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The strength and ductility of high strength concrete columns improve with the addition 
of steel fiber.  This paper reports the behavior of circular High Strength Concrete 
(HSC) columns reinforced with Hybrid Steel Fibers (HSF) under different loading 
conditions.  In this study, HSF consisted of a combination of macro steel fibers and 
micro steel fibers.  A total of eight circular specimens of 205 mm diameter and 800 
mm height were cast and tested.  All specimens were reinforced with same amount of 
steel reinforcements.  The specimens were divided into two groups of four specimens.  
Group RC (reference group) contained no steel fibers.  Group HSF (hybrid steel fibers) 
contained 2.5% by volume of HSF.  From each group one specimen was tested under 
concentric loading, one under 25 mm eccentric loading, one under 50 mm eccentric 
loading, and one under four-point loading.  The results showed that the specimens 
reinforced with HSF achieved higher strength and ductility compared to RC specimens 
under different loading conditions.  It was also observed that the presence of HSF 
delayed the spalling of the concrete cover. 

Keywords: Macro steel fibers, Micro steel fibers, Columns, Ductility, Eccentric 
loading, Concentric loading, Hybrid steel fibers. 

  

 
1 INTRODUCTION  

In structural applications, the use of High Strength Concrete (HSC) is on the rise due to 

its high compressive strength and high durability.  One of the most common structural 

applications of HSC is in the columns of high rise buildings, where Normal Strength 

Concrete (NSC) results in larger cross sectional area and higher costs.  However, lower 

ductility and brittle failure are obstacles for the application of HSC.  The inclusion of 

fibers into HSC improves its structural performance, such as flexural strength, impact 

resistance, tensile strength, flexural toughness and ductility (Mohammadi et al. 2008).  

Adding a single type of fiber can improve the properties of Fiber Reinforced Concrete 

(FRC) to a limited level.  However, the optimum improvement in mechanical properties 

of the FRC can be achieved by combinations of two or more different types of fiber 

namely as (hybrid fibers) in concrete (Chi et al. 2014).  A number of researchers have 

studied the effect of a single type of fiber on concrete columns under concentric loads 

(Mangat and Azari 1985, Ganesan and Murthy 1990, Paultre et al. 2010, Palanivel and 
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Sekar 2013, Balanji et al. 2015), under cyclic load (Lee 2007, Tokgoz 2009) and a few 

studies were conducted under eccentric load (Hadi 2008, Trapko 2014).  Based on the 

existing research studies, it was found that the strength and ductility of the columns 

vary based on different parameters such as distribution and tensile strength of the 

longitudinal steel bars, configuration, spacing and tensile strength of the transverse 

reinforcements.  For FRC columns, fiber type, volume content, aspect ratio and 

orientation of the fibers play an important role in enhancing the strength and ductility of 

the concrete columns.  Using hybrid steel fibers with a combination of micro and macro 

fibers in HSC columns may further improve in the strength and ductility.  Thus, the 

main objective of this study is to investigate the behavior of circular HSC columns 

reinforced with hybrid steel fibers under different loading conditions. 

 
2 EXPERIMENTAL PROGRAM  

2.1    Test Specimens 

A total eight FRC specimens were cast and tested.  The dimensions of the specimens 

were chosen to be 205 mm in diameter and 800 mm in height.  According to the 

Australian Standards AS-3600 (2009), all specimens were reinforced with the same 

amount of longitudinal and spiral reinforcements.  For longitudinal reinforcement, 6 

deformed steel bars of 12 mm diameter (6N12) with 500 MPa nominal tensile strength 

were used.  For spiral reinforcement, plain steel bars of 10 mm diameter and 60 mm 

pitch (R10 @ 60 mm) with 250 MPa nominal tensile strength were used.  The 

specimens cover was maintained on 20 mm.  The specimens were divided into two 

groups of four specimens.  Group RC contained no steel fibers.  Group HSF contained 

2.5% by volume of HSF i.e., a combination of 1% by volume of macro steel fibers and 

1.5 % by volume of micro steel fibers. 

In each group, one specimen was tested under an axial concentric load and 

designated as 0.  The second specimen was tested under an axial load with 25 mm 

eccentric load and designated as 25.  The third specimen was tested under an axial load 

with 50 mm eccentric load and designated as 50.  The fourth specimen was tested as a 

beam under four-point loading and designated as B.  All specimens were tested at the 

laboratories of the School of Civil, Mining and Environmental Engineering, University 

of Wollongong, Australia.  

 

2.2    Material Properties  

High Strength Concrete (HSC) provided by a local supplier was used to form the 

specimens.  The average compressive strength was 60 MPa at 28-day.  Two different 

steel fibers of deformed macro steel fibers (18 mm length, 0.55 mm diameter and 

nominal tensile strength of 800 MPa) and straight micro steel fibers (6 mm length, 0.2 

mm diameter and nominal tensile strength of 2600 MPa) were used to reinforce the 

specimens. 

 

2.3    Casting and Curing Procedure  

In order to form the specimens, PVC formworks with an inner diameter of 205 mm and 

a length of 800 mm were used.  HSC was placed directly from the concrete chute into 

the concrete mixer in order to include HSF into the concrete.  The mix drum was filled 
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to the required height so the total volume for each group of specimens was 0.12 m
3
.  

The mixer was switched on for 90 to 120 seconds until the fibers were uniformly mixed 

in the concrete.  All the specimens were cured in the formwork for seven days by 

covering them with wet hessian and a plastic sheet to prevent moisture loss.  After 

seven days the specimens were removed from the formwork and cured in the same 

moist condition for a further 21 days.  

 

3 TEST SETUP 

Prior to testing, the six specimens under axial compression were capped with a hard 

plaster to ensure uniform loading faces.  Both ends of specimens were wrapped with 75 

mm width Carbon Fiber Reinforced Polymer (CFRP) sheet in order to prevent 

premature failure.  The eccentric load was applied through two special loading heads 

with the grooves at 25 mm and 50 mm off center.  Two monitoring systems were used 

to measure the axial and lateral deformations of the specimens.  For concentric loading, 

two Linear Variable Differential Transducers (LVDT) were fixed directly to the 5000 

kN Denison Universal Testing Machine (UTM) to measure the axial deformation of the 

specimens during the test.  For eccentric loading, in addition to the two LVDTs, a laser 

triangulation was installed at mid-height of the specimens to measure the lateral 

deformation of the specimens.  Four-point loading was applied to the two beam 

specimens with clear span of 705 mm to investigate the bending capacity of the 

specimens with and without HSF.  A laser triangulation was placed in the mid-span on 

the tension side of the specimen to determine the mid-span deflection.  All specimens 

were tested under displacement control with a loading rate of 0.3-0.5 mm/min.  Figure 

1 shows a typical testing setup for the compression and four-point loading. 

 

       
                              (a)                                                                           (b) 

 

Figure 1. Test setup: (a) axial compression and (b) four-point loading. 

 
4 EXPERIMENTAL RESULTS AND DISCUSSION  

Results of all the specimens tested under different eccentric loading are presented in 

Table 1. Results of the beam specimens are presented in Table 2.  Ductility is a 
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parameter that used to investigate the performance of the specimens under different 

loading conditions (Hadi and Schmidt 2002, Sheikh and Legeron 2014).  In this study, 

the ductility of the specimens was measured by using the deformation at 80% of the 

maximum load (Δ80) in the descending part of the axial load and axial deformation 

curve divided by the deformation at yield load (Δ1).  The yield load was assumed to be 

the load corresponding to an approximation of the limit of the elastic behavior.  

 
Table 1. Results of specimens under different eccentric loading. 

 

Specimens 

Load (kN) Deformation (mm) 

Ductility 
Yield Maximum 

At yield load At maximum load 

Axial Lateral Axial Lateral 

RC-0 1681 1827 2.16 - 2.57 - 3.15 

HSF-0 1990 2196 2.70 - 3.36 - 3.51 

RC-25 1140 1140 2.37 1.48 2.37 1.48 1.65 

HSF-25 1168 1270 2.16 1.01 2.65 1.62 2.52 

RC-50 661 697 2.11 1.83 2.39 2.25 1.53 

HSF-50 803 857 2.13 1.97 2.44 2.56 2.52 

 
Table 2. Results of specimens under four-point loading.  

 

Specimens 
Load (kN) Mid-span deflection (mm) 

Ductility 
Yield Maximum At yield At maximum 

RC-B 228 294 4.38 16.66 5.49 

HSF-B 302 398 5.48 30.84 6.47 

 

4.1    Specimens under Axial Loading and Four-Point Loading 

Figure 2 shows the load-deformation curves of the specimens under different loading 

conditions.  Figure 2 (a) presents the axial load versus axial deformation of the 

specimens tested under concentric axial loading.  The load of Specimen RC-0 suddenly 

dropped after spalling of the concrete cover, followed by buckling of the longitudinal 

steel bars and rupture of the spiral reinforcement.  For Specimen HSF-0, the dilation in 

the lateral direction was observed without spalling of concrete cover due to the 

contribution of HSF.  The maximum load of Specimen HSF-0 was 20% higher than 

Specimen RC-0.  The ductility of Specimen HSF-0 was increased by 11% compared 

with Specimen RC-0.  This indicates that the addition of HSF into HSC makes the 

specimens more ductile due to the beneficial effects of macro and micro steel fibers. 

While micro steel fibers arrested the micro crack, macro steel fibers arrested wider 

cracks. 

Figure 2 (b) and (c) present the axial load and deformation of the specimens in 

axial and lateral directions for specimens tested under 25 mm and 50 mm eccentric 

loading, respectively.  Specimens RC-25 and RC-50 failed by sudden loss of the 

concrete cover at the maximum load and buckling of the longitudinal steel bars in the 

compression zone.  No cover spalling was observed for Specimens HSF-25 and HSF-

50, and the test was stopped after a loud noise.  For all specimens under different 

eccentricities the formation and development of horizontal cracks in the tension face 
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and vertical cracks in the compression face were observed.  The maximum load for 

Specimen HSF-25 increased by 11% compared with Specimen RC-25.  The inclusion 

of HSF led to improvement in ductility of the specimens.  The ductility increased by 

50% for Specimen HSF-25 compared with Specimens RC-25.  For the specimens under 

50 mm eccentricities, Specimen HSF-50 showed the largest increase in the maximum 

load compared with Specimen RC-50.  Maximum load was increased by 23% for 

Specimen HSF-50.  The enhancement in ductility was about 60% for Specimen HSF-50 

compared to Specimen RC-50. 

Figure 2 (d) presents four-point loading and corresponding mid-span deflection for 

the specimens.  It can be seen that the maximum load was significantly increased for 

Specimen HSF-B compared to Specimen RC-B. The maximum load of Specimen HSF-

B increased by 35% compared to Specimen RC-B.  It was found that the ductility of the 

specimens improved by the inclusion of HSF.  The ductility was increased 

approximately by 18% for Specimen HSF-B, compared to Specimen RC-B. 

 

 
  (a)                                                                          (b) 

 

 
(c)                                                                           (d) 

 

Figure 2. Test results for the specimens under  (a) concentric compression (b) 25 mm eccentric 

compression (c) 50 mm eccentric compression and (d) four-point loading. 

 

5 CONCLUSIONS 

The behavior of circular HSC specimens with and without Hybrid Steel Fibers (HSF) 

was experimentally investigated.  Six specimens were tested as columns under 

concentric, 25 mm and 50 mm eccentric loadings and two specimens were tested as 
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beams under four-point loading.  The experimental results showed that the maximum 

load of Specimens HSF were considerably higher than Specimens RC. Specimens HSF 

exhibited higher ductility than Specimens RC. The enhancements in the strength and 

ductility of the Specimens reinforced with HSF are due to the functions of macro and 

micro steel fibers.  
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