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ABSTRACT 

 
Nowadays, Recycled Coarse Aggregates (RCAs) obtained from construction waste can be used as concrete aggregates. However, a 

lot of researches have showed that increasing the RCA replacement ratios of the reinforced concrete (RC) structures resulted in a 

reduction in failure load capacity, in strength degradation, and in severe cracking. For this reason, flexural tests were conducted on RCA 

RC beams mixed with ductile fibres. The main object of this experimental study is to investigate flexural strength of Ductile Fibre-
Reinforced Concrete (DFRC) beams manufactured using recycled coarse aggregate (RCA). The main variables are tension steel ratios (ρ = 

0.45, 0.8, 1.27 and 1.83), and ductile fibre volume fraction (Vf = 0, 0.5, 0.75 and 1%). A total of sixteen specimen beams were tested, each 

a simply supported beam subjected to a two-point load. Specimen failure modes occurred in different forms, in particular in beam crack 
size and in crack spacing. Failure strength was dependent upon the ductile fibre volume fraction of the beams. Ductility of beams 

containing ductile fibre was significantly higher than in beams using only recycled coarse aggregates. Mixed ductile fibre specimens 

showed that the physical properties of ductile fibre resulted in higher fracture load (determined by crack control effect and strength 
enhancement) than that of the ordinary RC beams. 
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INTRODUCTION 
 

The surge of interest in recycled coarse 

aggregate is increasing rapidly, caused by the 

exhaustion of natural coarse aggregate. 

Reconstruction has gradually become 

redevelopment, and the use of recycled concrete in 

construction is a growing trend that will likely not 

diminish. However at the present stage of basic 

research more than 90% of waste concrete 

reclamation is still being used as supplements (e.g., 

embankments) for low value land. Thus, most of 

coarse aggregate recycling is used for landfills, while 

the higher economic value recycling as concrete 

aggregate amounts to only about 15%:  a wasteful, 

costly, and inefficient situation. 

The addition of steel fibres to a reinforced 

concrete structures is kwon to increase its flexural 

strength as well as its shear strength [8]. Also, if 

sufficient fibres are added, a brittle mode can be 

suppressed in favour of a less brittle behaviour. 

Therefore, the objective of this study is to 

evaluate the structural performance of ductile fibre 

reinforced concrete (DFRC) with recycled coarse 

aggregates (RCAs). Using various ductile fibre 

volume fractions, this study will investigate the 

effects of RCAs on concrete compressive strength. 

Also, flexural testing of RCAs in various ductile 

fibre volume fractions (0, 0.5, 0.75 and 1.0%) will 

aim to measure their effect on flexural strength and 

identify the optimal values. Moreover, this testing 

will provide preliminary data to evaluate the flexural 

behaviour of various tension steel ratios (0.45, 0.8, 

1.27 and 1.83%) and its influence on structural 

design. 

 

Current Experimental Program: 

2.1. Material properties: 

Type I ordinary Portland cement which can 

provide suitable levels of strength and durability was 

used. The RCA produced by crushing the waste 

concrete of a maximum size of 20 mm and the 

natural coarse aggregate (NCA) of a maximum 

diameter 20 mm of the crushed stone were used. The 

natural river sands by fine aggregates were used. A 

fineness modulus of the fine aggregates is 2.17 (refer 

Table 1). The ductile fibre as shown in Fig. 1 was 

Freemix from Kumkang Co., Korea. The fibres were 

hooked at the ends with a length, l, of 30 mm and a 

diameter, df, of 0.5 mm which corresponded to the 

aspect ratio, l/df, of 60. The tensile strength of fibre 

was 981 MPa. The tension reinforcement consisted 

of SD400 2-D10, 2-D13, 2-D16, and 2-D19 bars 

with measured yield strength, fy, of 503.1, 520.7, 
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560.0, and 498.5 MPa and ultimate strength, fu, of 

622.7, 624.7, 647.2, and 615.4 MPa, respectively. 

Table 2 lists the mix proportions of concrete fixed 

with 30% of RCA replacement ratio used in this 

research. With these proportions, the designed 

compressive strength of the concrete is 27 MPa. As 

shown in Table 2, the DFRC concrete slump is 74 ~ 

83 mm and the NCA concrete slump is 87 mm. 

 

2.2. Design of test specimens: 

Sixteen concrete beams were simply supported 

and loaded with two equal concentrated loads (Fig. 

2). The shapes and sizes and reinforcement condition 

of flexural specimens shown in Fig. 2 are as follows: 

width as a 135 mm, depth as 270 mm, and length as 

3030 mm. The tension reinforcement bars of 2-D10, 

2-D13, 2-D16 and 2-D19 are used as the tensile 

reinforcement. Stirrups to prevent shear failure of the 

specimens reinforced with D10 @100 mm interval 

reinforcement was assembled before putting it in the 

form. For regular intervals between a reinforcing 

steel bar and a form a spacer was used.  The all 

tension reinforcement bars (SD400 [i.e., fy = 400 

MPa]) were used. As shown in Table 3, the average 

concrete compressive strengths of the ductile fibre 

volume fractions (0, 0.5, 0.75 and 1.0%) are 28.6, 

29.0, 31.0 and 30.5 MPa, respectively. 

 

2.3. Experiment apparatus and test methods: 

Each specimen was loaded by four-point using a 

loading device 

 

 

 
 

Fig. 1: Ductile fibre used in experiments 
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Fig. 2: Details of the specimens 

 
Table 1: Physical properties of aggregates 

Classification 
Coarse aggregate Fine agg. 

Recycled Natural  

Unit weight (kg/m3) 1616 1538 1529 

Fineness modulus (%) 6.45 6.77 2.17 

Specific gravity 2.59 2.69 2.56 

ARA (%) 1.59 1.1 1.51 

Max. diameter (mm) 20 20 - 

Abbreviations: ARA, Absorption rate of aggregate 

 
Table 2: Mixture proportions of beams 

Specimens Vf (%) 
Unit weight (kg/m3) 

Cement Water Sand 

S0-series 0 

365 164.3 740 
S1-series 0.5 

S2-series 0.75 

S3-series 1.0 

     

Specimens 

Unit weight(kg/m3) 
Slump 
(mm) 

Coarse aggregate S/A ratio 

(%) NCA RCA 

S0-series 
937.80 

43.2 

87 

S1-series 83 

S2-series 
686.63 251.17 

81 

S3-series 74 

Abbreviations: NCA, Natural coarse aggregate; RCA: Recycled coarse aggregate 
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Table 3: Measured material properties of DFRC concrete 

Classification 
Ductile fiber volume fractions 

0% 0.5% 0.75% 1.0% 

Compressive strength 
 f’c (MPa) 

3 days 17.7 17.9 17.9 18.1 

7 days 22.4 22.9 24.1 23.6 

28 days 28.6 29.0 31.0 30.5 

Splitting tensile strength 

fct (MPa) 

3 days 2.4 2.5 2.5 2.7 

7 days 2.8 2.8 3.0 3.1 

28 days 3.3 3.7 4.0 4.1 

Modulus of rupture 
 fr (MPa) 

3 days 7.4 7.5 7.6 7.5 

7 days 8.1 8.2 8.2 8.5 

28 days 9.5 10.3 10.9 11.0 

  
    

Elastic Modulus Ec (GPa) 28 days 29.9 29.8 29.3 29.1 

 

 

 
 

Fig. 3: Test setup and test beam 

 

(see Fig. 3). A spreader beam (H-

150×150×7×10 mm) was set up and a steel plate 

under the spreader beam, to prevent the destruction 

of the concrete bearing, was installed. The mid-span 

displacement of specimens was measured by 

installing the Linear Variable Displacement 

Transducers (LVDTs). 

The two steel strain gauges were attached at the 

bottom of the tensile steel reinforcements at the 

beam mid-span, respectively and measured the strain 

of tension rebar. Concrete strain gauges were 

attached at the bottom and the upper front side at the 

beam mid-span and on the top of the beam, 

respectively (Fig. 3). The load-control method was 

constantly adopted until 1/3 of the designed ultimate 

load, thereafter the displacement-control method was 

used by observing the deflection of the LVDT at the 

mid-span of the beam. This measured load, 

deflection and strain for each gauge using the TDS 

602 (manufactured by Tokyo-Sokki Co., Japan) were 

continuously measured. 

 

Test Results and Analysis: 

3.1. Crack patterns and failure modes: 

The crack patterns for all specimens are 

illustrated in Fig. 4. In an early stage, the initial 

flexural crack occurred at a flexural region 

consistent with increasing load. The initial cracking 

load (Pcr) and the failure load (Pu) are shown in 

Table 4. As shown in Table 4, the initial crack 

occurred at 20.6 ~ 22.5 kN, 19.6 ~ 23.5 kN, 24.5 ~ 

26.5 kN, and 24.5 ~ 17.6 kN in R1-, R2-, R3-, and 

R4-series, respectively. Comparing the initial 

cracking loads and their failure loads, the results 

were as follows: the initial cracking loads of R1-

series are in the range of 50 ~ 54% of the ultimate 

failure load, the initial cracking loads of R2-series 

are in the range of 34 ~ 37% of the ultimate failure 

load, the initial cracking loads of R3-series are in the 

range of 28 ~ 29% of the ultimate failure load, and 

the initial cracking loads of R4-series are in the 

range of about 21% of the ultimate failure load. This 

result indicated that the ratio of the initial cracking 

load-to-the failure load is decreased if the ductile 

fibre volume fractions are higher. A lower ratio of 

course means that failure occurred sooner after 

initial cracking.

  
Table 4: Comparison of initial cracking loads and failure loads 

ID 
Pcr 

(kN) 
Pu (kN) y (mm) u (mm)  

Average crack 

spacing (mm) 

R-1-S0 20.6 38.2 9.41 30.1 3.2 8.1 

R-1-S1 19.6 39.6 9.66 33.9 3.5 7.7 

R-1-S2 21.6 40.7 9.92 40.9 4.4 7.5 



43                            Yoon-Keun Kwak et al, 2015 /Journal Of Applied Sciences Research 11(3), Special, Pages: 40-46 

 

R-1-S3 22.5 41.5 9.93 43.4 4.4 7.2 

R-2-S0 19.6 57.8 12.7 22.5 1.8 8.1 

R-2-S1 20.6 59.8 12.4 60 4.8 7.6 

R-2-S2 21.6 61.3 11.5 60.1 5.2 7.5 

R-2-S3 23.5 63.2 12.7 57 4.5 7.1 

R-3-S0 24.5 86.2 12.9 42.1 3.3 7.9 

R-3-S1 25.5 88.2 12.7 67.2 4.9 7.5 

R-3-S2 25.5 92.1 14.2 90 6.3 7.1 

R-3-S3 26.5 93.0 14.4 87.3 6.1 6.8 

R-4-S0 24.5 115.6 18.3 27.2 1.5 7.8 

R-4-S1 26.5 123.5 16.4 74.2 4.5 7.4 

R-4-S2 26.5 125.1 17.9 87.5 4.9 7.2 

R-4-S3 26.5 126.4 15.9 84.9 5.3 6.8 

 

   

   

   

   

   

   

   

   
 

Fig. 4: Crack patterns and failure modes by sketch 

 

Moreover, when increasing the load, the cracks 

are propagated from a flexural region toward a 

supporting point. And, when the flexural crack 

reached the ultimate failure load, the compression 

fracture of the concrete compression fibre occurred 

simultaneously with a specimen’s failure. The 

ultimate loads and the failure patterns of each 

specimen were depicted in Fig. 4. As shown in Fig. 4, 

as load increases, the specimens with ductile fibres 

showed a greater number of cracks than the 

specimens without ductile fibre. Also, the flexural 

cracks were spaced more closely as the ductile fibre 

volume fractions increased. However, the overall 

crack growth and crack patterns were similar. 

 

3.2. Load-displacement relationships and ductility: 

Overall, each specimen showed nearly elastic 

behaviour until loading on the tension reinforcement 

bar reached the first yielding point. From that point 

each specimen showed nonlinear behaviour until 

culminating at its complete failure load. “Failure 

load” is defined herein be that load at which the 

structure can no longer remain functional, or 80 % of 

the measured peak load. 

Ductility is one of the most important factors in 

evaluating the flexural behaviour of structural 

members. Ductility index () in this study was 

calculated using a formula based on the ACI 

Committee Rule 363. The  was calculated by the 

following equation using the deflection of tension 

reinforcement bar’s yielding point and failure load 

point. 

 

u

y







 
 

Where is the ductility index; y and u are 

the deflection of tension reinforcement bar’s yielding 

point and failure load point, respectively. The 

specimens with lower tension steel ratio showed 

higher ductility, the specimens with higher tension 

steel ratio showed lower ductility and/or a brittle 

behaviour. The structural strength and ductility of all 

concrete beams was improved in accordance with 

increases in concrete strength. It may be concluded 

that the increase of their concrete compressive 

strength (f'c), modulus of rupture (fr), and splitting 

tensile strength (fct) affected an improvement of bond 

performance between tension reinforcement bar and 

concrete. In multiple beam tests, the initial flexural 

cracks occurred at increasingly higher loads as the 

tension reinforcement ratio was increased. DFRC 

beams showed marginally higher stiffness and 

ductility than ordinary RC beams. This is likely 

reflected in the improvement of flexural stiffness due 

to the improved elastic modulus (related to stiffness) 

and the increase in bond capability (related to 

ductility). 
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Load-displacement curves for all sixteen beams 

are presented in Fig. 5. To analyse the characteristics 

on DFRC beams using various types of tension 

reinforcing bars (D10, D13, D16 and D19) were 

compared. Initial flexural cracking with increased 

the tension steel ratio occurred at a progressively 

larger load. As shown in Fig. 5, the more tension 

steel ratio increased, the greater the flexural load that 

was sustainable, but the deflection length was 

relatively shorter after reaching the ultimate load. 

The flexural strength of the beams is increased with 

the increase in ductile-fibre volume fractions. 

Considering the beams with tension steel ratio of 

0.8%, the ultimate load is increased 3, 6 and 9% with 

addition of 0.5, 0.75 and 1% of ductile-fibre, 

respectively. Also the maximum displacement at 

ultimate load is increased with the increase in 

ductile-fibre content. 

Considering the beams with tension steel ratio 

of 1.83%, the displacement is increased 273, 322, 

and 312% with the addition of 0.5, 0.75 and 1% of 

steel-fibres, respectively. Post-peak behaviour of 

each beam varied depending on the ductile-fibre 

volume fractions. This is due to the fact the flexural 

strength and ductility are controlled generally by the 

pull-out resistance of ductile-fibres, which increases 

with the ductile-fibre volume fractions.

 

 
(a) Tension steel ratio ( = 0.45%) 

 

 
(b) Tension steel ratio ( = 0.8%) 

 

 
(c) Tension steel ratio ( = 1.27%) 



45                            Yoon-Keun Kwak et al, 2015 /Journal Of Applied Sciences Research 11(3), Special, Pages: 40-46 

 

 

 
(d) Tension steel ratio ( = 1.83%) 

 

Fig. 5: Load-displacement curves for varying percentages of ductile- fibres 

 

Conclusions: 

This study was designed to investigate the 

characteristics of the flexural strength of the DFRC 

beams using RCAs. In this study, a total of sixteen 

DFRC beams were fabricated using RCAs obtained 

from waste concrete. The main parameters for 

investigating their flexural behaviour are the ductile- 

fibre volume fractions (0, 0.5, 0.75 and 1%), and the 

tension steel ratios (0.45, 0.8, 1.27 and 1.83). All 

flexural tests were performed using specimens under 

two points loading. Through this research, it will be 

also our intent to provide new insights into the 

validity of current flexural design equations for 

evaluating DFRC beams using RCAs in the future. 

The following conclusions result from the 

experimental results: 

(1) Tests were performed for concrete 

compressive strength, splitting tensile strength, and 

modulus of rupture (each varying by number of 

curing days). The results showed that concrete 

compressive strength, splitting tensile strength, and 

modulus of rupture varied according to increases in 

the ductile- fibre volume fractions (0, 0.5, 0.75 and 

1%). This variance was a promotion in the respective 

qualities by the following percentages: 1.5 ~ 7%, 11 

~ 24% and 8 ~ 15%. Also, the concrete compressive 

strength of all of the specimens exceeded the goal 

strength of 27 MPa. 

(2) The ultimate loads for the specimens with 

longitudinal steel ratio of 1.83% were 116, 124, 125 

and 126 kN for each of the ductile-fibre volume 

fractions (0, 0.5, 0.75, and 1%), respectively. This 

indicates that increasing the ductile-fibre volume 

fractions of the specimens resulted in an increase in 

failure load capacity ranging from 6.8 to 9.3%. Also, 

by increasing the ductile-fibre volume fractions, the 

maximum deflection for the specimens with tension 

steel ratio of 0.8% showed an increase 267, 267, and 

253%, respectively. This is due to the fact the 

flexural strength and ductility are controlled 

generally by the pull-out resistance of ductile-fibres, 

which increases with the ductile-fibre volume 

fractions. 

(3) In the analysis of the effects of load-

displacement on the DFRC beams using RCAs, the 

R-2-S0 and R-4-S0 beams demonstrated sudden load 

deterioration after the ultimate load, and they 

showed displacement limits marginally smaller than 

the DFRC beams. Moreover, the beams without 

ductile- fibres show drastic and inconsistent changes 

of the beam curvature after the ultimate load while 

the curvature of the DFRC beams changed linearly 

after the ultimate load. Also, the test results indicate 

that DFRC beams have the characteristic of a ductile 

failure after the ultimate load. 

(4) A total of sixteen experimental data sets as 

the reference values to evaluate the efficacy, safety, 

and utility of current flexural design equations as 

they are applied to DFRC beams using RCAs will be 

incorporated. 
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