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Abstract 19 

This research focuses on designing and characterizing steel-fibre-reinforced self-compacting 20 
concrete using recycled aggregates (SFR-SCC-RA).Six different concrete dosages have been designed, and 21 
two extensive mechanical and physical characterization programs have been conducted. The first 22 
program was developed in a concrete production plant to verify the compatibility of the new material 23 
with the existing production systems. The second program was developed in a laboratory under 24 
controlled temperature and humidity conditions. Although compressive strengths greater than 25 25 
N/mm2 have been reached (which allows the material to be classified as structural), the design in this 26 
initial phase is oriented to applications with limited mechanical requirements (e.g., foundations, earth 27 
retaining walls and pavements, in which design forces are moderate). 28 
 29 

 30 
Keywords: A. Fibres; A. Recycling; B. Mechanical properties; B. Residual/internal stress; Self-compacting 31 
concrete. 32 
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1. INTRODUCTION 45 

The social perception in reference to the construction sector and, in particular, the use of 46 
concrete as a building material has become increasingly negative [1]. Cement production is one 47 
of the most energy intensive processes: the cement industry consumes 5% of the total global 48 
industrial energy. Due to the dominant use of carbon intensive fuels, e.g., coal, in clinker making, 49 
cement manufacture is a major emitter of CO2. More than 5% of the total global emissions of 50 
CO2 are attributed to the cement sector; it contributes the same proportion of emissions to 51 
greenhouse gas emission [2,3]. 52 

 53 
One way to promote more sustainable construction and minimize its impact on the 54 

environment is to apply the following “3Rs” concept: reduce - reuse – recycle [4]. Strategies 55 
have already been adopted to reduce the amount of CO2 emitted into the atmosphere through 56 
measures such as reducing the percentage of clinker in cement by partially replacing additives 57 
such as fly ash, blast furnace slag, silica fume or pozzolan, among others, and replacing concrete 58 
aggregates with recycled aggregates [5-11]. 59 

 60 
The sources of aggregates for the construction industry in Europe are shown in Figure 61 

1[12]. More than 90% consists of natural aggregates extracted from quarries and gravel pits, 62 
which contributes to the negative ecological impact and the negative social view of the material. 63 
In contrast, only 5% of global production involves recycled aggregates (RA, hereinafter) from 64 
construction waste and demolition. This percentage of reuse is low because of technological 65 
challenges (formulation and manufacturing, mechanical problems and durability) associated 66 
with the use of RA in structural concrete and also the particular constraints associated with the 67 
regulations in each country. Although the literature concerning the technological aspects of 68 
using RA is extensive, the construction sector is still not predisposed to use this material in 69 
structural applications. 70 
 71 

 72 
Figure 1. Production of aggregate by country and proportion according to its origin [12] 73 

The main benefits that are achieved with the reuse of construction and demolition waste, 74 
as [13]  note, include the following: (1) the conservation of natural resources; (2) a reduction 75 
in the energy consumption associated with the production and transport of aggregates; and (3) 76 
a solution to the current problem of uncontrolled dumping of waste. 77 

 78 
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However, the use of RA is limited by the recommendations established by various national 79 
regulations; in particular, mixed RA only used in non-structural applications [14-17]. The 80 
reason is that the compressive and tensile strength of concrete, as well as the modulus of 81 
elasticity, are affected by the use of RA, which directly affects the overall performance of the 82 
structure [18]. 83 

 84 
According to [19], the losses in strength when using RA are due to (1) the lower mechanical 85 

strength of the RA, (2) the greater water absorption of the RA and (3) an increase in fragile 86 
areas within the concrete (e.g., the interfacial transition zone). [20] found that the interfacial 87 
transition zone had a high porosity.[21] found that concrete with RA from concrete requires a 88 
greater cement content to reach the compressive strength of conventional concrete. [22] 89 
recorded a loss of 20% to 25% of the compressive strength of concrete at 28 d for full 90 
replacement of coarse RA; when 25% of the aggregates were replaced, there were no significant 91 
changes to the compressive strength. 92 

 93 
The quality of recycled concrete aggregates (RCA) is usually lower than the quality of 94 

natural aggregates [23]. In comparison with natural normal-weight aggregates, RCA are 95 
weaker, more porous and exhibit higher values of water absorption [24]. The density of 96 
concrete constructed from RCA is as much as 10% lower than concrete constructed from 97 
natural aggregates [19,20].  98 

 99 
The water absorption of RCA ranges from 3.5% to 9.2% [24-27], which greatly affects the 100 

workability of the fresh concrete. Previous studies [28,29] have demonstrated that, in contrast 101 
to natural aggregates, in which absorption is relatively fast, absorption in RA is prolonged by as 102 
much as 24 hr or longer, potentially lasting as long as 96 to 120 hr. However, if proper pre-103 
saturation of the aggregates is performed, satisfactory results can be obtained in terms of 104 
workability and mechanical behavior [30]. In addition, the granulometry of the RA also has a 105 
large influence because at the same density, the water absorption of fine aggregate can be up to 106 
5% greater than that of coarse aggregate, which has a smaller surface area [31]. 107 

 108 
Generally, the use of construction and demolition waste for the manufacture of structural 109 

concrete is only partial, which precludes full revalorization of the product obtained. As such, 110 
there is room for improvement. In Spain, for example, the use of recycled aggregates in concrete 111 
for structural purposes is limited in the Spanish standard EHE-08 [32] to a maximum 112 
percentage of 20% substitution of the coarse fraction if the aggregates have been obtained from 113 
the crushing of concrete and their water absorption is less than 7%. EHE-08 requires that when 114 
exceeding 20% substitution, the suitability must be certified based on specific studies and 115 
further experimentation; this requirement leaves open the possibility of using high contents of 116 
recycled aggregate in structural applications of concrete. This approach is identical to that 117 
established in the UK and the Netherlands. 118 

 119 
In contrast, other European countries are more flexible in allowing higher percentages of 120 

substitution. For example, in Germany, the percentage of substitution is between 25 and 45%, 121 
depending on the type of aggregate and the environment to which the concrete will be exposed, 122 
while up to 100% is allowed in Belgium and Denmark. The latter two countries even allow a 123 
restricted use of recycled fine aggregates. 124 

 125 
This research focuses on designing and characterizing steel-fibre-reinforced self-126 

compacting concrete using recycled aggregates (SFR-SCC-RA). To our knowledge, this material 127 
has not previously been reported in the literature. 128 



 129 
The use of fibres to reinforce concrete is a standard practice and is regulated by the fib 130 

Model Code 2010 [33]. The main advantages are the optimization of execution times due to the 131 
partial or total elimination of the prestressed reinforcement and the increased post-cracking 132 
energy of the concrete, leading to more suitable cracking patterns to ensure the life of the 133 
structure [34,35]. Typical applications of fibre-reinforced concrete (FRC) are, for example, rings 134 
for lining tunnels [36,38] and sewerage pipelines [39,40]; it has been shown that the 135 
substitution of part or all of traditional passive reinforcement fibres in such applications also 136 
leads to clear and quantifiable advantages in terms of sustainability [41]. Moreover, the self-137 
compactability of concrete reduces noise pollution and risks associated with the handling of 138 
vibrators [42], in addition to increasing the production rate and minimizing the probability of 139 
occurrence of voids and other finishing problems that can cause aesthetic defects or even 140 
compromise the durability of the structure. Ultimately, all of these added features improve the 141 
sustainability of the finished product. 142 

 143 
Based on these factors, the purpose of this paper is to validate the potential of SFR-SCC-RA 144 

as a new cement base material whose components and joint response validate its use as a 145 
sustainable alternative. The target structures for this material, in the development phase, are 146 
those with limited structural requirements (pavements, foundations and walls with reduced 147 
design loads). Thus, an extensive experimental program was conducted to produce this 148 
material, mechanically and physically characterize it and analyze the results. 149 
 150 
 151 
2. EXPERIMENTAL PROGRAM 152 

Two experimental stages were conducted, in which twelve batches of SFR-SCC-RA were 153 
produced and several relevant formulation parameters were varied. The first stage (six 154 
batches) was performed in the facilities of a concrete producer to reproduce the actual 155 
conditions of a manufacturing environment and to verify its adaptability to existing systems 156 
and methods. The second stage (six remaining batches) was performed at the "Luis Agulló" 157 
Laboratory of Structural Technology (Laboratorio de Tecnología de Estructuras LTE) of the 158 
Polytechnic University of Catalonia to complement and extend the results obtained in the 159 
previous stage in an environment with more controlled boundary conditions.  160 

2.1. SRF-SCC-RA mix proportions and materials  161 

The cement used was CEM II/A-M (V-L) 42.5 R, with a density of 3.06 g/cm3 and a Blaine 162 
surface of 4930 cm2/g, with additives (fly ash and limestone filler). The natural aggregates were 163 
limestones of 0/4 mm and 6/12 mm particle size, referred to as 0/4-T-L and 6/12-T-L, 164 
respectively. In addition, two types of RA, one with a 4/12 mm (4/12-T-R) particle size and the 165 
other with a 12/20 mm (12/20-T-R) particle size, were used. The Recycled aggregates were 166 
composed mainly of mortar, clean aggregate, ceramics and other minor components such as 167 
glass, plaster, wood and even organic matter. 'T' indicates that the process of obtaining the 168 
aggregate was by trituration; 'L' denotes limestone, and 'R' denotes recycled. 169 

 170 
The granulometric curves of the four types of aggregates, obtained according to the 171 

standards [43.44], are shown in Figure 2. The composition of the two types of recycled 172 
aggregate was analyzed according the methodology given in standard [45]; the results are 173 
presented in Table 1. In the same table, values of the real (ρreal) and apparent (ρap) densities 174 
are included as well as the absorption of water after 24 hrs estimated with standards [46,47], 175 
respectively, for each particle size. 176 



 177 
Figure 2. Granulometric curves of the aggregates 178 

Aggregates Composition (%) Physical properties 

Granulometry 
Aggregates 

without 
mortar 

Aggregates 
with 

mortar 
Ceramic Glass Others ρap  

(g/cm3) 
ρreal 

(g/cm3) 
Absorption 

24 h (%) 

4/12-C-R 59.87 31.47 6.66 0.05 1.95 2.67 2.06 11.06 

12/20-C-R 46.47 34.09 15.47 0.26 3.71 2.61 2.19 7.30 

Table 1. Composition and physical properties of the RA 179 

Two types of hooked-end steel fibres, presented in Table 2, were characterized by strength 180 
(ff), length (lf), diameter (Φf) and certain other properties, in order to analyze the influence of 181 
fibre type on the behavior of the fresh material (workability and self-compactability) and that 182 
in the hardened state (post-cracking strength of the concrete),  183 

 184 
Fibre type ff (N/mm2) lf (mm) Øf  (mm) λ (lf/Øf) Fibres/kg 

M502 1000 ± 150 50 ± 5 1.00 ± 0.10 50 3000 

M503 1200 ± 180 35 ± 4 0.75 ± 0.08 46 8000 

Table 2. Properties of the fibres 185 

A composition of 20 kg/m3 was used to guarantee a minimum ductility of the material as 186 
well as a sufficient post-cracking strength to prevent any brittle fractures [48,49]. This 187 
minimum amount is suggested in the EHE-08 for structural elements with low mechanical 188 
responsibility. 189 

 190 
The following chemical additives were used: a plasticizer (lignosulfonate), a superplasticizer 191 
(polycarboxylate) and an experimental additive that prevents water absorption in RA. This 192 
additive generates a hydrophobic film around the recycled aggregates, thereby minimizing 193 
water absorption by the fraction of RA, as an alternative to pre-saturation with water to avoid 194 
an increase of the porosity in the concrete containing 100% RA and a resulting decrease in 195 
mechanical strength and durability.  196 
 197 
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Table 3 shows the SFR-SCC-RA dosages that were produced for both stages. Some slight 198 
variations were carried out during the 2nd experimental phase (laboratory) to adapt the 199 
dosages to the particular conditions. The nomenclature used for the classifications of the 200 
concretes is T/C MSA–lf+I, where T is the type of concrete (NA: natural coarse aggregate, RA: 201 
recycled coarse aggregate, FRC-RA: reinforced with fibres and recycled coarse aggregate); C is 202 
consistency, self-compacting (SC) in all cases; MSA is the maximum aggregate size; lf is the 203 
maximum fibre length in mm (if it contains fibre); and I denotes the presence of an absorption 204 
inhibitor additive. 205 
 206 

Material NA/SC 12 RA/SC 12 RA/SC 20 RA/SC 
20+I 

FRC-RA/SC 
12-35 

FRC-RA/SC 
20-50 

Cement 355 370 370 370 370 370 

0/4-C-L 1230 1200 1210 1210 1260 1260 

6/12-C-L 580 -- -- -- -- -- 

4/12-C-R 
Aggr. without mortar 

Aggr. with mortar 
Ceramic  

Saturation water 
Others 

-- 

590 

318 (353) 
167(186) 
35 (39) 

59 
11 (12) 

180 

97 (108) 
51 (57) 
11 (12) 

18 
3 (4) 

200 

108 (120) 
57 (63) 
12 (13) 

20 
3 (4) 

520 

280 (311) 
147 (164) 

31 (35) 
52 

9 (10) 

180 

97 (108) 
51 (57) 
11 (12) 

18 
3 (4) 

12/20-C-R 
Aggr. without mortar 

Aggr. with mortar 
Ceramic  

Saturation water 
Others 

-- -- 

360 

151 (167) 
111 (123) 

50 (56) 
36 

12 (14) 

390 

168 (181) 
123 (133) 

56 (60) 
39 

13 (15) 

-- 

340 

142 (158) 
104 (116) 

47 (53) 
34 

11 (14) 
M502 fibres -- -- -- -- -- 20 

M503 fibres -- -- -- -- 20 -- 

Water 170 165 (160) 150  170 (185) 175 160 

Saturation water -- (31.7) (18.2) -- (27.9) (17.7) 

Inhibitor -- -- -- 1.5 -- -- 

Lignosulphonate 2.2 2.6 2.2 (2.6) 2.6 2.6 2.6 

Polycarboxylate 6.8 (7.3) 6.8 (7.3) 6.8 6.8 (9.7) 7.3 7.3 

Total 2344 2334 
(2329) 2279 2351 

(2331) 
2355  

(2340) 2340 

Fines 548.4 577.5 567.4 568.7 583.7 574.5 

Effective w/c 0.479 0.446 
(0.432) 0.405 0.459 

(0.500) 0.473 0.432 
(0.446) 

Volume stage 1 (m3) 3.0 3.0 6.0 6.0 6.0 6.0 

Volume stage 2 (l) 30 30 30 30 20 20 

Table 3. Contents (kg/m3) for the different concrete dosages. In parenthesis those values that have been 207 
modified in the stage 2 (laboratory conditions) 208 



The formulations corresponding to the second experimental stage, conducted in the laboratory 209 
are not exactly the same as those of the first stage, as slight variations were introduced to 210 
improve the manufacturing process by adapting to the laboratory conditions. 211 

2.2. Mixing method and fresh state characterization 212 

2.2.1. First stage (mixing plant) 213 

The manufacturing process started (except in the reference formulation NA/SC 12) with 214 
pre-saturation of the recycled aggregates using the two following procedures: water saturation 215 
(RA and FRC-RA formulations) and treatment with absorption-inhibitor additive (RA/SC-20+I 216 
formulation). 217 

 218 
Subsequently, in the case of FRC, the steel fibres were added; if any deficiency was 219 

observed after mixing, it was corrected by increasing the mixing time or modifying the dosage. 220 
Conversely, if the appearance of the mixture was appropriate, the slump flow assay was 221 
performed according to standard [50] to verify the self-compactability of the concrete. 222 

 223 
If the result of this test was a diameter less than 55 cm, more water was added, and the 224 

additional volume was recorded. Then, it was mixed at high intensity for an additional 2 min, 225 
and the test was repeated. If the trial again gave an insufficient result, more water or 226 
superplasticizer was added. Finally, the specimens were molded for physical and mechanical 227 
characterization. 228 

2.2.2. Second stage (laboratory) 229 

One of the main changes in the second experimental stage in the laboratory is the 230 
manufacturing process, specifically the explicit differentiation between free water (for 231 
hydrating cement particles) and the water saturation of RA. 232 

 233 
The pre-saturation of RA was performed based on their physical properties, such as their 234 

moisture content, absorption and an adjustment factor based on the ratio of water absorbed 235 
after 10 min and after 24 hrs., which is approximately 0.8 [29,51]. 236 

 237 
Each batch consisted of a volume of 30 l (the maximum capacity of the 65-2 K3 238 

COLLOMATIC mixer). The mixing method used was that recommended by [52], as follows: (1) 239 
mix the RA and water saturation for 1 min at high intensity; (2) mix the saturated RA with 240 
natural 0/4-T-C sand for another minute; (3) add the cement to the aggregates and dry mix for 241 
an additional 30 s; (4) after this interval, add two-thirds of the total free water and the mixture 242 
of aggregate, cement and water; mix the combination for another minute; (5) add the two 243 
additives, followed by the plasticizer, the superplasticizer, the steel fibres and the last one-third 244 
of the free water; and, finally, (6) mix at high intensity for 90 s. 245 

 246 
To verify that the manufactured concrete complied with the conditions of self-247 

compactability, a slump flow test was performed immediately after the mixing process. If the 248 
minimum diameter of 55 cm was reached, the corresponding test specimens were filled with 249 
the concrete remaining in the mixer. 250 

 251 
Once 24 hrs had passed after fabrication, the specimens were unmolded and stored in a 252 

humid chamber in the laboratory at constant relative humidity (> 95%) and temperature 253 
(20°C) until they were tested. In total, 347 specimens were manufactured and tested. 254 



2.3. Characterization of SRF-SCC-RA in hardened state 255 

Table 4 details the physical and mechanical characterization tests carried out on the 256 
hardened concrete. 257 
 258 

Properties Standard Stage Dosages Specimen Age 
Porosity 
Density [58] 1st All Cubic 

150x150x150 
180 d 
365 d 

Fibre 
orientation 

Inductive 
method 

[53] 

1st FRC-RA/SC 12-35 
FRC-RA/SC 20-50 

Cubic 
150x150x150 - 

2nd FRC-RA/SC 12-35 
FRC-RA/SC 20-50 

Cubic 
150x150x150 - 

Compressive 
strength 

[59] 
 

1st All Cylindrical 
150x300 

7 d 
28 d 
90 d 

365 d 

2nd All Cylindrical 
100x200 

7 d 
28 d 

365 d 
Flexural 
strength [60] 1st RA and  FRC-RA Prismatic 

100x100x400 28 d 

Young’s 
modulus [61] 2nd All Cylindrical 

100x200 
28 d 

365 d 
Post-cracking 

residual 
strength and 

toughness 

[55] 2nd FRC-RA/SC 12-35 
FRC-RA/SC 20-50 

Cylindrical 
150x150 28 d 

Multidirectional 
[57] 2nd FRC-RA/SC 12-35 

FRC-RA/SC 20-50 
Cubic 

150x150x150 28 d 

Table 4. Tests for characterization of the physical and mechanical properties 259 

The amount (Cf) and orientation of the steel fibres was characterized in cubic samples by 260 
nondestructive magnetic induction as described elsewhere [53]. The method is based on 261 
measuring the increase in inductance generated by the fibres contained in the specimen. The 262 
increase depends on the type of steel and on Cf. The steel fibres have ferromagnetic properties 263 
and modify the properties pf the uniform magnetic field induced by a discontinuous coil 264 
mounted on a plastic cell (Figure 3). An HP-4192 impedance analyzer with an error reading 265 
below 5% was used.  266 
 267 

 268 
Figure 3. Device for estimating the number of fibres via a magnetic induction test 269 



The mechanical characterization tests, such as the compressive strength (fc), flexural 270 
tension (fct,fl), toughness (Gf) and elastic modulus (Ec), were carried out using an Ibertest press 271 
with a 3 MN load capacity and displacement control. 272 

 273 
The pre/post-cracking behavior and the toughness Gf were determined via the Barcelona 274 

test (BCN) in its original version [54,55], with strain gauge chain installed on the cylindrical test 275 
specimens (see Figure 4a). Complementarily, the BCN test adapted to a cubic test specimen was 276 
performed [56,57] to assess the post-cracking response of the material by only recording the 277 
vertical displacement of the piston and the total number of cracks produced (see Figure 4b). 278 

 279 

 280 
Figure 4. BCN test (a) on the cylindrical test specimen and with a strain gauge chain and (b) on the cubic 281 

test specimen and with control of the vertical displacement of the piston (without chain) 282 

3. RESULTS AND DISCUSSION 283 

3.1. Concrete in the fresh state: slump flow 284 

Figure 5 shows the diameter of the slump flow extension (e) obtained in all concrete 285 
dosages from both experimental stages. The minimum criterion of self-compactability (e ≥ 55 286 
cm) is achieved in all formulations except the RA/SC 20+I and FRC-RA/SC 20-50 dosages, both 287 
in the laboratory and with e = 48 cm; in the plant, all the concretes meet this criterion of self-288 
compactability. These results confirm that it is possible to achieve consistencies suitable for 289 
fulfilling the self-compactability criterion by substituting the natural aggregate with mixed RA 290 
if the RA is pre-saturated.  291 

 292 

 293 
Figure 5. Slump flow obtained in the different dosages 294 
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For the RA/SC 20+I (*) dosage, the superplasticizer content was increased from 7.3 l/m3 295 
to 9.7 l/m3 (2.5% s.p.c.) with the goal of reaching the self-compactability criterion. The reduced 296 
effectiveness of the experimental water-repellent additive can be attributed to two reasons: (1) 297 
the high absorption of the RA may favor the aggregates absorbing part of the additive and (2) a 298 
percentage of the additive adheres to the inner walls of the vat, thus reducing the effective 299 
amount of additive. 300 

 301 
In addition, in light of the values of e obtained for the RA/SC 12 (without fibres, emin = 55 302 

cm) and FRC-RA/SC 12-35 (with fibres, emin = 57 cm) dosage, the viability of reaching self-303 
compacting consistencies is confirmed in the FRC dosages. With the increase of lf from 35 mm 304 
(FRC-RA/SC 12-35) to 50 mm (FRC-RA/SC 20-50), the value of e decreases by 3.5% and 22.0% 305 
for the dosages in the plant and in the laboratory, respectively. It is known that the reduction 306 
in the aspect ratio of the fibre (λf) hinders movement of the mass of concrete in the fresh state 307 
both for steel fibres [62] and plastic fibres [63]. Thus, it is necessary to emphasize that the M502 308 
fibres (lf = 50 mm and λf = 50) have an aspect ratio 8.7% greater than the M503 fibres (lf = 35 309 
mm and λf = 46). 310 

 311 
For the same maximum aggregate size, the obtained slump flow is in theory independent 312 

of the type of aggregate used (natural or recycled). Nevertheless, by comparing the two dosages 313 
of FRC, it is verified that the increase in the maximum RA size of 12 mm (RA/SC 12, emin = 56 314 
cm) to 20 mm (RA/SC 20, emin = 66 cm) does not translate to a loss of workability. This finding 315 
could contradict previous recommendations on the limitation of maximum aggregate size for 316 
self-compacting concretes [64,65].  317 

 318 
In general, the results obtained are consistent with the observations of [66]. These authors 319 

obtained slump flows similar to or even greater than conventional concrete by replacing the 320 
coarse and fine fractions with RA from crushed concrete. It should be noted that the aggregates 321 
were introduced in the saturated dry-surface state. 322 

3.2. Concrete in the hardened state 323 

3.2.1. Physical properties 324 

Apparent density and porosity 325 

Figure 6 shows the experimental results obtained from the tests of apparent density (ρap) 326 
and porosity (η) on test specimens molded in the plant. The test specimens were kept in a 327 
climate chamber under controlled temperature (20°C ± 2°C) and relative humidity (50% ± 5%) 328 
conditions. 329 

 330 
The value of ρap in all cases (including the reference formulation) is situated in the interval 331 

from 2.0 to 2.3 g/cm3, which are values lower than that of conventional vibrated concrete. This 332 
reduction corresponds to the greater content of fine aggregates required for self-compacting 333 
concrete (i.e., a greater content of paste) and to the lower density of the RA; for this reason, the 334 
three dosages that contain mixed RA exhibit, on average, a value of ρap 6.5% less than the 335 
reference concrete NA/SC 12. These results are consistent with typical values in the technical 336 
literature for concrete with mixed RA [67], and these are slightly lower than the case of RA from 337 
concrete [22,68-70]. 338 



 339 
Figure 6. Relation apparent density (ρap) – porosity (η) 340 

The second highlighted aspect is the difference in η depending on the saturation system. 341 
For the same type of aggregate, the average value of η (ηav) for formulations with water-342 
saturated aggregates (RA/SC 12 and RA/SC 20, ηav = 17.8% and 17.5%, respectively) is on 343 
average 29.2% higher than that obtained in the RA/SC 20+I formulation (ηav = 13.7%), in which 344 
the water-repellent additive was used, and 20.4% higher than the reference formulation NA/SC 345 
12 (ηav = 14.7% ), in which no saturation treatment was performed. This trend seems to 346 
contradict the hypothesis of excessive water saturation in the RA concrete dosages. Under this 347 
hypothesis, when excess water located around the RA evaporates, additional concentrated 348 
porosity is generated, especially at the interface between the RA and the paste. 349 

 350 
Based on these results, it is concluded that the differences in η and ρap observed between 351 

the RA and FRC concrete dosages are not due to the use of steel fibres but to differences in the 352 
content of RA and the manufacturing process.  353 

Fibre orientation 354 

This section compares the results obtained by applying the inductive method [53] on test 355 
specimens molded both in the concrete plant and in the laboratory. The criterion for identifying 356 
the orientation direction of the fibres in the cubic test specimen is the vertical axis (1) and the 357 
horizontal plane (orthogonal axes 2 and 3). Figure 7 indicates the proportion of fibres oriented 358 
along each axis. A total of 18 samples with formulations FRC/SC 12-35 (10) and FRC/SC 20-50 359 
(8) were tested. 360 

 361 
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Figure 7. Content and fibre orientation according to axis 363 

Approximately 70% to 80% of the fibres are oriented in the horizontal plane, while 20% to 25% 364 
remain oriented in the vertical axis. These distributions are independent of the type of fibre 365 
employed (M503 or M502). This preferential orientation in the horizontal plane corresponds 366 
to the way in which the samples were molded and to the cubic shape. This orientation 367 
distribution would be expected in a real element if the self-compactability of the concrete and 368 
the pouring system were kept the same. In this sense, it is important to note that in terms of 369 
strength, this two-dimensional orientation is favorable because the main tensile stresses are 370 
concentrated in the horizontal plane in a large number of structural typologies. 371 

3.2.2. Mechanical properties 372 

Compressive strength 373 

Table 5 shows the average values of compressive strength (fcm) obtained at 7 and 28 d for 374 
the test specimens molded for the respective experimental procedures. In addition, 375 
characteristic values of the estimated compressive strength (fck) using the relationship fck = 376 
fcm(1-1.64·CV) are presented. 377 
 378 

Dosage 

fc (7 d) fc (28 d) 
Plant Laboratory Plant Laboratory 

fcm 
(N/mm2) 

fck 
(N/mm2) 

fcm 
(N/mm2) 

fck 
(N/mm2) 

fcm 
(N/mm2) 

fck 
(N/mm2) 

fcm 
(N/mm2) 

fck 
(N/mm2) 

NA/SC 12 26.21 
(2.44) 25.16 52.31 

(4.14) 48.76 35.03 
(6.02) 31.57 61.48 

(1.88) 59.58 

RA/SC 12 24.62 
(3.13) 23.36 29.58 

(7.12) 26.13 33.16 
(2.53) 31.78 37.48 

(2.26) 36.09 

RA/SC 20 26.10 
(3.49) 24.61 36.29 

(8.03) 31.51 35.03 
(4.48) 32.46 42.22 

(7.22) 37.22 

RA/SC 20+I 27.08 
(2.84) 25.82 32.31 

(6.24) 29.00 33.06 
(2.27) 31.83 39.57 

(0.57) 39.20 

FRC-RA/SC 12-35 30.32 
(1.68) 29.48 29.23 

(9.31) 24.77 37.33 
(0.56) 36.99 38.09 

(7.29) 33.54 

FRC-RA/SC 20-50 34.60 
(4.25) 32.19 38.01 

(2.98) 36.71 44.28 
(1.90) 42.90 38.20 

(1.77) 37.09 

Table 5. Average compressive strength fcm (CV in %) and characteristic fck of test specimens at 7 and 28 d 379 

The results presented in Table 5 show that the values of fck at 28 d exceed, for all the 380 
dosages, the minimum of 20 N/mm2 required by the majority of standards for structural 381 
unreinforced concrete applications and the value of 25 N/mm2 for reinforced concrete.  382 
 383 
The value of fcm for the reference formulation with natural aggregate, NA/SC 12, is significantly 384 
greater than that of the formulations with RA. This difference is as high as 6.1% (7 d) and 5.7% 385 
(28 d) for the procedure in the concrete plant, while for the laboratory procedure, the values 386 
are 44.1% (7 d) and 39.0% (28 d). However, the values of fcm obtained in the laboratory are, on 387 
average, 16.9% (7 d) and 8.3% (28 d) greater than those obtained in the concrete plant. 388 
 389 

In accordance with the results of other researchers [71], for concretes fabricated with w/c 390 
ratios close to 0.40, the differences in fc between a concrete made with natural aggregate and 391 
one made with RA can reach values of 25%. [22], for a w/c ratio of 0.50 and cement content of 392 



325 kg/m3, found a 20% to 25% reduction in fc in those cases in which the coarse fraction was 393 
completely replaced with RA from concrete using a process of pre-saturation of the aggregate. 394 

 395 
In contrast, in concretes with w/c > 0.55, the fc of a recycled-aggregate concrete can be 396 

comparable to that of a conventional one, even with substitutions of up to 100% [72]. [73] 397 
attribute this favorable strength behavior of recycled ceramic aggregate to a certain binding 398 
capacity due to pozzolanic reactions combined with an internal curing process caused by the 399 
reservation of absorbed water during concrete manufacturing. 400 

 401 
Finally, for a substitution of 25% and 50% of fine natural sand with fine recycled aggregate 402 

(with 100% coarse recycled aggregate in both cases), [66] obtained similar compressive 403 
strengths, although it was necessary to compensate for the loss of workability.  404 

Bending strength 405 

Table 6 shows the results of the bending test carried out on prismatic test specimens with 406 
dimensions of 100x100x400 mm3 molded in the concrete plant and the respective values of fck 407 
at 28 d. In addition, the values of fctm,fl are included, as estimated using the expression fctm,fl = 408 
fctm·(1.6 – h/1000) proposed in EHE-08 for conventional concrete, where fctm = 0.30·3√fck2 is 409 
the average value of the uniaxial tensile strength of the concrete (fctm) and h = 100 mm is the 410 
height of the test specimen. 411 

 412 

Dosage 
fck 

(N/mm2) 
fctm,fl,exp 

(N/mm2) 
fctm,fl,est 

(N/mm2) 

RA/SC 12 31.78 4.71 4.51 (4.2) 

RA/SC 20 32.46 4.80 4.58 (4.6) 

RA/SC 20+I 31.83 5.27 4.52 (14.2) 

FRC-RA/SC 12-35 36.99 5.24 5.00 (4.6) 

FRC-RA/SC 20-50 42.90 5.74 5.51 (4.0) 

Table 6. Average experimental fctm,fl,exp and estimated fctm,fl,est tensile flexural strength (relative error in %) 413 

The experimental results presented in Table 6 show that the values of fctm,fl vary between 414 
4.71 N/mm2 (RA/SC 12) and 5.72 N/mm2 (FRC-RA/SC 20-50). In contrast to fck, the 415 
recommendations do not establish a lower limit on the value of fct,fl, given that the reinforced-416 
concrete structures are designed to permit controlled cracking of the concrete.  417 

 418 
Finally, the values of fctm,fl,est estimated using the formulation proposed in EHE-08 agree 419 

with those obtained experimentally, with the maximum relative difference being 14.2% (RA/SC 420 
20+I) and, in all cases, from the safe side. Consequently, taking this result into account along 421 
with the fact that (1) fctm,fl is a mechanical parameter of lesser importance for the performance 422 
in service and failure of reinforced-concrete structures and (2) safety coefficients are applied 423 
in the design to cover even higher dispersions, it can be confirmed that it is possible to apply 424 
the same formulation to estimate fctm,fl in recycled-aggregate concrete.    425 

Modulus of elasticity 426 

Table 7 presents the average values of elastic modulus (Ecm) obtained after testing the 427 
molded test specimens during the laboratory experimental phase. For each dosage, three test 428 
specimens were tested at 28 d of age and another three at 365 d. The testing ages are 429 



representative with respect to the time evolution in the magnitude of this basic mechanical 430 
property in controlling the deformation response of structures in service.  431 
 432 

Dosage 
RA content (kg/m3) Ecm (N/mm2) 

4/12-T-R 12/20-T-R Total 28 d 365 d 

NA/SC 12 0 0 0 35989 42343 

RA/SC 12 590 -- 590 22973 25404 

RA/SC 20 180 360 540 25363 29182 

RA/SC 20+I 200 390 590 24155 27317 

Table 7. Values of Ecm obtained for the different dosages in the test specimens molded in the laboratory 433 

The content, particle size and nature of the recycled aggregate have a greater impact on 434 
the value of Ecm than on the other mechanical properties analyzed above, mainly because of the 435 
configuration of the granular skeleton. 436 

 437 
The decrease in Ecm in the formulations with RA is between 30% and 35% at 28 d; the value 438 

for the RA/SC 12 dosage at 365 d approaches the expected value for a conventional concrete 439 
with a similar value of fc. This characteristic can compromise the use of this material in 440 
structures in which deformations are a relevant design factor (e.g., certain bridges and slabs); 441 
however, in these cases, the percentage of inclusion of RA could be limited to control the 442 
reduction in Ecm. In foundations, earth-retaining walls, or other elements in which the 443 
magnitude of deformations is not a determining factor, this reduction is less important. 444 

 445 
The results obtained in other studies [22,27, 74-76] are consistent with those obtained in 446 

this study, and losses between 15% and 48% in Ecm have also been observed in concrete with 447 
complete replacement of the coarse fraction by RA with respect to the reference dosages.  448 

 449 
The high content of mortar and ceramic material in the RA used and the greater number of 450 

aggregate-paste interfaces lead to a greater deformability of RA concrete under load [20]. The 451 
mixed RA leads to more deformability than the natural aggregate, and there is a weaker 452 
connection between the interfaces of the aggregate and the old paste, presenting a greater 453 
number of capillary pores and micro-cracks. Therefore, the total replacement of the coarse 454 
fraction of natural aggregates with recycled ones negatively impacts the stiffness [77].  455 

 456 
To facilitate assessment of Ec without having to perform tests, the recommendations 457 

include Ec – fc ratios calibrated to conventional concretes based on tests results that have been 458 
validated by experience. However, the results obtained with these expressions can be 459 
unreliable when these are applied to concrete containing 100% RA.   460 

 461 
To assess the suitability of the existing equations to predict the Ec for this SFR-SCC-RA, the 462 

expressions gathered in the EHE-08 [32], the Eurocode-2[78], the Fédération International du 463 
Betón [33], the American Concrete Institute [79], the Brazilian Standard 6118 [80], the Turkish 464 
Standard [81] and the Building Regulations of the Federal District of Mexico [82] are analyzed 465 
herein. In all cases, the secant modulus of deformation is used, except for [82], which addresses 466 
the modulus at the origin (Eci).  467 

 468 



Figure 8 shows the experimental curves of Ec – fc as well as values of Ec estimated by the 469 
equations gathered in Table 8 and the experimental values of fc obtained at 28 and 365 d for 470 
each formulation. At the light of the results presented in Figure 8, the values of Ec 471 
experimentally obtained for the reference formulation (NA/SC 12) are within the range of Ec 472 
established by the different empirical equations analyzed, and therefore, the expressions in the 473 
standards are valid for estimation of Ec. Specifically, for the range of fc values exhibited by the 474 
NA/SC 12 dosage, it can be concluded that the EHE-08 formulation would yield the value of 475 
Ec,min and the NBR 6118 would yield Ec,max. Both expressions proposed in the analyzed 476 
standards overestimate the experimental Ec values for the recycled-aggregate dosages and are 477 
thus unsafe. 478 
 479 

 480 
Figure 8. Correlation between Ec and fc at 28 and 365 d according to the different standards 481 

Standard Ec (N/mm2) 

EHE-08 (2008) 𝐸𝐸𝑐𝑐𝑐𝑐 = 8500�𝑓𝑓𝑐𝑐𝑐𝑐
3  

Eurocode-2 (1992) 𝐸𝐸𝑐𝑐𝑐𝑐 = 22000�𝑓𝑓𝑐𝑐𝑐𝑐 10⁄3  
fib (2010) 𝐸𝐸𝑐𝑐 = 21500�𝑓𝑓𝑐𝑐𝑐𝑐 10⁄3  

ACI 318-05 (2005)  𝐸𝐸𝑐𝑐 = 4700�𝑓𝑓𝑐𝑐
2  

NBR 6118:2014 𝐸𝐸𝑐𝑐𝑐𝑐 = 5600�𝑓𝑓𝑐𝑐𝑐𝑐
2  

TS500 (2000) 𝐸𝐸𝑐𝑐 = 3250�𝑓𝑓𝑐𝑐𝑐𝑐
2 + 14,000 

NTC-DF-MEX (2004) 𝐸𝐸𝑐𝑐 = 4400�𝑓𝑓′𝑐𝑐
2  

Table 8. Empirical equations proposed in different standards for estimating Ec based on fc 482 

Based on the results, corrections to the existing formulations are proposed with the goal 483 
of adapting these to recycled-aggregate concrete. In this sense, various authors [83-91] have 484 
already proposed expressions. However, none of these studies addresses the case of concretes 485 
with the coarse fraction composed of 100% mixed RA. 486 
 487 
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Two Ec-fc correlations are proposed, one of type Ec = kA·3√fc, such as the proposal in EHE-488 
08 (kA = 8,500 and fc = fcm = fck +8), and another of type Ec = kB·2√fc, such as that in ACI-318 (kB 489 
= 4,700 and fc = fcm) for conventional concretes. The constants kA and kB are calibration factors 490 
that have been obtained numerically (Table 9) by the method of least squares. 491 

 492 

Dosage RA content 
(kg/m3) 

Cf 
(kg/m3) 

Nº kA kB 

NA/SC 12 0 0 6 9634 4770 

RA/SC 12 590 0 6 7173 3884 

RA/SC 20 540 0 6 7716 4097 

RA/SC 20+I 590 0 6 7455 4008 

FRC-RA/SC12-35 520 20 6 7647 4046 

FRC-RA/SC 20-50 520 20 6 7452 3982 

Table 9. kA and kB parameters for the proposed empirical ratios Ec – fc  493 

The values of kA and kB calculated for the concretes with AR, as might be expected, are 494 
lower than the values of 8,500 proposed in EHE-08 and 4,700 proposed in ACI 318-05, 495 
respectively. The greatest reduction corresponds in both cases to the RA/SC 12 formulation 496 
(15.6% for kA and 17.3% for kB) containing 590 kg of RA 4/12-T-R, while the smallest reduction 497 
is found in the RA/SC 20 formulation (9.2% for kA and 12.9% for kB) containing 180 kg of RA 498 
4/12-T-R and 360 kg of RA 12/20-T-R. 499 

 500 
The reference formulation NA/SC 12 specifies k values 13.3% and 1.5% higher than those 501 

established in EHE-08 and ACI-318, respectively. In addition, the inclusion of 20 kg/m3 in the 502 
formulation does not substantially alter the values of k (or, consequently, the values of Ec) with 503 
respect to the other formulations with RA. Finally, the expressions Equations 1 and 2 are those 504 
proposed and adapted to estimate the average value of the modulus Ec as a function of fc and of 505 
the RA content (CAR, in kg/m3). 506 

 507 

𝑬𝑬𝒄𝒄𝒄𝒄 = 8,500(1 − 0.000216𝑪𝑪𝑨𝑨𝑨𝑨)�𝒇𝒇𝒄𝒄𝒄𝒄
3  (1) 

𝑬𝑬𝒄𝒄𝒄𝒄 = 4,700(1 − 0.000268𝑪𝑪𝑨𝑨𝑨𝑨)�𝒇𝒇𝒄𝒄𝒄𝒄
2  (2) 

Cracking and post-cracking behavior 508 

The tensile behavior, including the post-cracking response, has been estimated indirectly 509 
in the FRC-RA/SC 12-35 and FRC-RA/SC 20-50 formulations manufactured in the laboratory 510 
via the BCN test with cylindrical specimens by controlling the circumferential deformation 511 
during the test [55]. Jack force curves (F) – total crack opening displacement (TCOD) and 512 
fracture energy released during the test (Gf) are presented in Figure 9. The average curves 513 
obtained from a total number of three tests for each formulation are presented.  514 

 515 



 516 
Figure 9. Curves of vertical load–total crack width obtained with the BCN test 517 

The curves in Figure 9 confirm the following: (1) upon reaching the cracking load Fcr (121 518 
kN for FRC-RA/SC 12-35 and 141 kN for FRC-RA/SC 20-50) a softening behavior occurs, but 519 
with an associated ductile behavior (no brittle fracture), due to the strong contribution of the 520 
fibres, and (2) the FRC-RA/SC 20-50 dosage presents a greater post-cracking load than FRC-521 
RA/SC 20-35 due to the greater slenderness of the M502 fibre (λf = 50) and therefore greater 522 
spatial efficiency for reduced values of Cf (20 kg/m3) with respect to the M503 fibre (λf = 35). 523 
However, this behavior cannot be generalized because, for greater Cf values, the trends can be 524 
inverted due to the greater number of fibres per kg of M503 compared to M502 (see Table 2).  525 

 526 
Furthermore, using the proposed model by [92] and the BCN test results of cylindrical and 527 

cubic specimens, fctm,fl has been estimated as well as the average values of residual flexural post-528 
cracking strength (fRm) for different values of crack width (fRm1, fRm2, fRm3 and fRm4 associated 529 
with crack widths of 0.50, 1.50, 2.50 and 3.50 mm, respectively); see Table 10.  530 

 531 

Dosage fctm,fl 
(N/mm2) 

fRm1 

(N/mm2) 
fRm2 

(N/mm2) 
fRm3 

(N/mm2) 
fRm4 

(N/mm2) 
FRC-RA/SC 12-35 4.416 0.895 0.808 0.636 0.480 

FRC-RA/SC 20-50 5.289 1.249 1.115 0.793 0.535 

Table 10. Values of fctm,fl and fRmi for the HRF dosages 532 

From the results gathered in table 10 it can be derived that fR1/fctm,fl ratio is 0.20 (FRC-533 
RA/SC 12-35) and 0.23 (FRC-RA/SC 20-50), which is lower than the minimum value of 0.40 534 
proposed by fib MC-2010 [33] to substitute part of the passive reinforcement with Cf of 20 535 
kg/m3 used in both concrete dosages. However, SFR-SCC-RA itself could be used as a structural 536 
concrete with improved ductility over unreinforced concrete. In the case of adding conventional 537 
reinforcement, cracked phase (crack width control) would be benefit from the toughness of this 538 
FRC material; simultaneously, by increasing the value of Cf, a ratio of fR1/fctm,fl > 0.40 could be 539 
reached and therefore replace some or all of the passive reinforcement with the additions of 540 
fibres, with advantages derived in terms of sustainability (economic, social and environmental).    541 

 542 
 543 

4. CONCLUSIONS 544 
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The aim of this paper was to present a new cement base material whose coarse fraction of 545 
aggregate is 100% recycled and of mixed nature, with properties of self-compactability and 546 
with the inclusion of structural fibres to improve its ductility and toughness, classified as SFR-547 
SCC-RA. In the current experimental phase, its design has been oriented to applications with 548 
limited structural responsibility, such as foundation and earth-retaining elements subjected to 549 
reduced bending stresses. 550 

 551 
Extensive experimental campaigns have been conducted to verify suitability and 552 

adaptability to existing manufacturing and implementation systems and to characterize the 553 
most relevant physical and mechanical properties. The resulting findings are as follows:  554 

 555 
• The following two types of treatments of recycled aggregates were analyzed: pre-556 

saturation with water and the use of a water-repellent additive. Pre-saturation was found 557 
to be more effective. The additive was not sufficiently effective to completely envelop the 558 
aggregates and prevent part of the water used for cement hydration from being absorbed. 559 
 560 

• If the aggregates are properly pre-saturated, these do not alter the consistency of fresh 561 
concrete; a more fluid consistency can even be achieved if recycled aggregates are 562 
introduced in the saturated state with a dry surface. 563 

 564 
• Steel fibres reduce the flowability of fresh concrete, and this effect is accentuated for fibres 565 

of high slenderness. To ensure self-compactability of the concrete for fibres of high 566 
slenderness (λf = 50), the content of fine aggregate and of superplasticizer can be increased 567 
in the formulation.  568 

 569 
• A reduction of approximately 6.5% in the density was detected compared to the standard 570 

formulation (no recycled aggregate). This reduction is expected and depends on the 571 
characteristics of the aggregate and the composition of the granular skeleton. 572 

 573 
• The compressive strength was reduced by 30% to 40% in comparison with the reference 574 

formulation. However, values ranging between 35 and 40 N/mm2 at 28 d make this 575 
material suitable for structural elements subjected to moderate loads. 576 

 577 
• The deformation modulus also exhibits similar reductions on the same order as the 578 

compressive strength; however, the experimental values obtained (23,000 to 30,000 579 
N/mm2) are compatible with applications in which the limitations of deformability are a 580 
secondary consideration at the design level. Two equations were proposed to estimate the 581 
deformation modulus depending on the compressive strength to account for the amount 582 
of recycled aggregate present in the formulation. 583 

 584 
• Magnetic tests carried out on molded specimens indicated that at least 70% of the fibres 585 

were oriented in the horizontal plane. Principle tensile stresses were generally produced 586 
in this plane during service, enabling the fibres to act effectively. 587 

 588 
• The amount of metal fibres employed in HRF formulations (20 kg/m3) was shown to be 589 

effective in ensuring ductile post-cracking behavior; however, in applications in which one 590 
intends to replace part or all of the passive reinforcement in the form of bars, it is necessary 591 
to increase the amount of fibres. 592 

 593 



At present, a structural application of this material in the screens of an underground 594 
parking garage located in Barcelona has been carried out with satisfactory results at the 595 
technical level; furthermore, durability tests are being developed to verify that this material is 596 
compatible with the requirements stipulated by the regulations. In this regard, the first 597 
durability test (chloride corrosion and sulfate attack) was also satisfactory; however, a larger 598 
test population is needed to confirm its suitability. 599 
 600 

 601 
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