the behaviour of concrete 

columns subjected to simulated seismic forces; the major variables were concrete type, column 

size, amount of main column steel, size and spacing of column confinement hoops, and the 

magnitude of column axial load. The study was conducted to develop the needed data to prevent 

column hinging which has a catastrophic effect on structures when subjected to earthquake.  

The specimens represented the intersection of beams and column within a building frame. The 

strength of the columns were designed to be less than those of the beams so that the yielding of 

the beam reinforcement is avoided, moreover the joint was overdesigned to prevent the failure to 

occur in the joint. A constant axial load was applied first then the reversal moment started to be 

applied. When the specimens survived the basic loading cycles a higher axial load was applied 

and additional cycles of moment reversals. The sequence of the increment was to provide a 

severe test not to represent a specific major earthquake.  

It was observed that during the basic loading cycles at 10% of the column axial capacity, a large 

amount of energy was dissipated which was indicated by the large size of the hysteretic loops. At 

20% column axial capacity, adequate energy was dissipated and a good performance of the 

confining hoops was observed. However, the energy dissipated at 30% was decreased. The 

flexure capacity increased when the axial load increased, while higher degradation of the column 

was observed as the axial load increased.  
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It was concluded that with a proper detailed reinforcement, steel reinforcement concrete column 

provided ductility and maintained strength when subjected to inelastic deformations from 

moment reversals. In addition, the increase in the axial load accelerated the degradation which 

occurred to the column.  

Saatcioglu et al. (1992) investigated the response of RC columns to seismic loading 

experimentally; the column geometry was selected such that the flexure yielding occurs prior the 

premature shear failure. The shear span-to-depth ratio was 2.85. The longitudinal reinforcement 

ratio in all columns is 3.27%. 

The effect of the constant axial load was investigated; four columns (D1, U1, D2 and U2) with 

the same design strength and reinforcement arrangement were tested under constant axial load. 

While specimens U5 and D5 were tested under variable axial tension and compression load, 

respectively. Specimens D1 and U1 were tested under zero axial load, while D2 and U2 were 

tested under a constant 600 kN axial compression.  The test was stopped when a 20% of the 

recorded peak resistance was dropped. The test results indicated that the effect of a constant axial 

compression accelerated strength and stiffness degradation under repeated inelastic load cycles.  

When increasing axial compression, the behaviour of the specimen was similar to that under 

constant axial compression.  

It was concluded that: 

 Columns subjected to constant axial compression showed a reduction in ductility and 

accelerated strength and stiffness degradation, however, the flexural capacity was 

increased.  On the other hand, the column with variable axial tension produced a 
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reduction in the flexural yield strength; meanwhile, the variable axial compression 

increased the flexural yield strength. 

 When using a proper confinement, ductility of column subjected to axial compression and 

bending moment reversal was improved. 

2.5.1.3 Effect of longitudinal reinforcement ratio 

Lin and Furlong (1996) investigated the maximum and minimum longitudinal steel limits for 

concrete columns. The building code (ACI 2011a) uses 1% as the lowest reinforcement ratio to a 

avoid the development of yield stresses under sustained service load even though the 

longitudinal steel does not yield even with a steel ratio 0.25%. The required maximum 

reinforcement ratio is 8 % to avoid congestion of bars in the zone of lap splices however there 

was no tests at that time. The main objective was to derive rational upper and lower limits to 

longitudinal reinforcement in concrete columns. It was concluded that determining the maximum 

and minimum reinforcement can be rationalized as follows: 

 Upper limit: Congestion shall be avoided when spliced are used, the effective upper limit 

should not to exceed 6 percent unless more than one layer of bars are to be used. 

Therefore a better quality of concrete and bond between steel and concrete will observed.  

In addition, the tensile forces induced in longitudinal steel due to shrinkage of concrete 

shall be limited. 

 Lower Limit: The effective tension in concrete in bending shall be replaced by minimum 

longitudinal reinforcement to control cracks. Moreover, the longitudinal steel should not 

exceed yield stress at service load. 
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Monti et al. (1992) investigated the nonlinear cyclic behaviour of reinforcing bars based on a 

series of monotonic and cyclic tests. The bars had 12, 16 or 24-mm diameter and the nominal 

strength was 440 MPa. Three aspect ratios (defined as the ratio between the buckling length 

between the lateral ties and the diameter of the longitudinal bar) were used: 5.0, 8.0 and 11.0. It 

was observed that the specimens with aspect ratio equals to 5.0 showed a similar compressive 

monotonic stress-strain curve to that in tension. When the aspect ratio was 8.0, there was an 

obvious difference between the two curves and the slope of the strain-hardening region of the 

compression curve became lower. Specimens with aspect ratio of 11.0 showed that when 

yielding was reached, the compression curve developed a negative slope. On the other hand, 

during the symmetric cyclic loads, the envelope of the curve in tension was not affected by 

buckling. However, it was dependant in compression on the aspect ratio.  It was concluded that 

when aspect ratio exceeds the critical value of 5.0, the inelastic buckling of reinforcing steel bars 

take place.    

Dhakal et al. (2000) studied the stability of the longitudinal reinforcement under seismic loading 

based on analytical study.  The main objectives were; evaluating the effect of lateral ties on the 

stability of the longitudinal bar and studying the interaction between cover concrete spalling and 

reinforcement buckling. It was recommended that the efficient lateral tie which restrict buckling 

of longitudinal bars and improve the ductility of the cross section can be achieve when the value 

 

 
√

  

   
  is less than or equal to eight, where L is the buckling length between the lateral ties, D 

and   are the diameter yield strength of longitudinal reinforcing bars, respectively.  
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2.5.2 Research on FRP-RC Columns under Cyclic Loading 

Sharbatdar (2003) investigated the behaviour of CFRP-RC columns under cyclic loading. Ten 

full-scale specimens with 355-mm square cross-section were tested under seismic loading. The 

columns were representing a portion between the footing and the point of inflection. The selected 

shear span was 1280 or 2180 mm. The short shear span was selected to represent shear dominant 

columns, while the long shear span was to represent flexure dominant columns. The longitudinal 

reinforcement consisted of 9.5-mm diameter CFRP bars. Based on laboratory tests, the modulus 

of elasticity ranged between 128 and 145 GPa and tensile strength ranged between 1480 and 

1590 MPa. The maximum aggregate size used in the concrete mix was 10 mm and the slump of 

the concrete was 100 mm. The actual concrete strength during the test period was about 38 MPa. 

NEFMAC grids with a 100-GPa modulus of elasticity were used as a transverse reinforcement 

with 88 and 175 mm spacing. The applied axial load was 17 or 33% of the concentric load 

capacity. 

The main objective of the study was to investigate the behaviour of CFRP-RC columns under 

seismic loading to develop design and detailing requirements for FRP-RC columns. To simulate 

the seismic loading, two actuators were used to apply axial compression load, while the ± 250-

mm stroke actuator was used to apply the lateral load. The axial load was applied first and was 

kept constant during the test. The lateral deformation reversals were applied starting with three 

cycles at 0.5% drift ratio, followed by three cycles with incremental increase of the drift ratio by 

0.5% until the columns had sudden strength decay. The variables used to achieve this objective 

were the arrangement of longitudinal reinforcement, stirrups spacing, level of the axial load, and 

shear span. The following was observed in that study: 
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2.5.2.1 Effect of spacing of transverse reinforcement (grids) 

The effect of spacing of transvers reinforcement was investigated by testing four short and four 

long columns with two levels of grid spacing (88 and 175 mm). Two columns in each height 

(1280 and 2180 mm) had 8-bar arrangement and the other two had 12-bar arrangement. The long 

shear span with 8-bar arrangements showed an increase in flexural capacity up to16% due to 

reduced grid spacing while the improvement in lateral drift capacity was approximately 200%. 

On the other hand, long columns with 12-bar arrangement did not show a higher improvement 

than the previous case due to lower strength and deformability. In case of the short columns, 

reducing the grid spacing did not have a significant effect on column strength; however the 

column with closer grid spacing had an improved deformability.     

2.5.2.2 Effect of axial load level 

Two levels of constant axial compression were applied to four short columns which were divided 

into two pairs; one pair with an 8-bar arrangement and the other with 12-bar arrangement. The 

first pair of columns (8-bar arrangement) was loaded to about 33% and 17% of their concentric 

load capacity. It was observed that the column under a higher axial compression (33% of the 

concentric load capacity) experienced 25% more lateral force and moment capacity in addition to 

50% higher drift ratio compared to the specimen with lower axial loading (17% of the concentric 

load capacity). The second pair (12-bar arrangement) was loaded with the same value of the axial 

loads (which was applied for the 8-bar arrangement). It was observed that the column under 

higher axial compression had 13 % higher moment capacity and 50% more inelastic 

deformability. 
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2.5.2.3 Effect of column shear span 

The purpose of having two different shear spans was to promote flexural behaviour in long 

columns and shear behaviour in short columns. However, none of the column failed in shear due 

to the presence of the axial load which helped to increase the shear resistance by delaying the 

formation of the tension cracks. It was observed that the shear span had no significant effect on 

flexural capacity; however the rate of strength degradation was faster in short column due to 

higher shear stress reversals which produce more diagonal cracking and deteriorating the 

concrete at higher deformation level. 

2.5.2.4 Effect of arrangement of longitudinal FRP bars 

In this study, 8-bar and 12-bar arrangements of longitudinal reinforcement were used. Columns 

with 12-bar arrangements showed a small improvement in strength and deformability, this effect 

was more obvious in flexural dominant long columns. It was noticed that the strain at failure of 

longitudinal bars in compression showed a full compatibility with the surrounded concrete until 

the spalling of concrete cover and crushing of the concrete core. 

It was concluded that: 

 The failure in columns with high axial load (higher than the balanced axial load) initiated 

with spalling of concrete cover followed by buckling of FRP bars in compression and 

subsequent crushing of the concrete core.  

 The FRP bars were able to provide resistance in compression until after the surrounded 

concrete was spalled off. 
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 Unlike steel, the CFRP bars in compression at failure did not deform plastically, 

developing a distinct bending before they became unstable, the bars did not show any 

sign of bending before they were cut at the failure section. 

 For columns with axial load lower than the balanced load, rupture of CFRP bars in 

tension was limited to a few bars and the final column failure was due to bucking of the 

CFRP bars at compression and the crushing of concrete core. 

 All columns showed a flexure dominant, however short span columns were designed to 

have a shear failure instead of a flexure failure. 

Tavassoli et al. (2015) investigated the behaviour of GFRP-RC circular columns under simulated 

seismic loads. Nine full scale columns were constructed and tested under lateral cyclic qausi-

static loading and constant axial load simultaneously. Test parameters included the axial level, 

the type of GFRP, and size and spacing of GFRP spirals. It was observed during testing that 

flexure cracks appeared on top and bottom faces of the column in the testing region. Spalling of 

the concrete cover in the majority of specimens initiated during the fourth lateral cycle, however 

for well-confined columns, the concrete cover spalling was delayed by a few cycles. It was 

concluded that circular columns reinforced with GFRP bars and spirals showed stable behaviour 

up to failure. Furthermore, the GFRP spirals provided an effective confinement to the column 

specimens which delayed crushing of the concrete core; thereby the deformability of the columns 

increased. From the above literature, it can be noted that there are no available experimental or 

analytical studies investigating the behaviour of rectangular GFRP-RC columns under seismic 

loading, if any, which is the main driving force behind this research.  
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CHAPTER 3 

PROPOSED DESIGN PROCEDURE 

3.1 BACKGROUND 

Moment-resisting frames are commonly used in steel-RC structures to dissipate Earthquakes-

induced energy based on strong column-weak beam mechanism, which allow yielding to occur 

in beams prior to columns. However, preventing yielding to occur in first storey columns in 

multi-storey building is uneconomical due to the large cross-sections needed to resist the 

accumulated forces transferred from upper storeys. Therefore, these columns are designed to 

develop a large number of inelastic deformation reversals without significant loss of strength. To 

resist the forces induced by earthquakes, steel-RC structures should not be only designed to be 

very stiff but also to have minimum level of ductility. 

According to CSA/A23.3-14 (CSA 2014), the forces induced by earthquake should be 

determined on the bases of energy dissipation in non-linear range of response. Moreover, the 

design and detailing requirements should provide considerable inelastic deformation without 

significant loss of strength. Accordingly, the design earthquake forces are determined based on 

the energy dissipation in the non-linear range of response. For that purpose special requirement 

for design and detailing of the energy-dissipating members are required to ensure kinematically 

consistent mechanisms. In addition, the secondary members which are not part of the seismic 

resisting system should maintain their stability to prevent the formation of any additional 

mechanisms. 
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On the other hand, ACI 318-14 (ACI Committee 318 2014) code has the same concept for 

designing and detailing of energy dissipating systems. This allows yielding to dissipate the 

energy induced from earthquake without having significant damages so that a tolerable 

performance of structural members can be achieved.  

In this study, the axial force-moment interaction diagram was used to predict the bending 

moment capacity corresponding to the axial force applied to the column sections. Generally, 

generating the interaction diagram is based on the plane section analysis conducted for strain 

profiles; at the extreme compression fibre in each strain profile, the ultimate compressive strain 

of the concrete is used. 

As shown in Figure 3.1, for steel-RC columns, the interaction diagram can be divided into two 

main regions: tension-controlled region and compression-controlled region. The tension-

controlled section (under-reinforced section) can be defined as the section in which the steel has 

yielded before the compression strain in concrete reaches the ultimate strain. For the 

compression-controlled cross section (over-reinforced section), the compression fibre reaches the 

ultimate strain prior to the yielding of steel. These two regions are divided by a balanced point 

where the steel bars in the cross section yield and the concrete reaches the ultimate strain at the 

outermost compression fibre, simultaneously. Typically, the reduction of the axial load in the 

compression controlled region results in an increase in the corresponding moment strength. In 

case of the tension controlled region, the reduction in the axial load produce a reduction in the 

flexure strength.  
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Figure 3.1: Typical strength (  -  ) interaction of steel-RC column cross sections 

For GFRP-RC columns in the current study, the interaction diagram has dissimilarities compared 

to the steel-RC columns. Since the cross section is always over-reinforced to avoid rupture of the 

longitudinal reinforcement, the interaction diagram can be divided into flexure controlled failure 

region and axial controlled failure region and separated by a balanced point, as shown in Figure 

3.2. In the axial controlled region, the moment strength decreases when the axial compression 

increases. On the other hand, the flexure capacity decreases in the flexure controlled region, 

when the axial compression increases. The definition for the balanced point for the steel-RC 

columns cannot be adapted for FRP-RC columns. The only significance of the balanced point for 

FRP-RC columns is that the flexure capacity of the column starts to decrease when the axial load 

exceeds a certain value (when c      . It worth mentioning that for the purpose of the optimum 

design, the FRP-RC cross section should be designed to develop flexure controlled failure. In 
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this mode, the higher tensile strength of the FRP bars compared to their compression capacity 

can be fully utilized.   

 

 

 

Figure 3.2: Typical strength (Pu-Mu) interaction of GFRP-RC column cross sections 
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3.2 PROPOSED DESIGN CODE PROVISIONS FOR STEEL-RC COLUMNS 

3.2.1 The Canadian Code (CSA A23.3-14) 

3.2.1.1 Design for flexure 

The analysis of the cross-section was based on the following basic assumptions: 

 Plane sections, which are perpendicular to the axis of bending, when subjected to 

bending remains plane after bending.   

 There is a perfect bond between concrete and steel so that strains in steel and concrete at 

the same location are equal.  

 Stress-strain diagram may predict the stresses in the concrete and steel. 

 The tensile strength of concrete is ignored when the flexural capacity is calculated.  

Similar to CSA/A23.3-04, the design for flexure according to CSA/A23.3-14 requires the 

following limitations: 

 Yielding of steel at the tension side should occur prior to crushing of concrete to avoid 

brittle failure (Clause 10.5.2). 

  Maximum compressive strain of concrete should be 0.0035 (Clause 10.1.3).  

  Minimum longitudinal reinforcement should be larger than 1% of the gross area to 

avoid sudden failure of the column and should be less than 6% to avoid congestion of 

steel (Clause 10.9.1). 
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 Minimum number of bars in square section is equal to 4 bars in compression members 

(Clause 10.9.3).  

 The maximum axial load resistance for columns,        should be computed as follow 

       0      (For tied columns)                                                                        [3.1] 

Where 

          (      ) +            (Clause 10.10.4)                                         [3.2]  

  =0.85 - 0.0015       

3.2.1.2 Design for shear 

Design of shear according to CSA/A23.3-14 (CSA 2014) has the following requirements: 

Factored shear resistance should be computed as follows (Clause 11.3.3): 

   =    +                                                                                                         [3.3] 

Provided that    should be less then           

Where: 

  =  λβ√         ;      = 
            

 
    ;                                                              [3.4] 

     =0.25         +                                                                                         [3.5] 

β=
   

          
 

    

          
 ,       =

 
  

  
          

     
                                        [3.6] 

Where:  

β:  The factor accounting for the shear resistance of cracked concrete 

  : The effective shear depth taken as the greater of 0.9d or 0.72h 
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Maximum spacing of transverse reinforcement should be less than 0.7         00    

(Clause11.3.8.1). 

But when     exceeds 0.125λ          the maximum spacing shall be reduced by one-

half (Clause 11.3.8.3).  

Minimum shear reinforcement should be such that 

      = 0.06√   
    

  
         (Clause 11.2.8.2)                                                                [3.7] 

Where; 

S: Spacing of shear reinforcement, measured parallel to the longitudinal axis of the 

member 

       : Area of shear reinforcement perpendicular to the axis of a member within the 

distance S 

3.2.1.3 Special provisions for seismic design  

The shear reinforcement shall be design according to Clause 11.3.3 with the following exception: 

 When β is   0.10 and    45 ; 

 The transvers reinforcement shall be hoops.  

Column stirrups spacing in seismic regions should not exceeds: 

 One-quarter of the minimum member dimension;  

 Six times the diameter of the smallest longitudinal bar; or 

   =100+ (
      

 
). 

Where: 
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      Maximum horizontal centre-to-centre spacing between longitudinal bars on all faces 

of the column that are laterally supported by seismic hoops or crosstie legs (Clause 

21.4.4.3) 

The maximum hoops spacing shall not exceed: 

 
 

 
 ; 

 Eight times the diameter of the smallest longitudinal bars;  

 24 times the diameter of the hoop bars; or  

 300 mm.                                                              (Clause 21.3.3.2) 

 

The total effective area of transvers reinforcement within spacing S  should be not less than the 

larger of the following: 

    =0.2    
  

   

   

   
S                                                                                           [3.8] 

     0.09
   

   
S                                                                                                                   [3.9] 

Where: 

  =
  

      
 ,    

  

  
   

   : Shall not be taken as greater than 500 MPa 

  : Total number of longitudinal bars in the column cross-section that are laterally supported by 

the corner of the hoops or by hooks or seismic crossties 
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3.2.2 The American Code ACI 318-14 (ACI Committee 318 2014)   

3.2.2.1 Design for flexure 

The ACI 318-14 (ACI Committee 318 2014) has the same assumptions for analysing the cross-

section expect for the maximum compressive strain of concrete, which is assumed to be 0.003. 

Clause 10.3.7 in the ACI 318-14 (ACI Committee 318 2014) determined that members subjected 

to compressive axial load should be designed for the maximum moment that could accompany 

that axial load. Therefore, the interaction diagram should be generated to obtain the flexure 

strength of the column under the specified axial load.  

3.2.2.2 Design for shear 

Design of shear according to ACI 318-11a has the following requirements: 

Factored shear resistance should be computed as follows: 

  =  +                                                                                                                    [3.10] 

Where: 

  =2(1+
 

      
 λ√     d;                                                                                             [3.11] 

     =
     

 
                                                                                                                       [3.12] 

Minimum shear reinforcement should be such that 

      =0.75√   
   

  
    > 

     

  
                                                                                  [3.13] 

Where: 

S: Spacing of shear reinforcement, measured parallel to the longitudinal axis of the 

member 
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      : Area of shear reinforcement perpendicular to the axis of a member within the 

distance S 

The maximum hoops spacing shall not exceed: 

 Eight times the diameter of the smallest longitudinal bar enclosed; 

 24 times the diameter of the hoop bar; 

 One-half of the smallest cross-sectional dimension of the column; or 

 300 mm. 

The maximum hoops spacing shall not exceed 
 

 
 ,0.75h or 610 mm. 

The first hoop shall be located at a distance not greater than 
          

 
  from the joint face.  

3.2.2.3 Special provisions for seismic design  

Column stirrups spacing in seismic regions at both ends should not exceeds (Clause 21.3.5.2): 

 One-quarter of the minimum member dimension; 

 Six times the diameter of the smallest longitudinal bars; or 

 150 mm.  

Over a length    from the face of the joint, which not be less than: 

 One- sixth of the clear span of the column; 

 Maximum cross-sectional dimension of the column; or 

 450 mm.  

According to Clause 21.6.5.2 the transverse reinforcement over the length    are required to 

resist the shear assuming    = 0.0 when: 
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 The shear forced form the earthquake is greater than one-half or more of the maximum 

required shear strength within   ; and 

 The factored axial load is less than 
     

  
. 

The total effective area of transvers reinforcement within spacing S should be not less than the 

larger of the following: 

   =
            

   
(
  

   
                                                                                                     [3.14] 

   =
             

   
                                                                                                               [3.15] 

Where:      is the total cross-sectional area of rectilinear ties. 

3.3 PROPOSED DESIGN CODE PROVISIONS FOR FRP-RC COLUMNS: 

The CSA-S806-12 has no provisions for designing members under compression forces. As a 

result, there are no seismic provisions for designing columns reinforced with GFRP bars. The 

following section introduces a proposed design procedure (Choo 2005). The proposed procedure 

includes design for flexure and shear in the light of the available steel-RC design codes and FRP 

design guidelines, whichever is applicable. 

3.3.1 The Canadian Code (CSA S806-12) 

3.3.1.1 Design for flexure 

The FRP reinforcing bars do not have a yielding plateau; they behave in a linear elastic manner 

up to failure.  Moreover, the contribution of the compressive strength in load carrying capacity in 

FRP flexural members is often ignored since it has a very small value comparing to the concrete 

compressive strength (CSA 2012, ACI Committee 440 2006). The design of FRP-RC flexural 
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members can be based on the same assumptions for steel-RC members but taking into 

consideration the difference in material properties of FRP as follows: 

 Plane sections perpendicular to the axis of bending remain the same before and after 

bending. 

 FRP bars behave in a linear elastic manner up to failure. 

 Strains in the concrete have the same value in FRP at reinforcement locations. 

 Compressive strength of FRP bars is neglected. 

 The maximum compressive strength of concrete is equal to 0.0035.  

 The concrete tensile strength is neglected in flexural strength calculations. 

 There is a perfect bond between concrete and FRP bars.  

Unlike FRP, concrete provides a better deformability before crushing due to the inelastic 

behaviour of concrete. Therefore; the flexure design for FRP-RC members is based on the 

compression failure of concrete rather than the tension failure of the reinforcement which is the 

case of steel-RC members. Compression failure occurs when the outermost concrete fibre 

reaches the ultimate compressive strain before FRP bars reach the ultimate tensile strain at the 

outermost tensile layer. Failure controlled by concrete crushing is ensured by providing a 

reinforcement ratio (    ) that is greater than the balanced reinforcement ratio (     ) (the 

ultimate concrete compressive strain and the ultimate FRP tensile strain are reached 

simultaneously), according to CSA/S806-12 balanced reinforcement ratio can be expressed as 

follows: 

     =    
  

  

   
     

 
   

        
 =

    

    
                                                                              [3.16] 
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Where: 

       : FRP balanced reinforcement ratio (%) 

        : FRP reinforcement resistance factor 

       : Ultimate tensile strength of FRP reinforcement 

         : Ultimate compressive strain of concrete 

       : Ultimate tensile strain of FRP bars 

      : Area of FRP longitudinal reinforcement 

3.3.1.2 Design for shear 

Design of shear according to CSA S806-12 has the following requirements:- 

The total factored shear resistance is computed as follows: 

  =  +                                                                                                                         [3.17] 

   :  Factored shear resistance of concrete which can be expressed as follows;  

  = {0.05λ           
 

      }    (  
  

    
)                                                                   [3.18] 

Where: 

    Coefficients taking into account the effect of moment at section on shear strength 

   : Coefficient taking into account the effect of reinforcement rigidity on its shear strength  

    : Coefficient taking into account the effect of arch action on member shear strength 

    : Coefficient taking into account the effect of member size on its shear strength  

       Factored axial load normal to the cross-section occurring simultaneously with Vf, including 

compression) 

    should be greater than 0.11   √     d and less than 0.22   √     d 



                                                                                   Chapter 3 – Proposed Design Procedure 

______________________________________________________________________________ 

59 

 

0.11   √     d ˂    ˂ 0.22   √     d                                                                  [3.19] 

    : Factored shear resistance of FRP transverse reinforcement 

    = 
              

 
                                                                                                   [3.20] 

Where, 

  :  Effective shear depth, taken as the greater of 0.9 d or 0.72 h   

                                            

                                                        

The minimum shear reinforcement should exceed: 

        0 0 √   
    

      
                                                                                     [3.21] 

S:            Spacing of shear reinforcement, measured parallel to the longitudinal axis of the 

member 

        : Area of shear reinforcement perpendicular to the axis of a member within the 

distance S 

    :        Design stress of the transverse FRP reinforcement it should not be greater than 

1200 MPa or 0.005 E 

The spacing of FRP ties shall not exceed the least of the following dimensions:  

 16 times the diameter of the smallest longitudinal bars or the smallest bar in a bundle;  

 48 times the minimum cross-sectional dimension (or diameter) of FRP tie or grid;  

 The least dimension of the compression member; or  

 300 mm in compression members containing bundled bars.  
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3.3.1.3 Special provisions for seismic design  

According to Clause 12.7.3.4, transverse reinforcement shall be spaced at distances not 

exceeding the least of the following:  

 One-quarter of the minimum member dimension;  

 150 mm; or  

 6 times the diameter of the smallest longitudinal bar. 

The minimum transverse reinforcement should exceed: 

         
   
   

 
  

  
   

 

  

 

√  
                                                                                    [3.22] 

Where: 

   : Minimum transverse reinforcement area within the distance S 

  :  Cross-sectional dimension of column core 

    : Design stress level in FRP transverse confinement reinforcement which is not greater than 

  :    Specified axial load on column section 

  ∶  Nominal unconfined axial load capacity of column, taken as   f’c (Ag – AF) for columns 

with FRP longitudinal reinforcement 

   :    Design lateral drift ratio, which shall not be less than 0.04 for columns in ductile moment 

resisting frames with   = 4.0 and 0.025 for columns in moderately ductile moment 

resisting frames with    = 2.5 

   :  Confinement coefficient equal to 0.15√
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        : Spacing of tie legs or the spacing of grid openings in the cross-sectional plane of the 

column 

3.3.2 The American Guideline ACI 440.1R-06 (ACI Committee 2006) 

3.3.2.1 Design for flexure 

 The balanced reinforcement ratio according to ACI440.1R-06 (ACI Committee 440 2006) can 

be expressed as follows  

     =0     
   

     
 

     

          
                                                                                       [3.23] 

Since the axial load has a great effect on the moment resistance of the FRP-RC columns, a 

similar approach to the strength interaction diagram for steel-RC column sections can be used in 

an analytical investigation of the behaviour of concrete reinforced with FRP reinforcing bars 

(Choo et al. 2006). 

3.3.2.2 Design for shear 

Design of shear according to ACI 440.1R-06 has the following requirements:- 

The total factored shear resistance is computed as follows: 

   =    +                                                                                                                  [3.24] 

   = 5√                [3.25]                               

    =
       

 
                   [3.26] 

Where  

c = k d       ,      k = √            
         ,       = 0.004 E       

   :  FRP longitudinal reinforcement ratio  
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Transverse reinforcement shall be spaced at distances not exceeding  
 

 
  or 610 mm to make sure 

that each crack should intersect with one stirrup. 

The minimum shear reinforcement should exceed: 

        
      

   
                                                                                                      [3.27] 

   S:   Spacing of shear reinforcement, measured parallel to the longitudinal axis of the member  

         : Area of shear reinforcement perpendicular to the axis of a member within the distance 

     :        Design stress of the transverse FRP reinforcement it should not be greater than 0.004  
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CHAPTER 4 

EXPERIMENTAL WORK 

4.1 INTRODUCTION 

In this research study, a portion of a column between the footing and the inflection point is 

constructed and tested to simulate the critical case in resisting earthquake-induced energy in a 

reinforced concrete structure. In frame-resisting systems (Figure 4.1) during earthquakes, the 

inertia forces are transferred from floor-to-floor by means of columns. Therefore, columns are 

subjected to approximately equal and opposite moments from each end. To simulate the seismic 

loading in the laboratory, column specimens were tested under a constant axial load with 

incremental lateral deformation reversal.  

 

Figure 4.1: Moment-resisting frame 

Yielding of steel reinforcement  
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4.2 DETAILS OF THE EXPERIMENTAL PROGRAM 

Eight specimens were constructed and tested to study the behaviour of GFRP-RC columns under 

seismic loading. In this section, the design procedure, specimens’ materials, details, construction, 

instrumentation, and testing are discussed.  

4.2.1 Design Procedure  

The specimens design and analysis were carried out following the recommendations of the 

CSA/A23.3-14 (CSA 2014) “Design of concrete structures”, for the steel-RC specimen, and the 

CSA/S806-12 (CSA 2012) “Design and construction of building structures with fibre-reinforced 

polymers”, for the GFRP-RC specimens, where applicable. In addition, the outcomes of recent 

research studies (Sharbatdar 2003, Sharbatdar et al. 2004, Choo et al. 2006a and 2006b, Zadeh et 

al. 2014) were also considered to fill the design gaps for eccentric FRP-RC columns in FRP 

codes.  

The axial force-moment interaction diagrams were used to predict the bending moment capacity 

corresponding to the axial force applied to the columns. Generating the interaction diagrams 

were based on the plane section analysis conducted for strain profiles. The flexure failure at 

different axial load on the interaction diagram occurs when the ultimate compressive strain of 

concrete at the extreme compression fibre reaches 0.0035 according to CSA S-806-12 (CSA 

2012). The contribution of the GFRP longitudinal bars in compression to the load-carrying 

capacity was assumed to be equivalent to the concrete since the GFRP bars showed comparable 

mechanical characteristic to the concrete (Zedah et al. 2013; Choo et al. 2006). 

For the shear design, a full contribution of the concrete capacity was considered in addition to 

the capacity of the transverse reinforcement. For the stability of the longitudinal bars, Clause 
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8.4.3.14 (CSA 2012) specifies that the spacing of transverse reinforcement should not exceed 16 

times the diameter of the smallest longitudinal bar, 48 times the diameter of the hoops bar, the 

minimum column dimension or 300 mm. Additional restrictions were also required in order to 

obtain adequate confinement to the concrete core. Clause 12.7.5.3 (CSA 2012) limited the 

maximum spacing between lateral reinforcement to the least of one quarter of the minimum 

column dimension, six times the diameter of the smallest longitudinal bar, or 450 mm. Moreover, 

according to Clause 12.7.5.2 (CSA 2012), the effective transverse reinforcement ratio should be 

greater than the larger of the amount required by the following equations:   

         
   
   

 
  

  
   

 

  

 

√  
                                                                          [4.1] 

In which [ 
  

  
  ]  >  0.3,    ⁄ )     0.2; 

   =0.15√
  

 

   
  for rectilinear transverse reinforcement 

   : Area of rectangular FRP hoop reinforcement in each cross-sectional direction 

 : Spacing of transverse reinforcement  

  : Cross-sectional dimension of column core 

  
 
 : Specified compressive strength of concrete 

    : Design stress level in FRP transverse confinement reinforcement 

  : Gross area of section  

  : Cross-sectional area of the core of a compression member measured to the centreline of 

the perimeter hoop or spiral  
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4.2.2 Material Properties  

4.2.2.1 Concrete 

The columns were constructed with normal-weight, ready-mixed concrete with a specified 28-

day compressive strength of 35 MPa. The maximum nominal aggregate size was 19 mm, and the 

measured slump of the concrete was 120 mm. To simulate the actual construction practice, the 

column was cast one week after the footing and both were wet-cured in the laboratory for 7 days. 

The concrete compressive and tensile strengths were based on the average values from standard 

tests (CSA/A23.2-9C-144) performed on at least six 150   300 mm cylinders from each concrete 

batch on the day of testing the column. Figure 4.2 and 4.3 shows the compression and the tensile 

tests of the concrete cylinders, respectively. The compressive and tensile strengths of concrete at 

the day of testing are provided at Table 4.1. 

 

Table 4.1: Compressive and tensile strength of concrete on day of testing 

Specimen Compressive Strength 

(MPa) 

Tensile Strength 

(MPa) 

Age at day of testing 

(days) 

S-1.3-10-75 38.7±0.40 3.4±0.20 37 

G-1.3-10-75 38.4±0.42 3.4±0.22 47 

G-1.9-10-75 38.9±0.52 3.4±0.32 35 

G-2.6-10-75 38.5±0.50 3.4±0.32 42 

G-1.3-15-75 40.0±1.18 3.6±0.40 30 

G-1.3-20-75 41.0±1.00 3.6±0.50 38 

G-1.3-10-100 39.5±0.20 3.5±0.23 33 

G-1.3-10-150 39.6±0.25 3.5±0.23 39 
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Figure 4.2: Compressive test of concrete on day of testing 

 

 

Figure 4.3: Tensile test of concrete on day of testing 
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4.2.2.2 Reinforcement 

Grade 400 deformed steel bars were used to reinforce the steel-RC specimen. Five samples of the 

steel reinforcement were tested in the laboratory according to CSA/A23.1-14 (CSA 2014) in 

order to assure the given values (Figure 4.4). On the other hand, GFRP-RC specimens were 

reinforced with sand-coated GFRP bars and stirrups. The mechanical properties of the GFRP 

bars were provided by the manufacturer (Pultrall Inc. 2014). The characteristics of the used steel 

and GFRP bars are listed in Table 4.2. 

 

Table 4.2: Mechanical properties of reinforcing bars 

Bar type Bar diameter 

(mm) 

Bar area 

(   ) 

Modulus of elasticity    

(GPa) 

Tensile strength 

(MPa) 

Ultimate strain 

(%) 

Steel 

No. 15M 15.9 200 200       0ª    = 0   0ª 

No. 10M 11.3 100 200    = 470    = 0.235 

GFRP Bras and Stirrups 

No. 16 15.9 198 62 1184 1.89 

No. 10 (bent) 9.5 71 50 1022ᵇ 2.00 

 

    and    are the obtained yield stress and yield strain of the used steel, respectively.  

ᵇ Strength of straight portion of the bent GFRP bar. 
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Figure 4.4: Tension test of steel bars 

4.2.3 Test Specimens 

This experimental program was prepared to investigate the behaviour of GFRP-RC columns 

under seismic loading through the following parameters; 

 Reinforcement type (steel and GFRP); 

 Longitudinal GFRP reinforcement ratio (1.3, 1.9 and 2.6%); 

 Level of axial load (0.1    , 0.15     and 0.2    ); and 

 Confinement degree or stirrup spacing (75, 100 and 150 mm). 

To achieve the objectives of this study, a total of eight full-scale columns prototypes were 

constructed and tested under simulated seismic loading. Each specimen simulates the lower 

portion of a first storey column between the footing and the contra-flexure point. The test 

specimens had a 350-mm square cross-section and a shear span of 1650 mm (distance between 

the footing and point of load application). These dimensions were chosen to promote flexure 
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failure in addition to be representative of the columns commonly found in concrete structures. 

Figures 4.5 to 4.10 show the reinforcement details of all test specimens. 

Each specimen is identified with a four-part code, one letter and three numbers. The first letter, 

G or S, identify specimen reinforced with GFRP or steel bars, respectively. The first number 

indicates the longitudinal reinforcement ratio (1.3, 1.9 and 2.6%), the second number stands for 

the level of axial load (10, 15 and 20% of       ), while the third number presents spacing 

between lateral reinforcement (75, 100 and 150 mm). The first specimen, S-1.3-10-75, was 

reinforced with No. 15M (15.9-mm diameter) conventional steel bars and No. 10M (11.3 mm-

diameter) stirrups and was used as a control specimen. The remaining seven specimens, G-1.3-

10-75, G-1.9-10-75, G-2.6-10-75, G-1.3-10-100, G-1.3-10-150, G-1.3-15-75, and G-1.3-20-75, 

were reinforced with No. 16 (15.9-mm diameter) GFRP bars and No. 10 (9.5-mm diameter) 

GFRP stirrups. The bars were embedded for 575 mm into the footing, which had a total depth of 

600 mm. The test  matrix is provided in Table 4.3. 

 

Table 4.3: Test matrix 

 

 

 

Reinforcement 

Type  

•  S-1.3-10- 75 

•  G-1.3-10-75 

Reinforcement 
Ratio 

• G-1.3- 10-75 

• G-1.9- 10-75 

• G-2.6-10-75 

Level of Axial  

Load 

• G-1.3-10-75 

• G-1.3-15-75 

• G-1.3-20-75 

Confinement 
Degree 

• G-1.3-10-75 

• G-1.3-10-100 

• G-1.3-10-150 

Test Specimens
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Figure 4.5: Dimensions and reinforcement of Specimens S-1.3-10-75 and G-1.3-10-75 

 

 

 

 

Note: All dimensions are in mm 
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Figure 4.6: Dimensions and reinforcement of Specimens G-1.3-10-100 

Note: All dimensions are in mm 
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Figure 4.7: Dimensions and reinforcement of Specimens G-1.3-10-150 

 

Note: All dimensions are in mm 
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Figure 4.8: Dimensions and reinforcement of Specimens G-1.9-10-75 

 

Note: All dimensions are in mm 
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Figure 4.9: Dimensions and reinforcement of Specimen G-2.6-10-75 

 

Note: All dimensions are in mm 

Note: All dimensions are in mm 
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Figure 4.10: Cross-sections of the column specimens 

4.2.4 Construction of Specimens 

The formwork was assembled from  0-mm plywood and 20 101.6-mm wood studs to form the 

specified dimensions required by the design process. The wood studs were used to prevent any 

significant lateral movement of the column formwork during casting of the concrete, while the 

plywood was used to form the dimensions of the test specimens. In addition, it was used as a 

stiffener to prevent lateral movement of the footing. To prevent water absorption of the plywood, 

the inner surface was coated by a layer of form-oil in order to ease removing the molds out of the 

formwork. Four PVC tubes were used to make four holes in the footing during casting in order to 

fix the footing to the hard floor by dwydage bars. To simulate the actual construction practise, 

columns and footings were cast separately; the steel-RC footing was cast first with full length 

column longitudinal bars, then the column was cast after one week. Figures 4.11 through 4.13 

show the construction process of the test specimens. 
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(a) Attachment of the strain gauges                    (b) Assembling the column cage 

     

(c)  Columns reinforcement cage                   (d) Assembling the footing cage 

 

Figure 4.11: Reinforcement cages construction 
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(a) Footing cage                            (b) Bracing the columns’ reinforcement 

 

        

                     (c) Casting the footing                                    (d) Curing Process 

 

Figure 4.12: Construction of the footings 
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           (a) Fixing the threaded bars                  (b) Marking the location of the formwork 

 

           

            (c) Assembling the formwork sides                         (d) Casting the columns 

Figure 4.13: Construction of the columns 
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4.2.5 Instrumentation 

Different internal and external instrumentations were used to measure loads, strains, 

displacement and rotation in each column specimen. In addition, cracks were marked after each 

loading step and photos were taken in order to record cracks progression. All the instrumentation 

provided real-time readings during the test, which were connected to a data acquisition system to 

collect data. The following section presents details of the used instrumentation. 

4.2.5.1 Load cells 

Two load cells were used to measure the applied loads on the column specimens. First load cell 

was attached to the actuator to measure the applied lateral load corresponding to the required 

displacement. The second load cell was attached to the hydraulic jack to ensure that the required 

axial load was remained constant during the entire test. 

4.2.5.2 Linear variable differential transducers (LVDTs) 

Linear variable displacement transducers (LVDTs) were used to measure column displacement. 

Four vertical LVDTs were divided into two pairs of two LVDTs to measure the rotation 

components of the column. To measure the total flexural rotation, the first pair of the LVDTs 

was placed vertically at the column faces to cover a distance of 350 mm from the surface of the 

footing, while the LVDT stroke was attached to the footing surface, as shown in Figure 4.14. The 

other pair was placed vertically on the column face to cover a distance of 325 mm, while their 

strokes were attached to the threaded bars at a distance of 25 mm from the footing surface to 

measure the rotation of the hinging region (Figure 4.15). The rotation attributable to the main 
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crack at the column-footing interface is the difference between the total flexural rotation and the 

rotation of the hinging region. The distance between those two LVDTs was set to 450 mm.   
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Figure 4.14: LVDT arrangement for measuring column relative rotation 
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Figure 4.15: LVDT arrangement for measuring column hinge region rotation 
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4.2.5.3 Strain gauges 

Twenty strain gauges were mounted on the longitudinal and transverse reinforcement to measure 

the strains corresponding to the applied loads. To measure strains at the critical flexural region, 

four strain gauges were attached to the corner longitudinal bars at the footing-column interface 

(Figure 4.16). In order to measure strain variation, two strain gauges were mounted on two of the 

former bars at 150 mm below and above the footing interface, in addition to one strain gauge was 

placed close to the end of the bar in order to ensure that there is no slippage occurred during the 

test. To measure strains in transverse reinforcement within the flexural zone, the first three 

stirrups from the footing surface were instrumented with four strain gauges each. Figure 4.17 

illustrates the locations of strain gauges.  

 

 

      

Figure 4.16: Strain gauges installation 
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Figure 4.17: Strain gauges locations  

  

Note: All dimensions are in mm 
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4.2.6 Test Setup and Loading Procedure 

The footing was rested on a concrete block to ensure that the centerline of the column coincide 

with the centerline of the actuator. The footing was grouted to the concrete block to avoid any 

stress concentration (Figure 4.18). Both the column footing and the concrete block were fixed to 

the laboratory strong floor to simulate rational fixity to the column. As shown in Figure 4.19, the 

axial load, which was kept constant during the entire test, was applied using a 1000-kN capacity 

hydraulic jack. A hinged-loading frame was used to transfer the axial load from the hydraulic 

jack to the column specimen and to allow translating the column laterally. The reversal lateral 

quasi-static cyclic load was applied using a 1000-kN capacity,  250-mm stroke actuator 

centered on the column cap.  

To simulate earthquake waves in the laboratory, load-controlled phase followed by 

displacement-controlled phase were applied to the column specimens. As shown in Figure 4.20a, 

the load-controlled phase consisted of two cycles; the first cycle was used to reach the cracking 

load while the second cycle represented the service loading condition for both steel and GFRP 

reinforcement (60% of the yielding strain in case of steel (CSA 2014) and 25% of the ultimate 

strength of the GFRP bars (CSA/S806-12)). On the other hand, the displacement-controlled 

phase was carried out according to the recommendation of the ACI Committee 374 Report on the 

acceptance criteria for moment resisting frames based on structural testing (ACI 374.1 2005). In 

this phase, the seismic loading was applied by gradual increase in the displacement of the 

column tip under quasi-static rate of 0.01 Hz. The first loading step included three cycles which 

had displacement amplitude corresponding to the yielding of the steel longitudinal 

reinforcement. The subsequent loading steps were a multiplier of the first step as 
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follows;   ,       ,       ,      ,       , 5  ,       ,      , and 10  .  Figure 4.20b shows 

the drift ratios versus the number of cycles. The drift ratio was calculated as the horizontal 

displacements of the column tip divided by the unsupported length of the column (distance 

between the point of load application and the column-footing interface).  

   

(a) Grouting the test specimen                          (b) Adjusting the location of the test specimen 

 

   

          (c) Drawing Grid lines                                    (d) Fixing the alignment of the test setup 

Figure 4.18: Test specimen preparation for testing 

 



                                                                                   Chapter 4 – Experimental Work 

______________________________________________________________________________ 

86 

 

P

550
4

0
0

1
6

5
0

1
4

5
0

6
0
0

Constant Axial Compression

AA

  Actuator

1400

LVDT

R
ea

ct
io

n
 W

al
l

Strong Floor

Cross-section A-A

Cyclic Loading

  Steel Chain

3
5
0

350

2
5
0

Concrete Block

 
(a) Schematic drawing- side view 

 

(b) Photo of the test set-up  

Figure 4.19:  Test set-up 
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In order to assess the stiffness degradation of the test prototype after certain seismic loading 

steps, if any, one loading cycle with peak load equal to the service load condition was applied 

under a load-controlled phase. The same loading scheme was applied to GFRP-RC specimens to 

ensure the same loading condition. 

 

(a) Load-controlled phase (Phase 1) 

 

(b) Displacement-controlled phase (Phase 2) 

Figure 4.20: Loading scheme
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CHAPTER 5 

TEST RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

Eight full-scale RC columns were tested under axial compression and simulated seismic loading 

as described in the preceding chapter. The experimental results for all test specimens are 

presented and discussed in this chapter. The damage progression of the test specimens is 

illustrated by photographs taken at selected loading steps. Moreover, the data collected by the 

data acquisition system (DAQ) are presented in the form of hysteresis behaviour, cumulative 

energy dissipation, strain measurement and rotation measurement.  

5.2 CRACKING PATTERN AND MODE OF FAILURE 

The development and propagation of cracks are generally representing the damage progression in 

the test specimens. In case of steel-RC specimen, cracks were marked after each loading step, 

while for GFRP-RC specimens, cracks were marked during loading due to the tendency of the 

cracks to close when the column return back to the original position. Damage progression was 

recorded by taking several photos during testing in addition to videotaping the failure stage.  

Generally, flexural cracks were observed upon the application of the load-controlled phase on the 

column faces perpendicular to the direction of the load application, then, started to propagate 

slightly to the sides of the column at subsequent loading cycles. 

For all GFRP-RC specimens, cracks were developed in a similar manner to the steel-RC 

specimen, S-1.3-10-75; however, the intensity of the flexural cracks was higher in the case of 
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GFRP. As the loading continued, spalling of concrete cover occurred at the hinging region, 

which is defined as the column segment from the footing up to a length approximately equals to 

the column depth. The following sections provide the observation during testing in detail in 

addition to the mode of failure for each specimen.  

5.2.1 Column S-1.3-10-75 

Column S-1.3-10-75 (control specimen) was reinforced with 8 No. 15M longitudinal steel bars 

(1.3%) and No. 10M stirrups spaced at 75 mm (0.83%). The selected spacing between stirrups 

represents the maximum spacing required for column confinement according to the CSA A23.3-

14 seismic provisions. The applied axial load was equal to 10% of the concrete capacity (     ) 

and was remained constant during testing.  

Figure 5.1 shows the cracking pattern of specimen S-1.3-10-75 during different loading stages. 

Flexure cracks appeared during the 0.8% drift ratio on column faces perpendicular to the load 

application. At 1% drift ratio, more cracks were observed including a continuous crack at the 

column-footing interface as a result of the significant yield penetration into the footing. In 

addition, the existing cracks started to widen and further extend to the column side faces.  At the 

subsequent drift ratios, the main crack at the column–footing interface propagated as the 

penetration depth increased. The concrete cover at the corner of the column-footing interface 

started to spall off at 3% drift ratio; then more spalling of the concrete was observed during 4% 

drift ratio. At 5% drift ratio, the concrete cover was completely spalled off at the hinging region 

which resulted in exposing the reinforcement cage. At the first cycle of 6.5% drift ratio the 

longitudinal bars started to buckle between the transverse reinforcement (stirrups). However, the 

column successfully completed the last cycle of 6.5% drift ratio.  When the column was pushed 
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to develop 8.5% drift ratio, all bars at the tension zone had raptured to ensure complete failure of 

the column.  

5.2.2 Column G-1.3-10-75 

Column G-1.3-10-75 was reinforced with 8 No. 16 GFRP longitudinal bars and No. 10 stirrups 

spaced at 75 mm. Spacing between stirrups was selected to fulfill the minimum requirement of 

the confinement according to CSA-S806-12 standards (CSA 2012). Also, the applied axial load 

was 10% of the concrete capacity and was kept constant during the test. 

Figure 5.2 shows the cracking pattern of specimen G-1.3-10-75 at different stages of loading. 

The flexure cracks appeared during the 0.8% drift ratio. In addition, a continuous crack was 

developed at the column-footing interface due to the significant elastic deformation of the 

longitudinal bars at the footing surface. The intensity of cracks increased with increasing the drift 

ratio from 1% to 2% drift ratios and it was uniformly distributed at the lower half of the column. 

Concrete cover started to spall off at 3% drift ratio at the tension side. At 5% drift ratio, the 

concrete cover was completely spalled off and extended up to approximately 500 mm above the 

column-footing interface, leading to a complete exposure of the reinforcement cage. The column 

passed successfully 6.5% drift ratio with more spalling of the concrete cover. At the second cycle 

of 8.5% drift ratio, compression failure of one bar occurred in the compression side followed by 

bar rapture when subjected to tension. It is worth mentioning that spalling of the concrete cover 

reached up to the mid-height of the column when crushing of concrete occurred at 12.5% drift 

ratio.  
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 (a) 0.8% drift ratio                 (b) 1.5% drift ratio                          (c)  2% drift ratio 

      

              (d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.1: Cracking pattern of Specimen S-1.3-10-75 at different drift ratios 
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           (a) 0.8% drift ratio                     (b) 1.5% drift ratio                      (c)  2% drift ratio 

 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.2: Cracking pattern of Specimen G-1.3-10-75 at different drift ratios 
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5.2.3 Column G-1.9-10-75 

Column G-1.9-10-75 was reinforced with 10 No. 16 longitudinal bars and No. 10 stirrups spaced 

at 75 mm which resulted in 1.9% longitudinal reinforcement ratio and 0.83% transverse 

reinforcement ratio. An axial load of 10% of       was applied to the column and was constant 

during the test. The purpose of this specimen was to investigate the behaviour of GFRP-RC 

columns when increasing the reinforcement ratio from 1.3% (specimen G-1.3-10-75) to 1.9% 

reinforcement ratio. As shown in Fig. 5.3, similar cracking progression to specimen G-1.3-10-75 

was observed in specimen G-1.9-10-75; however, a significant damage occurred at 6.5% drift 

ratio up to a distance of 400 mm above the column-footing interface.  In addition, failure of 

specimen G-1.9-10-75 occurred at the third cycle of 8.5% drift ratio when the concrete core 

crushed at the compression zone and followed by compression failure of the longitudinal bars.  

5.2.4 Column G-2.6-10-75 

Column G-2.6-10-75 was reinforced with 16 No.16 longitudinal GFRP bars, which result in 

2.6% reinforcement ratio. The column was confined with No.10 stirrups spaced at 75 mm. The 

column was subjected to 10% of        axial load during the entire test. This column was tested 

to study the behaviour of GFRP-RC column when the reinforcement ratio is further increased to 

2.6%. Figure 5.4 shows that uniform cracking progression was observed in this specimen similar 

to specimen G-1.3-10-75. However, the number of cracks was less in number with larger in 

width than specimens G-1.3-10-75 and G-1.9-10-75.  Failure occurred at the first cycle of 8.5% 

drift ratio by crushing of the concrete within a distance less than 350 mm above the column-

footing interface. Subsequently, compression failures occurred to the longitudinal bars.  
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          (a) 0.8% drift ratio                  (b) 1.5% drift ratio                     (c)  2% drift ratio 

 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.3: Cracking pattern of Specimen G-1.9-10-75 at different drift ratios 
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          (a) 0.8% drift ratio                       (b) 1.5% drift ratio                         (c)  2% drift ratio 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.4: Cracking pattern of Specimen G-2.6-10-75 at different drift ratios 



Chapter 5 – Test Results and Discussion  

______________________________________________________________________________ 

96 

 

5.2.5 Column G-1.3-15-75 

Column G-1.3-15-75 was reinforced with 5 N0.16 GFRP longitudinal bars and No.10 stirrups. 

The stirrups spacing was 75 mm and the column was subjected to 15 % of       axial load 

during the entire test. This specimen was used to investigate the effect of increasing the applied 

axial load from 10 to 15 % of      . 

 Observation during testing indicated that uniform flexure cracks were developed upon the 

application of the loading. The number of cracks was increased at 2% drift ratio while the 

existing cracks propagated further to the column side faces. Spalling of the concrete cover started 

at the last cycle of 2% drift ratio at the lower corner of the column. After 2%, there was 

insignificant increase of the number of cracks; meanwhile more damage occurred to the concrete 

cover at the hinging region. At 5% drift ratio, the reinforcement cage was totally exposed at the 

hinging region. Crushing of the concrete occurred at 8.5% drift ratio and was followed by 

compression failure of the longitudinal bars. Figure 5.5 shows the cracking pattern of specimen 

G-1.3-15-75 during different stages of loading.    

5.2.6 Column G-1.3-20-75 

Column G-1.3-20-75 was reinforced with 8 No.16 GFRP longitudinal bars and No.10 stirrups 

spaced at 75 mm. The applied axial load was 0.20       and was kept constant during testing. 

The purpose of this speciemen is to assess the behaviour of the GFRP-RC columns under 

significant axial loading (0.20      ).  

It was observed during testing that flexure cracks were observed at 0.8% drift ratio in addition to 

the main crack at the footing-column interface. The number of cracks was increased at 2% drift 
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ratio while the existing cracks propagated further to the column side faces. Spalling of the 

concrete cover started at the first cycle of 2% drift ratio at the lower corner of the column, while 

there was insignificant increase in the number of crack at 3% drift ratios. However, the existing 

cracks widen and further expand to the column sides. After 4% drift ratio, more spalling of the 

concrete cover was observed in addition to more propagation of the main crack at the footing-

column interface. The reinforcement cage was totally exposed at 5% drift ratio at the hinging 

region. Failure occurred when crushing of the concrete occurred at the first cycle of 8.5% drift 

ratio. Subsequently, compression failure occurred in the longitudinal bars. Figure 5.6 shows the 

cracking pattern of specimen G-1.3-20-75 during different stages of loading.          
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       (a) 0.8% drift ratio                       (b) 1.5% drift ratio                         (c)  2% drift ratio 

 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.5: Cracking pattern of Specimen G-1.3-15-75 at different drift ratios 
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          (a) 0.8% drift ratio                     (b) 1.5% drift ratio                     (c)  2% drift ratio 

 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.6: Cracking pattern of Specimen G-1.3-20-75 at different drift ratios 
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5.2.7 Column G-1.3-10-100 

Column G-1.3-10-100 was reinforced with 8 No.16 GFRP longitudinal bar (reinforcement ratio 

of 1.3%) and No.10 stirrups. Spacing between stirrups was 100 mm which resulted in 0.62% 

transverse reinforcement ratio. This specimen was used to investigate the effect of increasing the 

stirrups spacing from 75 mm (specimen G-1.3-10-75) to 100 mm on the seismic performance of 

GRP-RC columns.  

It was observed during testing that specimen G-1.3-10-100 showed similar behaviour to 

specimen G-1.3-10-75 up to 2% drift ratio, while at the subsequent loading cycles, the flexure 

cracks had a lower intensity. This behaviour was attributed to the ineffective confinement at the 

early stages of loading, while as the loading continued; the lower intensity of the flexure cracks 

was attributed to the relatively non-uniform confinement which was developed by wider spacing 

between the transverse reinforcement. Similar to specimen G-1.3-10-75; spalling of the concrete 

cover started at 3% drift ratio, however slow deterioration of the concrete cover occurred at the 

subsequent loading cycles. For example; During 4 and 5% drift ratio, more spalling of the 

concrete cover was observed, while at 6.5% drift ratio the reinforcement cage was totally 

exposed at the hinging region (approximately 350-mm above the footings). Failure in this 

specimen occurred when concrete crushed at 8.5% drift ratio and was combined with 

simultaneous buckling and compression failure of the longitudinal bars. Fig 5.7 shows also that 

the excessive damage at failure only occurred within 350-mm above the footing-column 

interface which explains the lower deformability due to wider spacing between stirrups.  
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5.2.8 Column G-1.3-10-150 

Column G-1.3-10-150 was reinforced with 8 No.16 longitudinal GFRP bars and No.10 stirrups. 

The stirrup spacing was 150 mm, which provided 0.41% transverse reinforcement ratio. The 

applied axial load was 10% of       and was remained constant during testing. This specimen 

was used to investigate the effect of increasing the stirrups spacing from 75 mm (specimen G-

1.3-10-75) to 150 mm on the seismic performance of GRP-RC columns.  

Figure 5.8 shows the cracking pattern and the mode of failure for specimen G-1.3-10-150. Upon 

the application of the loading cycles, the same number of flexural cracks was observed if 

compared to specimens G-1.3-10-75 and G-1.3-10-100. Moreover, a continuous crack was 

developed at the footing-column interface as a result of the significant elastic deformation of the 

longitudinal bars. Similar to both G-1.3-10-75 and G-1.3-10-100, spalling of the concrete cover 

of specimens G-1.3-10-75 started slightly at 3% drift ratio and was slowly extending within the 

hinging region. After 4% drift ratio, there was insignificant increase of the intensity of the 

flexural cracks, instead, the previous cracks widen, in addition to more spalling of the concrete 

cover at the hinging region. At 5% drift ratio, the reinforcement cage was totally exposed within 

350 mm above the Column-footing interface. During 6.5% drift ratio, more damage to the 

concrete core was observed only at the hinging region. Subsequently, at 8.5% drift ratio, the 

concrete in the compression zone crushed and was combined with compression failure of the 

longitudinal bar.   
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            (a) 0.8% drift ratio                     (b) 1.5% drift ratio                        (c)  2% drift ratio 

 

   

    (d) 3% drift ratio                     (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.7: Cracking pattern of Specimen G-1.3-10-100 at different drift ratios 
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          (a) 1% drift ratio                       (b) 1.5% drift ratio                         (c)  2% drift ratio 

 

   

(d) 3% drift ratio                       (e) 5% drift ratio                     (f)  8.5% drift ratio 

Figure 5.8: Cracking pattern of Specimen G-1.3-10-150 at different drift ratios 
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5.3 HYSTERETIC BEHAVIOUR 

The hysteric diagram represents the relationship between the applied lateral load and the drift 

ratio of the column tip. The drift ratio was calculated as the horizontal displacement of the 

column at the point of load application divided by the unsupported height of the column. The 

shape of structural hysteretic behaviour is affected by changing material properties beyond the 

elastic range or by changes in the structural geometry (e.g. buckling, cracks). Furthermore, the 

hysteretic response of a structure depends not only on the immediate deformation of the 

elements, but also on the past history of the deformations as it represents the energy dissipated 

by the structure (Zeynalian et al. 2012). 

In the present study, the typical hysteric behaviour of GFRP-RC columns relative to a steel 

counterpart showed dissimilarities during loading (ascending portion of the hysteric loop) and 

unloading (descending portion of the hysteric loop). During loading at the early stages, the 

GFRP-RC columns showed a reduced lateral capacity compared to steel due to the relatively low 

modulus of elasticity of the GFRP reinforcement. In addition, due to the elastic behaviour of the 

GFRP reinforcement up to failure, there was insignificant residual deformation in the 

reinforcement. As a result, when the GFRP-RC specimens were unloaded (descending portion of 

the hysteric loop), the unloading curve aimed approximately at the origin of the lateral load-drift 

ratio relationship. On the other hand, steel-RC specimen showed a significant pinching (pinching 

may be defined as a plastic deformation occurred to the member due to extensive concrete 

damage, unclosed cracks, slippage of the longitudinal bars or yielding of the reinforcement) due 

to residual deformation as a result of the inelastic behaviour of the steel reinforcement after 

yielding. Consequently, the hysteresis response of the GFRP-RC specimens in general showed a 
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reduced area under the hysteresis loops which implies the reduced energy dissipation of the 

GFRP-RC members.   

For specimen S-1.3-10-75, Figure 5.9 shows that there was a gradual increase in the lateral 

capacity at the early loading stages. At 3% drift ratio, the maximum lateral capacity (147 kN) 

was reached with a significant pinching of the hysteresis loop due to the inelastic behaviour of 

steel reinforcement after yielding. At the subsequent loading steps, there was insignificant 

increase in the lateral capacity up to 5% drift ratio due to spalling of the concrete core with 

insignificant strength contribution of the steel reinforcement. However, the hysteresis diagram 

showed more pinching which increased the enclosed area of the hysteric loops. At 6.5% drift 

ratio, there was a significant degradation in strength (40% degradation) due to the deterioration 

of the concrete core with 40 kN pinching at 6.5% drift ratio.  

In Figure 5.10, the hysteresis diagram for specimen G-1.3-10-75 shows different behaviour 

compared to specimen S-1.3-10-75 due to the relatively low modulus of elasticity of GFRP bars 

compared to steel. At the early stages of loading, specimen G-1.3-10-75 showed lateral capacity 

relative to specimen S-1.3-10-75. However, after 4%drift ratio, the lateral resistance of specimen 

G-1.3-10-75 exceeded the lateral capacity of specimen S-1.3-10-75. For example, at 0.8% drift 

ratio, specimen S-1.3-10-75 showed 25% higher lateral capacity than specimen G-1.3-10-75. 

However, the maximum lateral capacity for specimen G-1.3-10-75was 167 kN at 8.5% drift 

ratio. Moreover, failure occurred at 12.5% drift ratio which resulted in an approximately 200% 

increase in the drift capacity with only 4% degradation in strength. It can be noted that the 

descending portion of the hysteresis curve aimed approximately at the origin of the lateral load-
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drift relationship; as a result there was insignificant pinching of the hysteresis loop which explain 

the narrow enclosed area of the hysteresis loop. This agrees well with the findings of Tevoulsi 

(2013) where it was reported that circular GFRP-RC columns under seismic loading exhibited 

linear elastic behavior with lower residual deformations compared to their counterparts 

reinforced with steel bars. 

 

 

Figure 5.9: Hysteresis diagram of Specimen S-1.3-10-75 
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Figure 5.10: Hysteresis diagram of Specimen G-1.3-10-75 
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theoretical capacity were obtained. In addition, Sharbatdar (2003) concluded that for columns 

reinforced with CFRP longitudinal bars and CFRP grids, the experimental capacity was always 

exceeding the theoretical capacity when computed based on the elastic theory principles.    

As shown in Figure 5.12, the hysteresis response showed linear increase of the lateral resistance with 

no pinching of the hysteresis loops. This specimen showed linear-elastic behaviour with insignificant 

strength degradation at failure. For example, the increase in the lateral capacity reached 201 kN at the 

first cycle of 6.5% drift ratio. However, failure occurred at 8.5% drift ratio with only 5% strength 

degradation. Specimen G-2.6-10-75 showed 16 and 5% increase in the lateral capacity compared to 

specimens G-1.3-10-75 and G-1.9-10-75, respectively. This behaviour can be explained by the effect 

of the high reinforcement ratio on the strength gain as well as the deformability at failure. The 

degradation in strength between pulling and pushing the column was about 2%, which indicates the 

successful strength regain due the high elasticity of the GFRP longitudinal bars in addition to the 

improved properties of the confined concrete core.   The theoretical capacity of specimen G-2.6-10-

75 is 105 kN, which indicates that the experimental capacity was 100% higher than the calculated 

one. This behaviour indicates the significant contribution of the GFRP reinforcement to the load 

carrying capacity.  
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Figure 5.11: Hysteresis diagram of Specimen G-1.9-10-75 

 

Figure 5.12: Hysteresis diagram of Specimen G-2.6-10-75 
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Figure 5.13 shows the hysteresis behaviour of specimen G-1.3-15-75. The hysteresis response 

showed linear behaviour up to 2% drift ratio. However, at the subsequent drift ratios, non-linear 

behaviour of the hysteric loop was developed. The lateral capacity of specimen G-1.3-15-75 was 

reached at 3% drift ratio with a magnitude of 133 kN, while, at failure, the lateral capacity 

decreased by 5% to 127 kN (occurred at 8.5% drift ratio). This shows a good agreement with the 

early spalling of the concrete cover at 2% drift ratio. The non-linear behaviour after 2% was 

attributed to the significant damage which occurred to the concrete core at the critical section due 

to high axial load. As a result, this specimen showed relatively wider hysteresis loops compared 

to specimen G-1.3-10-75 with lower axial load. The theoretical lateral capacity for this specimen 

is 90 kN, which only represents 56% of the maximum experimental capacity.  

As shown in Figure 5.14, specimen G-1.3-20-75 showed similar hysteresis behaviour to 

specimen G-1.3-15-75. However, the first showed more stable hysteresis behaviour with higher 

lateral capacity. For example, at 6.5% drift ratio, the lateral capacity was 159 kN, while at 

failure, it was 147 kN with approximately 8% degradation in strength. Compared to specimen G-

1.3-15-75, specimen G-1.3-20-75 showed an increase in the lateral resistance up to 6.5% drift 

ratio, while specimen G-1.3-15-75 showed non-linear behaviour of the lateral resistance 

envelope after 3% drift ratio. The experimental lateral capacity of specimen G-1.3-20-75 was 

70% higher than the calculated one. This can be attributed to the higher resistance of the concrete 

core due to the effective confinement of the stirrups.   
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Figure 5.13: Hysteresis diagram of Specimen G-1.3-15-75 

 

Figure 5.14: Hysteresis diagram of Specimen G-1.3-20-75 
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As shown in Figure 5.15, the hysteresis diagram indicates that specimen G-1.3-10-100 showed a 

linear behaviour up to 3% drift ratio, then started to develop a non-linear behaviour up to failure. 

This behaviour resulted in relatively significant pinching compared to specimen G-1.3-10-75, 

which resulted in wider loops due to the degradation of the concrete core properties.  The 

maximum lateral capacity of 140 kN was reached at 6.5% drift ratio, while the lateral capacity at 

failure was133 kN at 8.5% drift ratio with only 5% degradation in strength.  The strength 

degradation as a result of changing the direction of the loading was 7% of the maximum 

capacity. This indicates the significant damage occurred to the concrete core due to less 

confinement of the transverse reinforcement. However the spacing between stirrups was more 

than   ⁄  which is the minimum spacing required by CSA/S806-12 for the efficient confinement, 

the theoretical lateral capacity is 60% less than the experimental capacity. This indicates the 

underestimation of the effective confinement of the concrete core.  

Figure 5.16 shows the hysteresis response of specimen G-1.3-10-150. Up to 3% drift ratio, the 

hysteresis diagram showed linear behaviour, while at the subsequent loading cycles; there was a 

non-linear behaviour up to failure. Compared to specimens G-1.3-10-75 and G-1.3-10-100, 

specimen G-1.3-10-150 showed relatively significant pinching due to the deterioration occurred 

to the concrete core as a result of wider spacing between stirrups. The maximum lateral load 

resistance was 137 kN and was obtained at 4% drift ratio, while the lateral load resistant at 

failure (8.5% drift ratio) was 121 kN resulting in 12% strength degradation at failure. The 

difference in lateral resistance when the loading direction was reversed is 4% of the maximum 

reached value, mostly in the pushing direction. It is worth mentioning that the experimental 
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lateral resistant was 57% higher than what was calculated using elastic theory. However, the 

selected spacing was double that recommended by CSA/S806-12.     

 

Figure 5.15: Hysteresis diagram of Specimen G-1.3-10-100 
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Figure 5.16: Hysteresis diagram of Specimen G-1.3-10-150 

Figures 5.17 through 5.20 show the lateral capacity-drift ratio envelope. Specimen S-1.3-10-75 
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stages due to the relatively low modulus of elasticity of the GFRP reinforcement. For example, at 
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The ultimate lateral resistance for specimens G-1.3-10-75, G-1.9-10-75 and G-2.6-10-75 was 

167, 170 and 190 kN, respectively. This indicates that increasing the reinforcement ratio 

enhanced the lateral load capacity. However, increasing the reinforcement ratio adversely 

affected the drift capacity. For example, specimen G-1.3-10-75 exhibited higher drift ratio 

(approximately 200%) compared to specimens G-1.9-10-75 and G-2.6-10-75. Specimens with 

higher axial loads exhibited early strength gain followed by strength degradation before failure. 

For example, at 2% drift ratio the lateral capacity for specimens G-1.3-10-75, G-1.3-15-75 and 

G-1.3-20-75 was 120, 128 and 146 kN, respectively. However, specimen G-1.3-10-75 showed 33 

and 12.5% higher lateral load capacity at failure than specimen G-1.3-15-75 and G-1.3-20-75, 

respectively. On the other hand, specimens G-1.3-10-100 and G-1.3-10-150 showed insignificant 

increase in the lateral resistance after 3% drift ratio. 

 

Figure 5.17: Load-lateral drift relationship envelopes for Specimens S-1.3-10-75 and G-1.3-10-

75 
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Figure 5.18: Load-lateral drift relationship envelopes for Specimens G-1.3-10-75, G-1.9-10-75, 

and G-2.6-10-75  

 

Figure 5.19: Load-lateral drift relationship envelopes for Specimens G-1.3-10-75, G-1.3-15-75, 

and G-1.3-20-75 
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Figure 5.20: Load-lateral drift relationship envelopes for Specimens G-1.3-10-75, G-1.3-10-100, 

and G-1.3-10-150 
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Figures 5.21 to 5.24 show the cumulative energy dissipation of the test specimens against drift 

ratios. The cumulative energy dissipation was calculated by summing the dissipated energy in 

successive load-displacement cycles. The energy dissipated by each cycle is expressed by the 

area that the hysteretic loop encloses in the corresponding beam tip load-displacement. In the 

present study, specimen S-1.3-10-75 showed higher energy dissipation than the GFRP 

counterpart (G-1.3-10-75) due to the inelastic behaviour of the steel reinforcement. For example; 

at 4% drift level; specimen S-1.3-10-75 has reached 44% higher cumulative absorbed energy 

compared to specimen G-1.3-10-75. On the other hand, all the GFRP-RC specimens showed 

similar energy absorption due to their elastic behaviour up to failure. For example, the absorbed 

energy at 4% drift ratio for specimens G-1.3-10-75, G-1.3-10-100-G-1.3-10-150, G-1.9-10-75, 

G-2.6-10-75, G-1.3-15-75, and G-1.3-20-75 was 22, 21, 21.5, 21, 19, 20, and 23.4, respectively.  

 

 

Figure 5.21: Cumulative energy dissipated by Specimens S-1.3-10-75 and G-1.3-10-75 
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Figure 5.22: Cumulative energy dissipated by Specimens G-1.3-10-75, G-1.9-10-75, and G-2.6-

10-75 

 

Figure 5.23: Cumulative energy dissipated by Specimens G-1.3-10-75, G-1.3-15-75, and G-1.3-

20-75 
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Figure 5.24: Cumulative energy dissipated by Specimens G-1.3-10-75, G-1.3-10-100, and G-1.3-

10-150 
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The measured strain at 6.5% drift ratio was 10,700 µε, which represents 56% of the GFRP 

ultimate strain. For specimens G-1.9-10-75 and G-2.6-10-75 (Fig. 5.26), the maximum measured 

strain at 4% drift ratio in the longitudinal bars has reached 46 and 35% of the ultimate tensile 

strain of the GFRP bars, respectively. Compared to specimen G-1.3-10-75, specimens G-1.9-10-

75 and G-2.6-10-75 showed lower strains in the longitudinal bars due to the higher reinforcement 

ratio at the tension zone, while there was insignificant contribution of the longitudinal bars in 

compression, which is equivalent to the concrete capacity. This behaviour is in a good agreement 

with the observed significant damage of the concrete at the critical section. The maximum strain 

reading in the longitudinal bars for specimens G-1.9-10-75 and G-2.6-10-75 before the strain 

gauges were malfunctioned were 11,600 and 10,140 µε, respectively.  

Prior to the 3% drift ratio, specimens G-1.3-15-75 and G-1.3-20-75 showed lower strain readings 

than specimen G-1.3-10-7 (Fig. 5.27). However, specimens G-1.3-15-75 and G-1.3-20-75 

developed higher strains at the subsequent loading steps. The maximum strain readings were 

captured at 6.5% drift for specimens G-1.3-15-75 and G-1.3-20-75 was 11,650 and 12,750 µε, 

respectively. This behaviour was attributed to the degradation in strength that occurred to the 

specimens with high axial load after 3% drift ratio.   

Figure 5.28 shows that, at early loading stages, specimen G-1.3-10-75 developed lower strains in 

the longitudinal bars compared to G-1.3-10-100 and G-1.3-10-150. After 4% drift ratio, only 

specimen G-1.3-10-150 had a decrease in the strain reading up to failure. This can be attributed 

to the higher applied lateral stress to the longitudinal bars at the early stages of loading by the 

lateral expansion of the concrete core. However, for specimen G-1.3-10-75 at the subsequent 

drift ratios, the improvement in lateral resistance with lower strains in the column longitudinal 
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bars could be attributed to the enhanced properties of the concrete core by the efficient expansion 

restraint of the closely-spaced stirrups.  This is in a good agreement with the observed longer 

zone of the inelastic deformability hinge for specimen G-1.3-10-75. The maximum strain 

readings in the longitudinal bar for specimens G-1.3-10-100 and G-1.3-10-150 were 11,750 and 

10,560 µε, respectively. 

 

 

Figure 5. 25: Maximum strain–drift ratio relationship for the longitudinal bars in Specimens S-

1.3-10-75 and G-1.3-10-75 
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Figure 5. 26: Maximum strain–drift ratio relationship for the longitudinal bars in Specimens G-

1.3-10-75, G-1.9-10-75, and G-2.6-10-75 

 
Figure 5.27: Maximum strain–drift ratio relationship for the longitudinal bars in Specimens G-

1.3-10-75, G-1.3-15-75, and G-1.3-20-75 
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Figure 5.28: Maximum strain–drift ratio relationship for the longitudinal bars in Specimens G-

1.3-10-75, G-1.3-10-100, and G-1.3-10-150 

Figures 5.29 and 5.30 show the strain variation along the longitudinal bars for specimens S-1.3-

10-75 and G-1.3-10-75, respectively. The strain was measured at four different locations on the 

bar. The strain readings inside the footing for specimen G-1.3-10-75 showed gradual decrease 
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different bond characteristics of the GFRP bars compared to steel counterpart. Moreover, 

yielding of the steel bars at the hinging region produced insignificant increase of the stress along 

the embedded length of the longitudinal bars inside the footing. On the other hand, the GFRP 

bars developed large deformation with significant increase in stress along the bars. For the strain 

variation within the hinging region, specimen G-1.3-10-75 showed relatively uniform strain 

readings along the longitudinal bars compared to specimen S-1.3-10-75. This is in agreement 
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with concrete spalling of specimen G-1.3-10-75 which extended up to the mid-height of the 

column, while for specimen S-1.3-10-75, spalling of the concrete cover was approximately 

limited to 350 mm above the column-footing interface. The decrease in strain at the critical 

section with insignificant strength degradation for specimen S-1.3-10-75 was due to the relieve 

of strain at the location of the strain gauge as a result of yielding of the steel bar at a different 

location.  

Figures 5.31 and 5.32 show that, at 4% drift ratio, specimen G-1.3-10-75 has developed 200% 

increase in the longitudinal bar strain at 150 mm inside the footing when compared to specimens 

G-1.9-10-75 and G-2.6-10-75. As shown in Fig. 5.33 and 5.34, specimens G-1.3-15-75 and G-

1.3-20-75 exhibited a lower variation in strain readings inside the footing, while the strain 

reading started to increase along the height of the column after 4% drift ratio. Similar behaviour 

was also observed in specimens G-1.3-10-100 and G-1.3-10-150 (Figures5.35 and 5.36).   
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Figure 5.29: Strain profile for the longitudinal bars for Specimen S-1.3-10-75 

 
 

Figure 5.30: Strain profile for the longitudinal bars for Specimen G-1.3-10-75 
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Figure 5.31: Strain profile for the longitudinal bars for Specimen G-1.9-10-75 

 

 
 

Figure 5.32: Strain profile for the longitudinal bars for Specimen G-2.6-10-75 
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Figure 5.33: Strain profile for the longitudinal bars for Specimen G-1.3-15-75 

 

Figure 5.34: Strain profile for the longitudinal bars for Specimen G-1.3-20-75 
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Figure 5.35: Strain profile for the longitudinal bars for Specimens G-1.3-10-100  

 

 
 

Figure 5.36: Strain profile for the longitudinal bars for Specimen G-1.3-10-150 
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5.5.2 Developed Strains in Column Transverse Reinforcement 

In S-1.3-10-75, Fig. 5.37 shows that the maximum stirrup strain did not reach the yielding of 

steel. However, due to low modulus of elasticity of the GFRP stirrups, the strain in the GFRP 

stirrups was higher than that in the steel counterparts. The difference in the strains increased with 

increasing the drift ratio.  At 4% drift ratio (drift ratio limit by CSA-S806-12), the measured 

stirrup strain in S-1.3-10-75, G-1.3-10-75, G-1.3-10-100-G-1.3-10-150, G-1.9-10-75, G-2.6-10-

75, G-1.3-15-75 and G-1.3-20-75 was 700, 4057, 3420, 4520, 3810, 2880, 2500 and 3000 µε, 

respectively, which is below the allowable strain limit of CSA/S806-12 (6000 µε) and 

CSA/A23.3 (     500 MPa) standards, respectively. Figures 5.37 to 5.40 show the maximum 

strain–drift ratio relationship for stirrups in all the test specimens. 

 

Figure 5.37: Maximum strain–drift ratio relationship for stirrups in Specimens S-1.3-10-75 and 
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Figure 5.38: Maximum strain–drift ratio relationship for stirrups in Specimen G-1.3-10-75, G-

1.9-10-75, G-2.6-10-75 

 

Figure 5.39: Maximum strain–drift ratio relationship for stirrups in Specimen G-1.3-10-75, G-
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Figure 5.40: Maximum strain–drift ratio relationship for stirrups in Specimen G-1.3-10-75, G-

1.3-10-100, and G-1.3-10-150 

5.6 DRIFT COMPONENTS 

The total rotation of the column could be divided into three main components, namely rotation of 

the plastic hinge (inelastic deformability hinge for GFRP-RC specimens), rotation due to the 

main crack at the column-footing interface and rotation due to cracking outside the inelastic 

deformability hinge plus the column rigid-body rotation. The contribution of each rotation 

component can be determined with respect to the total column drift angle. The rotation ratio of 

the three components for G-1.3-10-75 is attributed to the high elasticity of GFRP reinforcement, 

which developed distributed cracks over a wider zone to provide stable rotation of the column, 

while for S-1.3-10-75; the inelasticity of steel reinforcement at the critical sections controlled the 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0% 1% 2% 3% 4% 5% 6%

S
tr

a
in

 (
m

ic
ro

-s
tr

a
in

) 

Drift Ratio  

G-1.3-10-75

G-1.3-10-100

G-1.3-10-150
S806-12 Allowable  strain limit 

S
8
0
6

-1
2
  
D

ri
ft

 R
at

io
 L

im
it

  

 



Chapter 5 – Test Results and Discussion  

______________________________________________________________________________ 

133 

 

majority of the column rotation. For example, for specimen S-1.3-10-75, the plastic hinge 

rotation represents 64% of the total rotation at 4 % drift ratio, while the rotation attributable to 

the main crack was 30%. For specimen G-1.3-10-75, these percentages were 65 and 8%, 

respectively. Figures 5.41 and 5.42 shows the contribution of the major drift components 

(inelastic deformability hinge, main crack at column face, and joint distortion) to the overall 

rotation for specimens S-1.3-10-75 and G-1.3-10-75, respectively. 

Specimen G-1.3-10-75 exhibited higher rotation of the inelastic deformability hinge than those 

obtained for the specimens with higher reinforcement ratio. For example; the contribution of the 

inelastic deformability hinges rotation for specimens G-1.3-10-75, G-1.9-10-75 and G-2.6-10-75 

has reached an average of 60, 45 and 43% of the total rotation, respectively, which explains the 

lower stiffness of the hinging region of specimen G-1.3-10-75 due to lower reinforcement ratio 

compared to that in specimens G-1.9-10-75 and G-2.6-10-75 (Figures 5.43 and 5.44).   

Specimen G-1.3-10-75 had more stable rotation of the inelastic deformability hinge than 

specimens G-1.3-15-75 and G-1.3-20-75(Figures 5.45 and 5.46). This behaviour could be 

attributed to the excessive damage occurred to the inelastic deformability hinge in the specimens 

with higher axial load. In addition, the contribution of the rotation of the inelastic deformability 

hinge at 4% drift ratio was approximately 60, 50 and 45% of the total drift for specimens G-1.3-

10-75, G-1.3-10-100 and G-1.3-10-150, respectively. In the meantime, the rotation due to the 

main crack at the footing- column interface was 8, 30 and 31% for specimens G-1.3-10-75, G-

1.3-10-100, and G-1.3-10-150, respectively (Figures 5.47 and 5.48).  
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Figure 5.41: Contributions to total drift rotation for Specimen S-1.3-10-75 

 

 

Figure 5.42: Contributions to total drift rotation for Specimen G-1.3-10-75 
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Figure 5.43: Contributions to total drift rotation for Specimens G-1.9-10-75 

 

Figure 5. 44: Contributions to total drift rotation for Specimen G-2.6-10-75 
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Figure 5.45: Contributions to total drift rotation for Specimen G-1.3-15-75  

 

Figure 5.46: Contributions to total drift rotation for Specimen G-1.3-20-75 
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Figure 5.47: Contributions to total drift rotation for Specimen G-1.3-10-100 

 

 

Figure 5.48: Contributions to total drift rotation for Specimen G-1.3-10-150
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 SUMMARY 

Reinforced concrete (RC) infrastructures are inherently vulnerable to steel corrosion, particularly 

for those subjected to de-icing salts and/or aggressive environments, leading to costly repair and 

rehabilitation as well as a significant reduction in service life. Noncorrosive fibre-reinforced 

polymers (FRP) reinforcement, as an alternative for internal steel reinforcing bars, has shown a 

promising performance in mitigating corrosion-related problems of steel-RC structures. 

However, the elastic-linear behaviour of glass (G) FRP up to failure with low modulus of 

elasticity has raised concerns of the ability of GFRP reinforcement to replace steel reinforcement 

in earthquake-resistant structures, in which dissipation of earthquake-induced energy is mainly 

dependent on the nonlinear behaviour of their structural members. Therefore, the use of GFRP 

reinforcement in such members needs to be investigated.  

This research investigates the seismic performance of GFRP-RC columns. Eight full-scale 

columns were designed, constructed and tested under simultaneous axial compression and 

simulated seismic loading. The test specimens simulate the lower portion of first storey columns 

between the footing and the contra-flexure point. The test specimen consisted of 

1400 1400 600 mm heavily-reinforced footing and 350 350 1650 mm column. The 

dimensions of the test specimens were chosen to promote flexure failure in addition to be 

representative of columns commonly found in concrete structures. The main objective of this 

research project is to study the effect of using GFRP longitudinal bars and stirrups on the 
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performance of concrete columns under reversal-cyclic loading. The test parameters included, 

longitudinal reinforcement type and ratio, level of axial load and spacing between transverse 

reinforcement. 

6.2 CONCLUSIONS 

Based on the results of the tested specimens, the following conclusions can be drawn.  

1. The GFRP-RC specimens with well-distributed longitudinal reinforcement, laterally 

supported by closely-spaced stirrups, resulted in a stable hysteresis=behaviour up to 

failure.  The drift capacity of all the test specimens ranged between 8.5 to 12.5% with 

insignificant degradation in strength at failure. 

2. All the GFRP-RC specimens failed in flexure, failure occurred by crushing of concrete, 

followed by compression failure of the longitudinal bars.   

3. The cumulative energy absorbed by the GFRP-RC specimens during reversed-cyclic 

loading was approximately one-half that of the of the steel-RC specimen. At 4% drift 

ratio, the cumulative energy absorbed by the steel-RC specimen was 50 kN.m; while, for 

GFRP-RC specimens, it was approximately 22 kN.m. 

4. All the GFRP-RC specimens showed approximately similar level of absorbed energy at 

the same loading step due to the elastic behaviour of the GFRP reinforcement. For 

example, at 4% drift ratio, all test specimens reached approximately the same level of the 

cumulative energy absorption (22 kN.m), except specimen G-1.3-10-75, which reached 

80 kN.m at failure due to higher drift capacity.  
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5. Increasing the reinforcement ratio resulted in increasing the lateral capacity; however, 

low level of deformability at failure was observed as the reinforcement ratio increased. 

Both specimens having reinforcement ratio of 1.9% and 2.6% showed approximately 

50% decrease in the drift capacity with 20% strength gain compared to specimen with 

reinforcement ratio of 1.3%. 

6. Columns with higher axial loads showed rapid deterioration with lower level of strength 

gain and deformability at failure. Increasing the axial load form 10% to 20% of the 

column axial capacity resulted in approximately 15% decrease in strength and 50% 

decrease in the drift capacity at failure.    

7. The transverse reinforcement played an important role in the confinement of the concrete 

up to failure. The steel transverse reinforcement has shown less effective confinement 

after yielding, while the GFRP stirrups provided lateral restraint to the expansion of the 

concrete core up to failure. In addition, Canadian standard, CSA/S806-12, requirement 

for the amount of confinement provided by GFRP transverse reinforcement is adequate 

to ensure stability of the longitudinal bars. For example, increasing the GFRP stirrups 

spacing form     (CSA/S806-12 limit) to     resulted in 50% decrease in the drift 

capacity, in addition to strength degradation of 25% at failure. 

8. Similar to the steel-RC specimen, the drift capacity of GFRP-RC specimens was more 

than the 2.5% and the 4% required by the National Building Code of Canada (NRCC 

2010) and CSA/S806-12 (CSA 2012), respectively. This indicates that the GFRP-RC 
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columns can successfully sustain the gravity load in the presence of the seismic 

excitations. 

6.3 FUTURE WORK 

Based on the outcomes of the current study, the recommended areas for future research include, 

but not limited to, the following: 

 Study the bond characteristics of sand-coated GFRP bars and evaluate the required lap 

splice in GFRP-RC columns when subjected to seismic loading;  

 Evaluate the shear resistance of columns subjected to seismic loads; 

 Evaluate  the minimum reinforcement ratio in GFRP-RC columns under seismic loading 

to avoid rupture of longitudinal reinforcement;  

 Study the influence of the column axial load on the seismic behaviour when exceeding 

the balanced condition in order to generate accurate axial-moment interaction diagram;  

 Study the influence of high strength concrete on the performance of GFRP-RC columns 

under seismic loading;   

   Evaluate the effective contribution of stirrups configuration and bar diameter to the 

confinement of the column concrete core; 

 Develop confinement models that would predict accurately the lateral capacity of the 

GFRP-RC columns; 
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 Study the behaviour of full-scale GFRP-RC concrete frame under seismic loading to have 

a better understanding of the damping and natural period of such structures; 

 Evaluate the ductility-related factor (Rd) and the over-strength-related factor (Ro) required 

for calculating the seismic loads on Seismic resisting frame system. 

These proposed studies would allow better assessment of the demand of GFRP-RC columns in 

earth quack–resistant structures. Consequently, additional provisions would be implemented in 

the future editions of the CSA/S806 standard in order to widely utilize the use of GFRP bars in 

the construction industry.  
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A.1 Design for Flexure  
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Figure A.1: Specimen S-1.3-10-75 reinforcement detailing 
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A.1.1 Materials and Sectional properties:   

 Concrete Properties 

    = 35 MPa,                     = 1,                      = 4500     = 26622 MPa,                

   = 0.85   0.0015    = 0.797                       = 0.97   0.0025    = 0.883 

   = 0.0035 

 Longitudinal Reinforcement: Steel bars  

   = 400 MPa,     = 1,     = 200 GPa,     = 200 mm
2
,          ε = 0.002% 

 Cross Section properties 

   = 8 φ 16 = 8   200 = 1600 mm
2
,     ρ = 1.29%,        h = 350 mm,      b = 350 mm 

 

Figure A.2: Typical Axial-Moment interaction diagram for Specimen S-1.3-10-75 
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A.1.2 Calculations of required points to construct the Column interaction diagram 

 Point (1): Pure Axial load 

   =        (      ) +              (Clause 10.10.4) 

   = (0.7975   35   1   (350   350 – 8   200) + 1   400   8   200)    0   = 4014.62 kN 

                                 ∴ Point (1): (    =  0.0   kN.m,    = 4015 kN) 

 Point (2): c = 350 mm 

 

Figure A.3: Compatibility of strains for column cross section (c = 350 mm) 

   =             = 0.7975   1   35   0.8825   350   350 /  0  = 3017.51 kN 

        (  
  

 
) = 0.0035   (1   

  

   
   0 00  >     = 2    0    

Take        

         
  

 
  = 0.0005 

    00     
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    =         = 1   600   400 /  0  = 240 kN 

    =         = 1   400   400 /  0  = 160 kN 

   =         = 1   600   100 /  0  = 60 kN 

                 = 3357.51 kN 

  =   (
 

 
 

   

 
)     (

 

 
   )    (  

 

 
) 

  = {3017.51   (
   

 
 

          

 
) + 240   (175   50) + 60   (300   175)} /  0  

= 100.86  kN.m  

∴ Point (2): (    = 101 kN.m,    = 3357  kN)         

 Point (3): C = 300 mm 

 

Figure A.4: Compatibility of strains for column cross section (c = 300 mm) 

   =             = 0.7975        1   0.8825   300   350    0  = 2586 kN 

           
  

 
  = 0.0035   (1 

  

   
  0 00    >    = 2    0    
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Take        

         
  

 

 

 
  = 0.001458 

   = 291 MPa  

         
   

 
  = 0 

   0 

    =         = 1   600   400 /  0  = 240 kN 

    =         =1   400   400 /  0  = 160 kN 

   =          =0 

                 = 2986 kN 

  =   (
 

 
 

   

 
)     (

 

 
   )    (  

 

 
) 

   = {2586   (
   

 
 

           

 
) + 240   (300  175)} /  0 = 140.03 kN.m 

∴ Point (3): (      = 140 kN.m,    = 2986 kN) 
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 Point (4): C = 250 mm 

 

Figure A.5: Compatibility of strains for column cross section (c = 250 mm) 

   =             = 0.7975        1   0.8825   250  350    0  = 2155 kN  

           
  

 
  = 0.0035   (1 

  

   
   0.0028 

     400 MPa 

         
  

 

 

 
  = 0.00105 

   = 210 MPa 

         
   

 
  = 0.0007 

     0     

    =         = 1   600   400 /  0  = 240 kN 

   =         = 1   400   210 /  0  = 84 kN 

   =          1   600   400 /  0  = 240 kN 
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                 = 2339 kN 

    =   (
 

 
 

   

 
)     (

 

 
   )    (  

 

 
) 

    = {2155   (
   

 
 

           

 
) + 240   (175   50) + 240   (300   175)} /  0   

= 199.26 kN.m  

∴ Point (4): (    = 199.26 kN.m,    = 2339 kN) 

 Point (5): C = 200 mm 

 

Figure A.6: Compatibility of strains for column cross section (c = 200 mm) 

  =             = 0.7975    1   35   0.8825   200   350 /  0 = 1724.29 kN 

           
  

  
 = 0.0035 (1   

  

   
    0.002625 

     400 MPa 

          
 

 
  

 
  = 0.00043 

   = 87.5MPa 
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 = 0.00175 

     0    

    =       = 1   600   400 /  0 = 240 kN 

    =       = 1   400   233.3 /  0 = 35 kN 

  =       = 1   600   400 /  0 = 210 kN 

                = 1789 kN 

  =  (
 

 
 

     

 
)     (

 

 
   )   (  

 

 
) 

   = {1675   (
   

 
  

        

 
) + 240   (175 50) +210   (300 175)} /  0 = 205.83 kN.m  

∴ Point (5): (   = 205.83 kN.m,    =1789 kN) 

 (Balanced Case)  

𝜺   0 00                                     𝜺  
  

  
 

 00

 00000
  

   (
   

      
)  =

      

            
  300= 190.90 mm 

  =            = 0.7975   1   35   0.8825   190.9   350 /  0 =1638.9 kN 

        (  
  

  
)= 0.0035 (1    

  

      
  0 00   >         0   

Take        
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            = 1   200   3  400 /  0 = 240 kN 

From equilibrium, internal forces =external forces 

           = 1645.84 + 240    240 /  0 = 1645.84 kN 

  =  (
 

 
 

     

 
)    (

 

 
   )   (  

 

 
) 

  = 1638.9   (
   

 
 

            

 
) + 240   (175-50) + 240   (300   175) /  0 = 221.33 kN.m  

 Point (6): C = 150 mm 

 

Figure A.7: Compatibility of strains for column cross section (c = 150 mm) 

  =              = 0.7975   1   35   0.8825   150   350 /  0 = 1293.221 kN 

           
  

  
 = 0.0035 (1   

  

    
  0 00   >       0   

Take        

         
 

 
  

 
 = 0.0005833 

  =116.667 MPa 
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 = 0.0035 >       0   

    00     

   =       = 1   600   400 /  0 = 240 kN 

  =       = 1   400   116.667 /  0 = 46 kN 

  =       = 1   600   400 /  0 = 240 kN 

               = 1246.55 kN 

  =   (
 

 
 

    

 
)     (

 

 
   )   (  

 

 
) 

   = {1675  (
   

 
 

          

 
) + 240   (175-50) +240   (300-175)} /  0 = 200.718 kN.m  

∴ Point (6): (  = 200 kN.m,   =1246.55 kN) 

 Point (7): C = 100 mm 

 

Figure A.8: Compatibility of strains for column cross section (c = 100 mm) 

  =           = 0.7975   1   35   0.8825   100   350 /  0 = 862147.34 kN 
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 = 0.0035     (1 

  

   
  0 00   >       0   

Take       0 

         
 

 
  

 
 = 0.002625 

  = 400 MPa 

         
   

 
 = 0.007 

    00    

   =       = 1   600   350 /  0 = 210 kN 

  =       = 1   400   400 /  0 = 160 kN 

  =       = 1   600   400 /  0  = 240 kN 

               = 672 kN 

  =  (
 

 
 

     

 
)     (

 

 
   )   (  

 

 
) 

   = {1675   (
   

 
 

        

 
) + 3500   (175-50) +240   (300-175)} /  0 = 169.08 kN.m  

∴ Point (7): (  =169.08 kN.m,   = 672.14 kN ) 

 Point (8): C = 48.21 mm 

  =            = 0.7975   1   35   0.8825   100   350 / 0 = 415 kN 
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 = 0.0035(

        

     
  0.000129 

    25.98 MPa 

         
 

 
  

 
 = 0.0035  

         

     
 = 0.0092 

   = 400 MPa 

        (
   

 
) = 0.01827 

    00    

   =       = 1   600   25.98 /  0  =  15 kN 

  =       = 1   400   400 /  0 = 160 kN 

  =       = 1   600   400 /  0 =240 kN 

               = 0.046 kN  0 0 

   =   (
 

 
 

    

 
)     (

 

 
   )   (  

 

 
) 

   = {1675  (
   

 
 

          

 
) + 210   (175-50) +240(300-175)} /  0 =  91.9 kN.m  

∴ Point (8): (  =91.9 kN.m,   = 0.0 kN) 

Apply axial force = 10 %(      ) 

P = 0.10   35   350   350 = 428 kN 

Assume c = 78.5 mm 
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  =            = 0.7975   1 35   0.8825   78.5   350 /  0 = 676.8 kN 

           
  

  
 = 0.0035  (1-

  

    
  0 00  0   

Take             

         
 

 
  

 
 = 0.004302 >       0   

  = 400 MPa 

         
   

 
 = 0.0098 >       0   

    00     

   =       = 1   600   254 /  0 = 152.4 kN 

  =       = 1   400   400 /  0 = 160 kN 

  =       =1   600   400 /  0 = 240 kN 

               = 429.2 kN 

  =  (
 

 
 

    

 
)     (

 

 
   )   (  

 

 
) 

  = {676.8   (
   

 
 

          

 
) + 152.4   (175-50) +240   (300-175)} /  0 = 144 kN.m  
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Figure A.9: Calculated column interaction diagram for Specimen S-1.3-10-75 

A.2 Design for Shear 

A.2.1 Materials and Sectional properties:   

 Shear Reinforcement Characteristics:  

  = 400                       = 1                    = 200 GPa             

   = Three branches 10M = 300         ε = 0.002 

Applied shear force: 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0 50 100 150 200 250

A
x
ia

l 
L

o
a
d

 (
k

N
) 

Moment (kN.m) 

1 

3 

4 

5 

6 

7 

8 

2 

(P = 429 kN, M = 144 kN.m) 
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   = 
 

 
 = 

   

     
 = 87.3 kN 

Maximum shear resistance: 

According to CSA/A23.3-14 Clause 11.3.3 

     =0.25         +   

 Where    = Max (0.9d or 0.72h)  

  =0.9   300=270 or     = 0.72   350 = 252    Max   =270 mm  

     = 0.25   1   35   350   270 + 0 = 826875 N = 826.88 kN > 87.3 kN 

   =    +     

  =   λβ√              

CSA/A23.3-14 Clause 21.4.5.2: 

β ≤ 0.1      ,         ϴ   45  

CSA/A23.3-14 Clause 11.3.6.4: 

  =
 
  

  
          

     
 

   = 144 kN.m 

∴    = 
         

   
                           

                
 = 1.33   0   

CSA/A23.3-14, Clause 11.3.6.4: 
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β = 
   

             
  

    

          
 

Since     >           = 300 mm 

β = 
   

                      
 

    

          
= 0.13 > 0.1      Use β = 0.1  

CSA/A23.3-14 Clause 11.3.6.4: 

 =29+7000   

 = 29 + (7000   1.04   0    = 36.182   45  

USE   = 45  

∴   = 1   1  0.1       350   270 = 55906.95 N = 55.90 kN 

   =       = 87.3   55.9 = 31.4 kN 

CSA/A23.3-14 Clause 11.3.5.1: 

S = 
            

  
 

S= 
                       

          
 = 1031.8 mm  

Minimum shear reinforcement: 

CSA/A23.3-14 Clause 11.2.8.2  

       = 0.06√   
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     = 
    

    √     

 

    = 
         

                
 = 965.86 mm  

Use Spacing = 75mm 

    =  
            

 
 

  = 
                       

  
= 432 kN 

∵    =    +    

  = 432 + 55.9 = 487.9 >    = 87 kN            OK 

Check for minimum spacing: 

CSA/A23.3-14 Clause 11.3.8.1 and 11.3.8.3: 

0.125λ         = 0.1251   1   35   350   270 = 413437.5 N = 413.43 kN >   = 86.3 kN 

1. 0.7  = 0.7   270 =189 mm 

2.  600    

S=189 mm  govern 

CSA/A23.3-14 Clause 21.4.4.3:  
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1. One-quarter of the minimum member dimension = 
   

 
 = 87.5 mm 

2. Six times the diameter of the smallest longitudinal bar = 6   16 = 96 mm 

3.   = 100+ (
      

 
) =100 + (

           

 
) = 184 mm 

Where     is the maximum horizontal centre-to-centre spacing between longitudinal bars on all 

faces of the column that are laterally supported by seismic hoops or crosstie legs. 

On each face of a column, the distance    shall not exceed the greater of 200 mm or one-third of 

the core 

dimension in that direction, and shall not be more than 350 mm. 

        Use Stirrups 10M @ 75 mm 

CSA/A23.3-14 Clause 21.4.4.2: 

  = 276 mm 

  : dimension of concrete core of rectangular section measured perpendicular to the direction of 

the hoop bars to outside of peripheral hoop. 

      = Max {0.2    
  

   

   

   
S  , and 0.09S  } 

Where     =
  

      
 ,    

  

  
 

   : shall not be taken as greater than 500 MPa, 

  : total number of longitudinal bars in the column cross-section that are laterally supported by 

the corner of the hoops or by hooks or seismic crossties. 

   = 350   350=122500          

     276   276 = 76176     

     00     
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S = 
         

             
=

                 

                                 
     > 100 mm 

S = 
      

        
 

         

               
        

Max (193 mm, 137 mm) = 193 mm > 75 mm OK 

Use Three Branches Stirrups 10M @ 75 mm 
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B.1 Design for Flexure  
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Figure B.1: Specimen G-1.3-10-75 reinforcement detailing 
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B.1.1 Materials and Sectional Properties   

 Concrete Properties 

    = 35 MPa                     = 1                      = 4500     = 26622 MPa                

   = 0.85   0.0015    = 0.797                       = 0.97   0.0025    = 0.883 

   = 0.0035 

 Longitudinal Reinforcement: GFRP bars  

     = 1184 MPa    ,         = 1   ,        = 62.6 GPa  ,            = 197.9  ,    ε = 1.89% 

 Cross Section properties 

h = 350 mm                                       b = 350 mm 

     = 197.9 8 = 1581.6               ρ = 1.29%     

 

Calculating balanced reinforcement to avoid brittle tension failure:- 

   

  
 = 

        

 
                    ∴      = 

         

 
 d 

   = 
      

             
  300 = 46.87 mm 

   =        b  C 

      = 1   0.798  35   350   0.883   46.875 / 0  = 404 kN 

Assume 2 ɸ16 at Level 2 

   =    
       

  
 = 0.0035   

          

    
 = 0.0095 

   =          = 0.0095   62600   2   197.7 / 0  = 236.8 kN 

       = 404  236.8 = 167.3 kN 

Check for prevent brittle tension failure at level 3 

   = 
       

    
 = 

            

    
 = 141.33 mm ˂ Area used (3   197.7 = 593.1)  

Tension failure is prevented. 
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Figure B.2: Typical Axial-Moment interaction diagram for Specimen G-1.3-10-15 

B.1.2 Calculations of required points to construct the Column interaction diagram 

 Point (1): Pure Axial load 

   = 0.85   (     ) + 0.003             (Paramanantham and Daniali -1993) 

Compressive strength of GFRP is ignored. 

  =0.85   35   (350   350 – 8   197.7) = 3597 kN 

∴ Point (1): (    = 0.0   kN.m,    = 3597 kN) 
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 Point (2): C = 350 mm 

 

Figure B.3: Compatibility of strains for column cross section (c = 350 mm) 

   =    =    = 0.0  

   = 1   0.8   35   350   0.88   350/ 0  = 3017.5 kN 

   = 3017515.7   (
   

 
 

        

 
) / 0  = 63.38 kN.m  

∴ Point (2): (    = 63.38 kN.m,    = 3017 kN)        

 Point (3): C = 300 mm 

 

Figure B.4: Compatibility of strains for column cross section (c = 300 mm) 
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               0 0    

   = 1   0.8   35   350 0.88   300 / 0 = 2586 kN 

     = 3018400  (
   

 
 

          

 
) / 0  = 129.7 kN.m 

∴ Point (3): (      = 111 kN.m,    = 2586 kN ) 

 Point (4): C = 250 mm 

 

Figure B.5: Compatibility of strains for column cross section (c = 250 mm) 

         = 0 

   = 0.0035   
       

   
 = 0.0007 

   =          = 0.7    0    62600   3   197.7/ 0  = 2.59 kN 

  =1   0.8   35   350   0.8   250 / 0  = 1960 kN  

     = 2155368.4 x (175 - 
        

 
) + 21796.42 x (300 - 175) / 0  = 143.3 kN.m 

   =    -    = 2129.4 kN 

∴ Point (4): (    = 143.35 kN.m,    = 2129 kN ) 
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 Point (5): C = 200 mm 

 

Figure B.6: Compatibility of strains for column cross section (c = 200 mm) 

        = 0 

   = 0.0035   
       

   
 = 0.00175 

  =        = 0.00175   62600  3   197.7 / 0  = 64.9 kN 

   = 1   0.8   35   350   0.8   200 / 0  = 1568 kN 

   = 1724294  (175   
        

 
) + 54491.063   (300 175) / 0  = 158.14 kN.m 

   =    -    = 1659 kN 

∴ Point (5): (   = 158.14 kN.m,    =1659 kN) 
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 Point (6): C = 150 mm 

 

Figure B.7: Compatibility of strains for column cross section (c = 150 mm) 

   = 0 

   = 0.0035   
       

   
 = 0.0005833 

   = 0.0035   
       

   
 = 0.0035 

   =          = 5.83   0     62600   2   197.7 / 0  = 14 kN 

   =          = 0.0035   62600  3  197.7 / 0  = 129 kN 

   = 1   0.8   35   350   0.8   150/ 0  = 1176 kN 

   = 1293221   (175 - 
        

 
) + 181636   (300 - 175) / 0  = 163.6 kN.m 

   =   -    -    = 1148 kN 

∴ Point (6): (  = 157.2 kN.m,   =1148 kN) 
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 Point (7): C = 100 mm 

 

Figure B.8: Compatibility of strains for column cross section (c = 100 mm) 

   = 0.0035   
       

   
 = 0.002625 

   = 0.0035   
       

   
 = 0.007 

   =         = 0.002625   62600   2  197.7 / 0  = 64 kN 

   =          = 7    0     62600   3   197.7/ 0  = 259.8 kN 

   = 1   0.8 35   400   0.8   100 / 0  = 896 kN  

   = 862147   (175 - 
        

 
) + 217964.25   (300   175) / 0  =140 kN.m 

   =    -    -    = 537 kN 

∴ Point (7): (  =145.43 kN.m,   = 537 kN ) 

 Point (8): c = 78 mm 

   = 0.0035   
     

 
                                 = 0.0035  
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   =          = 0.0035   
     

 
    62600   2   197.7 = 86632.14   

     

 
   

   =          = 0.0035   
     

 
    62600   3   197.7 = 129948.21   

     

 
 

   = 1   0.8   35   350   0.8   c = 7840 c 

∵   =    +    Solving Equation For c             ∴ c =  80.4 mm 

∴ Point (8): (  =168.8 kN.m,   = 0.0 kN) 

Apply axial force = 10 %(      )                   P = 0.10   35   350   350 = 428.75 kN 

Assume c= 92.5 mm 

T1 = 0 

   = 0.0035   
        

    
 = 0.0031216 

   = 0.0035   
        

    
 = 0.0078514 

   =          = 0.0031216  62600   2    197.7/ 0  = 77.26 kN 

   =          = 0.0078514    62600   3   197.7/ 0  = 291.5 kN 

   = 1   0.8  35 350   0.88   92.5/ 0  = 797.5 kN 

   = 797480   (175 -  
         

 
) + 291500   (300 - 175)/ 0  = 143.5 kN.m 

   = 428.7 kN 
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Figure B.9: Calculated column interaction diagram for Specimen G-1.3-10-75  

 

 

 

 

 

 

 

 

 

 

0

500

1000

1500

2000

2500

3000

3500

4000

0 50 100 150 200

A
x
ia

l 
L

o
a
d

 (
k

N
) 

 

Moment (kN.m)  

1 

2 

3 

4 

5 

7 

8 

6 

(428.7 kN, 143.5 kN.m) 



                                                                              Appendix B: Design of Specimen G-1.3-10-75  

B-12 

 

B.2 Design for Shear 

B.2.1 Materials and Sectional properties:   

 Shear Reinforcement Characteristics: GFRP Stirrups  

     = 1022 MPa                                 = 1              = 88.6                    = 50000 MPa  

       = Three branches 10 = 3   81.6 = 244.8     

According to Clause 8.4.4.11 CSA S806-12, shear resistance of the concrete is: 

  = {0.05λ           
 

      }    (  
  

    
) 

   = effective shear depth, taken as the greater of 0.9 d or 0.72 h = (270or 252) 

    Coefficients taking into account the effect of moment at section on shear strength 

   : Coefficient taking into account the effect of reinforcement rigidity on its shear strength 

    : Coefficient taking into account the effect of arch action on member shear strength 

   : Coefficient taking into account the effect of member size on its shear strength 

        Factored axial load normal to the cross-section occurring simultaneously with Vf, including 

effects of tension due to creep and shrinkage (taken as positive for tension and negative for 

Compression) 

   = √
   

  
   

   =       kN.m 
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   √
       

     
 = 0.43 ˂ 1                                  = 0.43 

   = 1 + (      
 

                                            

    = 
         

         
 = 0.01291 

   = 1 +     00   0 0     
 

  = 10.31                = 10.31 

   = 
   

     
 

   

         
                                       = 1 

 
    

   
  
   

 = 
   
    

   

 = 0.45 ˂ 1         Use                     

   = {0.05λ           
 

      }    (  
  

    
) 

   = {0.05   1  1  0.43   10.31       
 

  350   270} 1 1   (1 - 
       

          
 / 0  = 85.6 kN 

0.11   √     d ˂    ˂ 0.22   √     d 

0.1   1  1        350 300 ˂    ˂ 0.22   1  1        350   300 

62.12 kN ˂    = 85.6 kN ˂ 142.24 kN        ok 

According CSA S806-12 Clause 8.4.5.2(minimum shear reinforcement):  

    0 0 √   
    

0     
 

     = 
        

    √      
 

                         00    0 00    

 1200 

 0.005   50000 = 250      
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     = 
                 

                
 = 168.89 mm 

Try S = 75 mm 

Calculating Shear resistance For S=75 mm. 

∵    =    +     

From CSA S806-12, Clause 8.4.4.9: 

    
0            

 
     

   = effective shear depth, taken as the greater of 0.9 d or 0.72 h = (270 or 252 mm) 

   =
                           

  
     = 88 kN 

Total shear resistance: 

∴   = 88 + 85.6 = 173.6 kN >    = 87 kN            OK 

Factor of safety = 
     

  
 = 1.99 

According to CSA S806-12, Clause 8.4.6.1, the spacing of FRP ties shall not exceed the least of  

 0.6dv   =0.6   270= 162 mm 

 400                          S = 75 mm is ok 

According to Clause 8.4.6.1, checking if     is greater than 0.11         dv (= 0.11   1 1  

 35  350   270 = 363.8 kN) 
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∵     ˂ 363.8                  No need to reduce the above spacing to one-half 

According to CSA S806-12, Clause 8.4.3.14: 

 The spacing of FRP ties shall not exceed the least of the following dimensions:  

 16 times the diameter of the smallest longitudinal bars or the smallest bar in a bundle;  

 48 times the minimum cross-sectional dimension (or diameter) of FRP tie or grid;  

 The least dimension of the compression member; or  

 300 mm in compression members containing bundled bars.  

In this case: 

 16  15.8= 256 mm 

 48   9.5= 456 mm 

 350 mm 

256 mm         governs 

Spacing = 75 mm       okay 

According to CSA S806-12 Clause 12.7.3.4:  

The transverse reinforcement shall be spaced at distances not exceeding the least of the 

following:  

a) one-quarter of the minimum member dimension;  

b) 150 mm;  

c) 6 times the diameter of the smallest longitudinal bar. 

In this case: 
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   0 mm 

 6   16= 96 mm 

           87.5 mm         governs 

 

CSA S806-12 Clause 12.7.3.3 should be checked for confinement: 

         
  

 

   
 
  

  
   

 

  

 

√  
 

  : cross-sectional dimension of column core 

   : design stress level in FRP transverse confinement reinforcement 

  : gross area of section 

  : cross-sectional area of the core of a compression member measured to the centreline of the 

perimeter hoop or spiral. 

 : Specified axial load on column section 

  : Nominal unconfined axial load capacity of column. 

   = 350 – 60 –10 = 280 mm (centre to Centre of stirrups) (Dimension of column core)    : is 

the least of: 

a) 0.006       = 0.006   50000= 300 MPa 

b)          = 1  1022 =1022 MPa 

   = 350   350 = 122500     

   = (280)   (280) = 78400     
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(
  

  
  )  

      

     
   1= 0.5625 > 0.3 

  = 0.04 

  = 0.15√
  

 

   
 

  : Spacing of tie legs or the spacing of grid openings in the cross-sectional plane of the 

column 

   
   

 
= 140 mm 

  =0.15√
    

    
 

  

   
= 0.1 ˂ 0.2 using 0.2 

       =Three branches 10 = 3 81.6 = 244.8       

Substituting values in the equation: 

         
  

 

   
 
  

  
   

 

  

 

√  
 

 

244.8 = 14   S   280 
  

   
  (0.5625)  

    

     √
    

       
    

 0.2 

Solving equation above for “s”: 

S = 75.9 mm 

Consequently selected reinforcing detail fulfills confinement’s requirements. 

Considering all of clauses above:   Use 3 branches of GFRP No.3 @ 75 mm 

 


