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Abstract.    This paper presents results from an analytical investigation of the behavior of steel reinforced 
concrete circular column sections with additional Glass Fiber Reinforced Polymers (GFRP) bars. The 
primary application of this composite section is to relocate the plastic hinge region from the column-footing 
joint where repair is difficult and expensive. Mainly, the study focuses on the development of the full 
nominal moment-axial load (M-P) interaction diagrams for hybrid concrete sections, reinforced with steel 
bars as primary reinforcement, and GFRP as auxiliary control bars. A large parametric study of circular steel 
reinforced concrete members were undertaken using a purpose-built MATLAB© code. The parameters 
considered were amount, location, dimensions and mechanical properties of steel, GFRP and concrete. The 
results indicate that the plastic hinge was indeed shifted to a less critical and congested region, thus 
facilitating cost-effective repair.  Moreover, the reinforced concrete steel -GFRP section exhibited high 
strength and good ductility. 
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1. Introduction 
 

A composite section is defined as a structural member constructed of two or more dissimilar 
materials attached together to work as one unit and to make the best use of the different material 
response features. Steel-concrete composite sections are among the most widely used types of 
composite systems in construction. Steel members have advantages of high tensile strength and 
ductility, while concrete members have advantages in compressive strength and stiffness as well as 
high fire resistance. (Kuranovas and Kvedaras 2007) 

This study investigates the behavior of a special type of composite sections, a steel reinforced 
concrete column with GFRP control bars. This structural component can be used for relocating the 
plastic hinge region particularly in seismic zones. 

During strong earthquakes, plastic hinges form at the ends of bridge columns. This plastic 
hinge formation causes yield penetration of the column longitudinal reinforcement into the joint 
and may damage the foundation supporting the column. Post-earthquake retrofit of the damaged 
regions with bars suffering yield penetration is difficult and expensive (Cheng and Mander 1997). 
Therefore, it is desirable to force the development of plastic hinges away from the column 
foundation connection region. Fig. 1 demonstrates the location of plastic hinge formation in  
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Fig. 1 Hinge formation in a typical bridge column and a column with relocated hinge 
 
 
conventional bridge columns and the column designed with relocated plastic hinges. 

Few studies have been conducted to relocate the plastic hinge regions from the column-footing 
joint in reinforced concrete bridge columns. One of these studies was done by Hose et al. (1997). 
This study recommended a design technique for relocating the plastic hinge in bridge columns 
away from the footing and increasing the capacity at the joint’s interface by adding an inner 
concentric reinforcing cage within this end region. The analytical and experimental results 
indicated that this method successfully reduced the yield penetration and consequential joint 
damage. However, additional transverse reinforcement for columns is needed in order to provide 
adequate confinement and ductility. 

Shifting the plastic hinge away from the footing is desirable to reduce the yield penetration into 
the joint and avoid complex detailing in a congested region of the structure. However, relocating 
the plastic hinge should not be too far from the joint region for two reasons. First, increasing the 
flexural ductility will form large flexural -shear cracks which result in a loss of shear capacity. 
Second, the effective height of the column is reduced making the influence of shear on the hinge 
region more critical. Thus, relocating the plastic hinge region should be done in a way that 
prevents yield penetration into the footing without significantly increasing the shear demand 
(Priestley et al. 1994, Hose et al. 1997). 

The bond behavior between the GFRP reinforcement and concrete is different from that of steel 
reinforcing bars since various key parameters that influence bond performance are different, such 
as lower modulus of elasticity and surface deformations. The bond mechanism between the GFRP 
bars and concrete has been studied widely by many researchers. From experimental results it was 
observed that the bond between GFRP reinforcement and concrete depends on several factors, 
such as the surface condition of the bar, embedment length, bar diameter, concrete cover, spacing 
between the bars, concrete compressive strength, chemical bonding and environmental agents 
(Soong et al. 2011, Baena et al. 2009, Pecce et al. 2001, Tighiouart et al. 1998, Harajli and 
Abouniaj 2010, Ehsani et al. 1996, Galati et al. 2005, Muñoz 2010). 

The local bond stress can be expressed generally in Eq. (1). From this equation, we can observe 
that for the same bar diameter and strain level in the control bars, GFRP exhibits lower bond stress 
than steel. As a result, the use of these bars could potentially cause significantly less damage to the 
column’s concrete core during a seismic event. Fig. 2 shows the locations of plastic hinge  
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Fig. 2 Typical details of bridge pier with GFRP control bars (Not all bars are shown for clarity) 
 
 
formation in a typical bridge pier with GFRP control bars. The plastic hinge would form near 
Section 1-1 in a splice-free region, instead of Section 2-2, thus the shifted plastic hinge will exhibit 
higher strength and ductility (Aboutaha et al. 2011). 

dx

dED ggg 


4


                                  (1) 

In Eq. (1),  is the average bond stress; gD is the diameter of GFRP bars; gE is the elastic 

modulus of GFRP bars and 
dx

d g  is the slope of the strain distribution curve. 

 

2. Simulation model 
 

The behavior of steel reinforced concrete columns with GFRP control bars is studied by 
analytical investigations. Numerical analyses were conducted using coding with MATLAB© 
software to obtain the full nominal interaction M-P curves for any hybrid circular reinforced 
concrete member. The code is modeled to account for appropriate constitutive material models. 
Also, it is refined in such a way where the user would input the cross section dimensions and 
material properties of the section desired for analysis. Furthermore, the user can specify the 
desired increment to plot the interaction diagram. The key to this code is to monitor the depth of 
concrete compressive zone “x” through increments. For this study, 5.08 mm (0.2 inches) increment 
is used for better accuracy. 
 
 
3. Materials constitutive model 
 

The materials used in the analysis involved steel reinforcing bars, GFRP bars and concrete. 
First, the steel reinforcement used is assumed to have the yielding stress of 414 MPa (60 Ksi), 
while its elastic modulus is considered to be 200 GPa (29,000 Ksi). The stress strain curve of the  
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Fig. 3 Idealized stress-strain curves for steel and GFRP materials 
 

 
Fig. 4 Compressive stress -strain relation of concrete 

 
 
reinforcing bars is assumed to be elastic perfectly plastic. Second, GFRP bar has elastic to failure 
property, with ultimate tensile strength of 1200 MPa (175 Ksi), and ultimate strain of 2%. All the 
material properties for the GFRP bars were obtained from the technical information by the 
manufacturer and tested by Aboutaha (2005). GFRP compressive strength was neglected in the 
analysis. Idealized stress-strain curves for constitutive steel and GFRP materials are shown in Fig. 
3. 

Third, normal weight concrete with uniaxial compressive strength ranged from 27.6 MPa (4000 
Psi) to 68.9 MPa (10,000 Psi) was chosen for this study. Concrete tensile strength was neglected. 
The compressive stress-strain relation of concrete is shown in Fig. 4 (Wight and MacGregor 2008) 
and it can be described by 
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''' 9.0 cc ff                                  (3) 

  
c
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                                   (4) 

In Eq. (2), cf is the compressive stress at thi layer when the concrete section is discretized into 

layers; cf  is the concrete confined compressive stress; cf  is the concrete compressive stress at 

strain 0  given in Eq. (3) ; c is the strain at cf compressive stress; o is the strain at the peak 

compressive stress given in Eq. (4) and cE is the modulus of elasticity of the concrete. 
 
 
4. Construction of hybrid M-P interaction curves 
 

The analysis of the hybrid steel-GFRP columns is equivalent to that of conventional steel 
reinforced concrete columns with the primary difference being the use of elastic to failure GFRP 
control bars. The main purpose for these bars is the relocation of the plastic hinge region. The 
following assumptions were considered while constructing the M-P curves: 

• Plane section before loading remains plane after loading (strain in the concrete, steel and GFRP 
reinforcement is proportional to the distance from the neutral axis) ; 

• The maximum usable compressive strain in concrete is assumed to be 0.003; 

• The tensile strength of concrete is neglected; 

• The GFRP compressive strength is also neglected; 

• The elastic modulus of steel Es= 200 GPa (29,000 Ksi). Beyond yielding, Es=0; 

• The tensile behavior of the GFRP bars is linearly elastic to failure;  

• The column was transversely reinforced according to AASHTO LRFD bridge design 
specifications;  

• The details of the transverse reinforcement were assumed to have adequate strength to confine 
the plastic hinge region and they were not investigated in this study and 

• Perfect bonding is assumed between steel, GFRP and concrete. 
M-P interaction diagram presents the envelope of the nominal capacity of the column section 
under various axial loads and moments. Some points in this diagram have special characteristics as 
shown in Fig. 5: 
 cX : Strain distribution corresponding to uniform pure axial compressive strain of concrete ( cu
=0.003) 
 bX : Strain distribution corresponding to the balanced failure with a maximum compressive strain 
of concrete and yielding tensile strain at the extreme tension layer of steel reinforcement  
 mX : Strain distribution corresponding to the pure bending moment and zero axial force 

 tX : Strain Distribution corresponding to the pure axial tension 

 gX : Strain distribution corresponding to the limiting fracture failure at the extreme tension layer  
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Fig. 5 General hybrid steel-GFRP interaction diagram 

 

 
Fig. 6 Strain and stress distribution diagram used to construct the nominal M-P interaction diagrams 

 
 
of GFRP, having a maximum compressive strain of concrete 
 yX : Strain distribution corresponding to the point where all steel bars in the section yields 

Strain compatibility approach, equilibrium principle and constitutive laws were adopted to 
construct the nominal M-P interaction curve for any column cross section. In the source code, the 
strain in the concrete, steel and GFRP reinforcement is proportional to the distance from the 
neutral axis as shown in Fig. 6. The axial load P was calculated using the equilibrium equation, 
while the internal moment M was calculated by summing the moments of all internal forces about 
the plastic centriod. The compression force in the concrete is evaluated by the integral of the stress 
over the area above the neutral axis. Stresses in the steel and GFRP bars were calculated as follows 

ysss fEf  TensioninStressSteel                 (5) 

)()(nCompressioinStressSteel ccsyccssss fffEf            (6) 
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guggg fEf  TensioninStressGFRP            (7) 

In Eqs. (5)-(7), sf and gf  are the stress in steel and GFRP respectively; sE and gE  are the 

modulus of elasticity of steel and GFRP respectively; s and g are the strain in steel and GFRP 

respectively; yf is the yield strength of steel; ccsf is the stress in concrete at the level of the 

compression steel estimated using Eq. 2; and guf  is the ultimate tensile strength of GFRP bars. 

 
 
5. Discussion of hybrid M-P interaction curves 
 

The hybrid M-P interaction diagram can be divided into four zones as follows: (1) Compression 
control zone “A”, (2) Low axial stress ductile zone “B”, (3) Tension control zone “C” and (4) 
Tension only zone “D”, as shown in Fig. 5. 

The compression control zone “A”, starts from the balance failure point ( bX ) and ends at the 

pure axial compression point ( cX ). In this zone the maximum concrete strain is 0.003. The steel in 

this region remains elastic (except at point bX ), and the GFRP was assumed not to carry any 
compressive stresses. Furthermore, as any typical steel reinforced concrete interaction diagram, the 
failure mechanism in the compression control zone would be governed by crushing of the concrete 
at the extreme compression fiber. 

Low axial stress ductile Zone “B” starts from the balance point ( bX ) and ends at the fracture 

GFRP limit point ( gX ). In this zone, the steel yields and the strain in GFRP is less than the 

ultimate limit fracture of 0.02 except point ( gX ). Meanwhile, the mode of failure starts with 

yielding of the steel bars followed by crushing of the concrete which is a typical ductile failure 
response. 

In the tension control zone “C”, where the mode of failure is controlled by fracture of the 
GFRP bars, the strain in the extreme tension layer of GFRP control bars is fixed to its ultimate 
limit 0.02. Although the mode of failure is controlled by fracture of GFRP bars, the mode of failure 
is considered ductile since the GFRP are control bars while the steel are primary ones. 

In zone “D”, the contribution of concrete in tension was neglected everywhere. Like in zone C, 
the strain in the extreme tension layer of GFRP is still fixed as its ultimate limit of 0.02. In zone 
“D”, the failure starts with yielding of steel, followed by fracture of the GFRP control bars. It’s 
noticeable that the behavior of the M-P diagram in this zone is approximately linear and the slope 
of the curve is changing after yielding of each layer of steel bars. This is due to the fact that after 
the steel yields, the steel bars lose their stiffness and their force remains constant, while the elastic 
to failure GFRP bars dominate the section stiffness. 

The hybrid steel-GFRP concrete sections show a second discontinuity point gX in their moment 

axial interaction diagrams. This behavior reflects a condition where the maximum strain in GFRP 
reaches its ultimate. Moreover, the linear elastic to failure GFRP material forms a z-shape in the 
interaction diagrams (inflection points X1 and X2 shown in Fig. 5).This shape is a mathematical 
reflection of the combination of concrete, steel and GFRP behaviors in the hybrid section. 

In order to locate the inflection points of the z-shaped curve, the following procedure was used. 
First, the column moment capacity equation was written in terms of “x”, the depth of the concrete 
compression zone. Then, the first derivative of this equation with respect to “x” is obtained and 
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solved. The resulting roots of this derivative constitute a set of potential inflection points. Valid 
ones should match the following two criteria. The first inflection point should be located at or near 
the balance condition point since the GFRP forces would be lower than that of steel in this region. 
The second criterion of the inflection point is that it should be at or near gX , and caused by GFRP 

since in this region the forces in GFRP will be higher than that of steel. 
 
 
6. Results and discussions 
 

In order to investigate the effectiveness of using GFRP control bars for shifting the plastic 
hinge region, several circular column sections were considered. The primary reference column was 
1828.8 mm (72 inches) in diameter. It was designed and transversely detailed according to the 
current AASHTO LRFD bridge design specifications (AASHTO 2010). The longitudinal steel 
reinforcement ratio s (area of steel/gross area of concrete) of 1.25% was selected, which is 
equivalent to 40 32 mm　  (40#10). The details of the transverse reinforcement were assumed to 
have adequate capacity to confine the plastic hinge regions following the AASHTO bridge design 
specifications. Therefore, they were not investigated in this study. Fig. 7 shows details of the 
reference column sections. 
 
 

 
Fig. 7 Details of reference column sections with various GFRP control bars 

 

Fig. 8 Non-dimensional interaction diagrams for the reference column by varying ρg  (fc’=41.4 MPa, 
fy=414 MPa, gf=50.8 mm and ρs=1.25%) 
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Fig. 8 shows the nominal non-dimensional M-P interaction diagrams for the reference column. 
The main variable in this series is the amount of GFRP control bars. Several amounts of GFRP 
bars were considered, which had 10, 20, 30, or 40 32 mm (# 10), corresponding to GFRP ratio 

g (area of GFRP/ gross area of concrete) as 0.25 g , 0.5 g , 0.75 g and 1.00 g . The GFRP bars 

were located at 50.8 mm (2 inches) measured from the main steel bars fg . This value was used 

since it is the most practical distance, and offers the longest moment arm for the GFRP bars. For 
this specific set of curves, the concrete compressive strength was 41.4 MPa (6000 Psi) and the 
steel yield strength was 414 MPa (60 Ksi). 

From these curves it was observed that for any specific axial stress, an increase in the amount 
of GFRP control bars would lead to an increase in the bending moment capacity of the column 
section. However, as the axial stress increases, the rate of increase in the bending capacity 
decreases. We can also notice that in the compression control zone, all the hybrid curves almost 
coincide with the steel reinforced concrete column’s curve, since GFRP was assumed not to carry 
compressive stresses. Thus, GFRP bars are not efficient in increasing the bending resistance of the 
column section under high compressive axial stress (compression control zone A). 

In addition to the GFRP reinforcement ratio, its modulus of elasticity also plays a major role in 
the behavior of the interaction diagram. Fig. 9 shows the M-P interaction diagram for the reference 
column by varying the GFRP modulus of elasticity. The graph shows that the higher the modulus 
of elasticity, the higher the increase in the bending moment capacity. 
 
 

Fig. 9 Non-dimensional interaction diagrams for the reference column by varying GFRP properties 
(fc’=41.4 MPa, fy =414 MPa, gf=50.8 mm, ρs=1.25% and ρg= ρs) 
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Fig. 10 Non-dimensional interaction diagrams for the reference column by varying ρs and ρg (fc’=41.4 
MPa, fy=414 MPa and gf=50.80 mm) 

 

Fig. 11 Non-dimensional interaction diagrams for the reference column by varying fy (fc’=41.4 MPa, 
gf=50.8 mm, ρs=1.25% and ρg= ρs) 
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The combined effect of simultaneously varying the steel and the GFRP reinforcement is shown 
in Fig. 10. The results show that increasing the steel ratio would decrease the percentage increase 
in the enhanced moment capacity at low axial stress. For example, at the pure bending moment 
(zero axial stress), the effect of doubling the reinforcement ratio s from 1% to 2% with ratio 

)/( sg   equal to 1 decreases the percentage increase in flexural strength from 77.57 to 50.19. At 

high axial stress, steel ratio has insignificant effect. 
Fig. 11 shows the M-P interaction diagram for the reference column by varying the steel yield 

strength from 276 MPa (40 ksi) to 483 MPa (70 Ksi). The results show that the steel yield strength 
has the same effect on the increase in flexural strength as the reinforcement ratio. Increasing the 
yield strength would decrease the percentage increase in flexural strength at low axial stress, and 
there is no significant effect at higher axial stress. 

Furthermore, the effect of the concrete compressive strength cf   on the GFRP-steel sections 

was also investigated as shown in Fig. 12. We can notice that cf   has a positive effect on 
increasing flexural strength particularly at low axial stresses. 

In addition to the reinforcement and material properties, column cross sectional area was also 
investigated represented by γ (the ratio of the distance between centers of longitudinal steel 
reinforcement in the outer layers to the column diameter). Fig. 13 illustrates the influence of the 
cross sectional area on the hybrid steel-GFRP column. Five circular column cross sections were 
considered in this study, which had diameter of 609.6, 1219.2, 1828.8, 2438.4 and 3048 mm (2, 4, 
6, 8 and 10 ft) corresponding to γ ratio as 0.78, 0.89, 0.93, 0.95, and 0.96 respectively. The results 
indicate that column cross section has a large influence on the flexural capacity of the reinforced 
 
 

Fig. 12 Non-dimensional interaction diagrams for the reference column by varying fc’ (fy=414 MPa, 
gf=50.8 mm, ρs=1.25% and ρg=ρs) 
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Fig. 13 Non-dimensional interaction diagrams by varying γ (fc’=41.4 MPa, fy =414 MPa, gf=50.8 mm 
ρs=1.0%, ρg= ρs) 

 
Table 1 Ductility of steel-GFRP sections versus steel-steel sections for the reference column at pure moment 

s

s

s

g or 



 '

 Steel-GFRP section Steel-Steel section 

0.00 5.86 5.86 

0.25 5.03 5.09 
0.50 4.54 4.53 
0.75 4.19 4.15 
1.00 3.93 3.85 

Where: 
 g = is the ratio of the total amount of GFRP control bars gA  to the gross area of the column gcA  

 s = is the ratio of the total amount of steel control bars sA  to the gross area of the column section gcA  

 s = is the ratio of the total amount of primary steel bars sA  to the gross area of the column section gcA  

 
 
concrete column with GFRP control bars. Under any specific axial stress, an increase in the 
column cross section leads to an increase in the enhanced bending strength. 

Finally, it is often necessary to determine the ductility of a given column which reflects the 
ability to sustain inelastic deformations before collapse without substantial loss of strength. The 
ductility was defined as the ratio of curvature at ultimate load to the curvature at first yield. Table 1 
shows the ductility of the hybrid steel-GFRP sections versus the steel-steel sections of the 
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Fig. 14 M- diagram for GFRP versus steel control bar for the reference column section at pure axial 
moment 

 
 
reference column and Fig. 14 shows the moment curvature M- diagram for GFRP versus steel 
control bar at pure axial moment. The results indicate that steel-GFRP sections have good ductility 
and are relatively equal to those of conventional reinforced steel column sections. Moreover, it 
should be noted here that the hybrid sections confine the concrete with two steel cages causing the 
concrete to be under a triaxial stress state. This state can attain higher compressive strength and 
higher ultimate strain resulting in larger deformation ability, which is an important criterion for 
seismic performance of columns. 
 
 
7. Conclusions 
 

This paper presents results of an analytical investigation of the behavior of composite steel 
reinforced concrete circular column with GFRP control bars. Based on the results of this 
investigation, the following conclusions are drawn: 
1. GFRP control bars are effective in increasing the bending capacity of steel reinforced concrete 
sections subject to low axial loads around or below 15% of its ultimate pure axial stress. 
2. An increase in the amount of GFRP bars leads to an increase in the bending capacity of the 
column section, while the rate of increase in the bending capacity decreases as the axial stress 
increases. 
3. The higher the modulus of elasticity of the GFRP control bars, the higher the increase in the 
enhanced bending moment capacity. 
4. At low axial stress, an increase in the steel reinforcement ratio or its yield strength would lead to 
a decrease in the enhanced bending moment capacity. However, increasing these variables has 
insignificant effect at higher axial stresses. 
5. The larger the columns cross sections, the higher the increase in the bending strength. 
6. Since the compressive strength of GFRP is small, GFRP control bars are not effective in 
increasing the bending capacity of steel reinforced concrete sections subject to high axial stress 
(generally greater than 10 MPa). 
7. GFRP control bar is superior to a steel auxiliary control bar, since it develops lower bond stress 
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with the surrounding concrete which causes less damage to the concrete core during frequent 
seismic events. 

It is concluded that a steel-GFRP concrete column exhibits adequate structural performance 
through high strength and adequate ductility. Therefore, it has the ability to relocate the plastic 
hinge region far from the footing-column joint region, which makes this composite section a 
viable alternative for the application in bridges located in seismic zones. Recommended future 
research should involve experimental investigation of full scale steel-GFRP reinforced concrete 
columns. 
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