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while the modulus of elasticity was reduced with the increase of RCF replacement ratio. The 49 

feasibility of utilizing RCF together with recycled coarse aggregate for self-compacting 50 

concrete has been demonstrated in [10]. The maximum compressive strength was achieved 51 

by using 25%-50% RCF as a replacement of river sand. Yaprak et al. [11] conducted 52 

experiments to prove that water absorption of RCF was higher than normal fine aggregate 53 

and air content values for the fresh concrete increased. According to the test results obtained, 54 

the compressive strength for the hardened concrete decreased. 55 

 56 

Engineered cementitious composite (ECC) is a unique class of high performance fiber-57 

reinforced cementitious composite (HPFRCC) developed for structural applications. ECC 58 

exhibits tensile strain-hardening behavior with strain capacity in the range of 3-5% [12], 59 

whereas the fiber content is 2% by volume or less. The ultra high ductility is achieved by 60 

optimizing the microstructure of the composite employing the micromechanics-based model 61 

[13]. This approach can take into account the fiber, matrix and interface properties on 62 

composite tensile strain-hardening behavior. Based on the design guidance of the 63 

micromechanical model, microsilica sand with average and maximum grain sizes of 110 and 64 

200 µm respectively, is widely used. Nevertheless, the availability of microsilica sand is 65 

constrained by locality. In this research, RCF is identified as a potential candidate for 66 

substitution of microsilica sand in the production of ECC with two goals, one is to achieve 67 

high tensile ductility, and the other is to improve the sustainability of the built environment 68 

by using waste stream material [14]. 69 

 70 

2. Design guideline of RCF-ECC 71 

2.1 Micromechanical model 72 
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Li et al. [17] presented results of experimental research and theoretical calculations based on 94 

micromechanics to investigate the effect of fine aggregate on the strain-hardening behavior of 95 

fiber-reinforced cementitious composites. It concluded that the addition of aggregate 96 

increases elastic modulus, matrix toughness and matrix tensile strength. A large increase in 97 

matrix toughness and matrix tensile strength can lead to a violation of the inequality sign in 98 

Eqns. (1) and (2). Therefore, to ensure a robust strain-hardening behavior in the composite, 99 

the quantity and the particle size of aggregate used in ECC have to be well selected.  100 

 101 

The use of RCF, however, may become an advantage in ECC. The weak bonding between 102 

RCF particles and matrix may lead to lower matrix toughness and lower matrix tensile 103 

strength, which helps the composite to satisfy Eqns. (1) and (2). For that reason, larger size 104 

and higher quantity of RCF might be used to produce ECC with tensile strain-hardening 105 

behavior. In addition, the use of RCF is also desirable for economical and environmental 106 

considerations due to the substitution of microsilica sand. 107 

 108 

3. Experimental program 109 

3.1 Raw materials 110 

Ordinary Portland cement (ASTM C150 Type I) was used in this study. Locally available 111 

ground granulated blast-furnace slag (GGBS) was selected as the supplementary cementitious 112 

material to partially replace cement with a constant GGBS-to-cement ratio of 0.8. The 113 

characteristics of polyvinyl alcohol (PVA) fiber are listed in Table 1. Surface of PVA fibers 114 

was coated with hydrophobic oiling agent of 1.2% by weight to control the interface 115 

properties of the fiber and matrix and 8mm short fibers were employed in synthesis of RCF-116 

ECC. Polycarboxylate-based comb-polymer superplasticiser, ADVA® 181, was used to 117 

control rheological properties of the paste to ensure good fiber dispersion can be achieved. 118 
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According to the micromechanics-based design principles of ECC, RCF content and RCF 143 

particle size were identified as important factors governing the properties of RCF-ECC. An 144 

experimental program was designed to study the influence of RCF content and particle size 145 

on the matrix properties, fiber/matrix interface properties and the resulting RCF-ECC 146 

composite mechanical properties as Table 3. The first series is to evaluate the influence of 147 

particle size of RCF. The ratio of RCF to cement was fixed at a constant value of 0.2. Four 148 

groups of RCF with the maximum particle size of 2,360 µm, 1,180 µm, 600 µm, and 300 µm 149 

were used in four mixes, respectively. The second series is to understand the effect of RCF 150 

content. The maximum particle size was chosen to be 600 µm, whereas three different 151 

dosages of RCF were used in three mixes. All the ratios are by weight except the fiber 152 

content is by volume. 153 

 154 

3.3 Testing methods 155 

3.3.1 Composite testing 156 

To evaluate composite performance, compressive test and bending test were performed. 157 

Three cubes (50 mm ×50 mm × 50 mm) for each mix were cast and tested in compression 158 

machine with 3,000 kN capacity under load control at a loading rate of 25 kN/min. Coupon 159 

specimens 300 mm × 75 mm × 12 mm were employed for bending test. All the specimens 160 

were cured in open air under humidity of 65% RH and temperature of 28°C conditions on 161 

average for 90 days. 162 

 163 

3.3.2 Microstructural testing 164 

(1) Wedge splitting test 165 

Wedge splitting test (WST), originally introduced by Tschegg and Linsbauer in 1986 [19] 166 

and improved by Bruhwiler and Wittmann [20] is a suitable method for obtaining the fracture 167 
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 188 

(2) Single fiber pullout test 189 

Single fiber pullout tests were carried to study the influence of RCF content and particle size 190 

on fiber/matrix interface bond. The single fiber pullout test was conducted on an INSTRON 191 

5569 uniaxial testing machine (UTM) at a speed of 0.06 mm/min. The whole setup was 192 

divided into four parts as can be seen from Fig. 7. From the bottom, an X-Y table with ±25 193 

mm travel distance to two directions was fixed to the lower gripper of the UTM machine in 194 

order to ensure accurate fiber alignment. A 10 N load cell with 0.0001 N of accuracy was 195 

used to measure the pullout force. Samples were connected to the load cell through a T-shape 196 

sample holder with flat top surface to glue samples and a T bar to screw into the load cell. 197 

The embedded end of fiber should be avoided to glue to the sample holder since the pullout 198 

force would augment in that case. An aluminum plate, where the free end of the fiber was 199 

stuck, was clamped on the upper gripper. The free length of fiber was kept at 1 mm.  200 

 201 

Fig. 8 shows the preparation of specimens for the single fiber pullout test. The embedment 202 

length was chosen to be around 1 mm to ensure full debonding and fiber pullout can occur. 203 

To obtain such small length, specimens were cut from thin mortar plates (20 mm × 50 mm × 204 

5 mm) in which continuous fibers were embedded. The mortar matrix had the same mix 205 

design as in Table 3 without the addition of fibers. 206 

 207 

Fiber/matrix interface bond can be determined from the single fiber pull-out curve. A variety 208 

of fiber pull-out models [23-25] are available to interpret the experimental data into interface 209 

bond properties. In the present research, bond properties of polyvinyl alcohol (PVA) fibers in 210 

a mortar matrix were investigated with a model described in [26], which can describe three 211 
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inversely calculated from the load-deflection curve according to Qian and Li [31] and was 262 

summarized in Table 4. Influence of RCF particle size on strain capacity of RCF-ECC is 263 

plotted in the same figure of compressive strength as Fig. 10. As can be seen, the effect of 264 

RCF particle size on strain capacity is the reverse of that on compressive strength. This 265 

suggests reduced matrix strength favors the formation of multiple cracking and enhances 266 

strain capacity of RCF-ECC. For series 2, both the flexural strength and strain capacity 267 

decrease with increasing RCF content. This is attributed to increased matrix toughness which 268 

is studied in detail in the following microstructural investigation. 269 

 270 

As can be seen, inclusion of RCF may alter the performance of ECC. It is demonstrated, 271 

however, RCF-ECC can be designed to maintain their ductility provided the amount of RCF 272 

and particle size are properly controlled. To discover the underlying causes of performance 273 

difference, influence of RCF size and content on matrix and fiber/matrix interface was 274 

studied in the following section.   275 

 276 

4.3 Influence of RCF on matrix toughness 277 

Fig. 14 shows the typical failure mode of samples after the wedge splitting test, which breaks 278 

into two halves along the pre-notch. The test results of matrix toughness are summarized in 279 

Table 5. As can be seen, the addition of RCF both the size and the content show great 280 

influence on matrix toughness. Influence of RCF size on matrix toughness is similar to that 281 

on compressive strength, where it decreases first from 300 µm to 600 µm and increases 282 

afterwards. Based on crack trapping mechanism [32], matrix toughness increases with 283 

increased aggregate size because crack needs to make a longer detour to propagate through a 284 

larger aggregate and larger aggregate provides stronger mechanical anchoring to prevent 285 
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Table 2 Physical properties of RCF 

Particle size 

(µm) 
Density 

(g/cm3) 
Water absorption  

(%) 
Fineness 

modulus 
Average particle  

size (µm) 
0~300 2.07 12.5 1.58 154 

0~600 2.01 11.6 2.12 285 

0~1180 1.94 10.0 2.51 542 

0~2360 1.90 8.4 2.78 1074 
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Table 3 Mix proportions of RCF-ECCs (kg/m3) 

 Mix Cement Slag Water RCF Fiber  SP 

 

RCF size 

(µm) 

Series 1 RS-0.2-300 286 1143 358 286 26 11 0~300 
RS-0.2-600 285 1138 356 285 26 11 0~600 
RS-0.2-1180 283 1132 354 283 26 11 0~1180 
RS-0.2-2360 282 1129 353 282 26 11 0~2360 

Series 2 RS-0 333 1330 416 0 26 5 0~600 
RS-0.2-600 285 1138 356 285 26 11 0~600 
RS-0.5-600 234 936 292 585 26 14 0~600 

1. B (binder) = Cement + Slag. 
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Table 4 Mechanical Properties of RCF-ECCs 

 Mix Compressive strength 

(MPa) 

Flexural strength 

(MPa) 

Strain capacity* 

(%) 

Series 1 RS-0.2-300 52.96±3.39 6.30±1.17 1.64±0.63 

RS-0.2-600 42.44±3.13 6.90±1.57 2.03±0.25 

RS-0.2-1180 50.08±4.16 6.14±0.90 1.27±0.13 

RS-0.2-2360 50.53±4.04 4.90±0.83 0.88±0.10 

Series 2 RS-0 52.45±3.59 6.12±0.50 2.30±0.11 

RS-0.2-600 42.44±3.31 6.90±1.57 2.03±0.25 

RS-0.5-600 40.49±5.24 6.18±0.92 1.60±0.42 

*inversely calculated from the load-deflection curve [28] 
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Figure 1 Grading curves of RCF 

Figure 2 SEM images of RCF particles and micro-silica sand 

Figure 3 SEM images of crushed aggregate particle 

Figure 4 SEM images of hydrated cement product 

Figure 5 Test setup of the wedge splitting test 

Figure 6 Specimens for the wedge splitting test 

Figure 7 Test setup of the single fiber pullout test 

Figure 8 Specimens for the single fiber pullout test 

Figure 9 X-ray diffraction patterns of RCF with particle size below 300 µm and 600 µm 

Figure 10 Compressive strength & strain capacity vs. RCF size 
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Figure 1 Grading curves of RCF 
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Figure 2 SEM images of (a) RCF particles, and (b) micro-silica sand 
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Figure 3 SEM images of (a) the crushed aggregate particle, and (b) the surface of the particle 
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Figure 4 SEM images of (a) C-S-H particle, and (b) the surface of the particle 

  

  




































































