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Abstract 18 

The high flowability of Self-Compacting Concrete (SCC) is achieved by adding large amounts of fine 19 

aggregate. Therefore, the addition of fine Recycled Concrete Aggregate (RCA) in this type of concrete 20 

can very noticeably change its behavior. SCCs with different percentages of fine RCA (0 %, 25 %, 50 %, 21 

75 %, and 100 %) and 100 % coarse RCA were manufactured in this study, to evaluate their 22 

performance, and to analyze the effect of fine RCA in an SCC when a high amount of coarse RCA is also 23 

added. Both the fresh properties (flowability, density, and air content) and their mechanical behavior 24 

(strengths, non-destructive tests, stress-strain curves, and Poisson coefficient) at different curing ages 25 

were studied. These mechanical properties were compared with the values calculated using the 26 

formulas from two of the most common structural design standards. High values of strength and 27 

modulus of elasticity were obtained up to a fine RCA content of 50 %. Additionally, any increase in fine 28 

RCA increased flowability and elastic and plastic deformability of the SCC. The theoretical values 29 

overestimated the experimental ones by around 25 %. From the mechanical point of view, SCC with 30 

up to 50 % fine RCA could be used for structural applications, although service requirements regarding 31 

deformability recommend that its content should be limited to 25 %. 32 

Keywords: Self-Compacting Concrete; Recycled Concrete Aggregate; flowability; mechanical 33 

performance at different curing ages; stress-strain curves; design values  34 
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1. Introduction 35 

Construction sector activities are generally characterized as large-scale projects that consume vast 36 

amounts of natural resources, something that the production figures of the sector largely reflect. On 37 

average, within the European Union, around 2,700 Mt of Natural Aggregate (NA) are placed on the 38 

market each year, of which 120 million were consumed in Spain. Moreover, 16 Mt of bituminous 39 

concrete, and 22 Mm3 of hydraulic concrete were produced, in 2018, in this country [1]. High levels of 40 

resource exploitation have continued over time, leading in some areas to significant scarcities [2]. 41 

Construction and Demolition Waste (CDW) represents 34.7 % of all building waste generated in 42 

Europe, over 800 Mt/year, where the countries with the highest production levels are France and 43 

Germany (227 and 207 Mt/year respectively) [3]. In Spain, with the upturn of the construction sector, 44 

CDW production exceeded 20 Mt in 2017 [3]. Demolition processes generated around 0.9 t of CDW 45 

per m2 of demolished housing, reaching 1.2 t/m2 in industrial buildings, 40 % of which was deposited 46 

in illegal landfill sites [4]. CDWs usually present a mixture of concrete with ceramic residues and glass 47 

and/or gypsum, which worsen their behavior as a raw material for other uses [5]. Recycled Concrete 48 

Aggregate (RCA), a particular type of CDW, is usually produced from the crushing of selected concrete 49 

elements, such as precast concrete rejects, and it demonstrates better mechanical behavior, because 50 

it contains fewer contaminants and its properties are less variable [6]. 51 

The two above-mentioned problems -scarcity of natural resources and abundance of waste- could be 52 

mitigated through a simple strategy: using waste as a raw material in different construction sector 53 

applications, in substitution of NA, among which the manufacture of hydraulic and bituminous 54 

concretes is notable [7-13]. This strategy would also help to reduce the ecological impact of quarrying 55 

as well as the carbon footprint of the construction sector [5; 14-16]. Among the various potential 56 

usages of RCA, this study is focused on its validation in the manufacture of Self-Compacting Concrete 57 

(SCC). 58 

The total aggregate volume of concrete is 65-70 %, making RCA an ideal material for applying the above 59 

strategy. In fact, the literature contains several studies of conventional concretes made with proper 60 

dosages of coarse RCA that have demonstrated a good behavior [17; 18]. The addition of fine RCA has 61 

a more harmful effect, causing a very noticeable decrease in the mechanical properties of the 62 

concretes in which it is incorporated [19]. Although there are some studies on high-performance 63 

concretes, such as SCC [20], the available bibliography is scarce, fundamentally in relation to fine RCA, 64 

a remarkable aspect, considering the importance of the fine aggregate fractions within this type of 65 

concrete [21]. 66 
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The aspects commented on above are due to the particular characteristics of RCA. The coarse fraction 67 

of RCA, which is larger than 4 mm, is mainly characterized by three interrelated aspects. Firstly, the 68 

mortar adhering to the surface of the RCA means that, in comparison with the NA, its density and 69 

hardness are lower [22; 23]. Secondly, RCA has a contact surface between the aggregate and the 70 

mortar, known as the Interfacial Transition Zone (ITZ) [24], which is weaker and less dense than the 71 

ITZ of NA [22; 25]. Finally, the high water absorption levels of RCA can be due to the unhydrated cement 72 

in the attached mortar [23; 25]. The behavior of the fine RCA, less than 4 mm in size, is strongly 73 

conditioned by the mortar particles, as well as some pollutants (clay, gypsum and mica), mainly 74 

introduced during the crushing process, which cause, among other aspects, higher levels of water 75 

absorption than in the coarse fraction [26]. 76 

The addition of RCA affects not only both the fresh and the hardened behavior of the concrete, but 77 

also the estimation of compressive strength through non-destructive testing, such as the hammer 78 

rebound index and Ultrasonic Pulse Velocity (UPV), mainly due to the presence of attached mortar 79 

[27]. However, the validity of these procedures has been demonstrated in vibrated concrete with high 80 

contents of coarse RCA [28; 29], even at early ages [30]. Despite the low coarse aggregate content of 81 

SCC, non-destructive tests are also valid for this type of concrete when NA is used [31]. 82 

The aim of this study is to evaluate the effect of adding different amounts of fine RCA in an SCC with a 83 

constant amount of coarse RCA. SCC requires a high proportion of fine aggregate to reach flowability, 84 

so it is more sensitive to the effects of fine RCA. In addition, the interaction between coarse and fine 85 

RCA can influence its performance. The coarse RCA content was defined in a preliminary analysis, 86 

involving tests on the compressive strengths and the elastic moduli of mixes with 0 %, 50 % and 100 % 87 

of coarse RCA. Based on this analysis, the amount of 100 % coarse RCA was chosen for the optimum 88 

sustainability of the product. Subsequently, five different SCCs with 100 % coarse RCA and fine RCA 89 

percentages of 0 %, 25 %, 50 %, 75 % and 100 % were manufactured and analyzed in this study. 90 

Firstly, the evaluation of the fresh concrete behavior of these SSCs verified their compliance with all 91 

the recommendations of the European Federation of National Associations Representing producers 92 

and applicators of specialist building products for Concrete (EFNARC) [32]. Subsequently, the temporal 93 

evolution of the mechanical properties was evaluated. Additionally, the theoretical values of these 94 

mechanical properties, estimated from their compressive strengths, were calculated and compared 95 

with the experimental values, in order to validate the calculation methods. The validity of RCA as a 96 

material for manufacturing SCC for structural usage was therefore demonstrated, in accordance with 97 

its dosage (in particular, the percentage of fine RCA), which must be selected to meet the main purpose 98 

of the concrete design (self-compactability and/or strength). 99 
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2. Materials 100 

The characteristics of the materials used in this study are described in this section. An analysis of the 101 

physical properties and the chemical composition of the RCA is also included, to evaluate its suitability 102 

for concrete manufacture. 103 

2.1. Cement, water, filler and admixtures 104 

A conventional Portland cement CEM I 52.5 R was used, with a density of 3.12 Mg/m3 and a clinker 105 

content of around 98 %. Mix water that contained no chemical compounds with potentially adverse 106 

effects on concrete behavior was taken from the water supply of the city of Burgos, Spain. 107 

The finest fraction of the granulometry (< 0.063 mm) was provided by the addition of limestone filler 108 

with a CaCO3 content higher than 98 %. According to the manufacturer's specifications, this filler had 109 

a density of 2.77 Mg/m3 and a water absorption rate of 0.54 % over 24 h (0.37 % in 10 minutes). 110 

Two additives, fundamental components for providing the SCC with its characteristic self-111 

compactability, were used, which had demonstrated good behavior in a similar study [33]. The first 112 

one, a plasticizer, enhanced concrete flowability. The second, a viscosity regulator, maintained SCC 113 

flowability over longer periods, improving the results of the in-fresh state tests. In all dosages, total 114 

additions of admixture amounted to 2.2 % by weight of cement. 115 

2.2. Aggregates (RCA, siliceous gravel and siliceous sand) 116 

The RCA was produced from concrete components with a characteristic strength of 45 MPa, 117 

manufactured with siliceous aggregate, which had subsequently been rejected by the prefabrication 118 

industry and crushed. Supplied in sizes between 0 and 31.5 mm from a local CDW management 119 

company, the RCA was sieved and separated into fine RCA (0/4 mm) and coarse RCA (4/12.5 mm) 120 

fractions, both of which were used in this study. 121 

In Table 1, the main properties of the RCA are compared with the recommended limit values from  the 122 

Spanish concrete standard EHE-08 [34]. The comparison shows that the RCA fulfilled most of the 123 

requirements, except for density and water absorption, which explains the limitation that is specified 124 

in the standard of a maximum content of 20 % total coarse RCA. The chemical composition of fine RCA 125 

obtained by X-ray fluorescence (XRF) spectrometry and the X-ray diffraction (XRD) pattern are shown 126 

in Table 2 and Figure 1, respectively. The predominance of silicon oxide and calcium carbonate can be 127 

observed in its composition. The hydrated cementitious components (CSH) are not visible in the XRD 128 

test results, although the content in both aluminum and iron oxides denotes the presence of old 129 

mortar in the fine RCA. 130 
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Siliceous gravel and sand were used to complete the coarse (preliminary analysis) and the fine 131 

aggregate fraction of each concrete mix. Their properties are also summarized in Table 1. 132 

Test Regulations 
[35] 

Siliceous 
gravel 

Siliceous 
sand 

Coarse 
RCA 

Fine 
RCA EHE-08 limit [34] 

Saturated-Surface-Dry (SSD) density 
(Mg/m3) EN-1097-6 2.62 2.58 2.42 2.37 ≈ 2.6 kg/dm3 

Water absorption 24h (%) EN-1097-6 0.84 0.25 6.25 7.36 

Coarse RCA content < 
20 %: <7 % 

Coarse RCA content > 
20 %: Combination of 

RCA and NA coarse 
fractions: < 5 % 

Water absorption 10 minutes (%) - 0.66 0.18 5.28 6.03 
If RCA content is 
lower than 20 %:  

<5.5 % 

Fines content (%) EN-933-1 0.11 1.82 0.17 4.83 < 1.50 % (coarse 
fraction) 

Equivalent sand (%) EN-933-8 - - - 83 > 75 
Bulk density (Mg/m3) EN-1097-3 - - 1.26 1.23 - 

Los Angeles coefficient (%) 
(size 10/14 mm) EN-1097-2 - - 35 - 

< 40 
Sand friability test (%) (size 0/4 mm) UNE-146404 - - - 16 

Table 1. Aggregates’ physical properties. 133 

SiO2 CaO Al2O3 Fe2O3 SO3 MgO K2O TiO2 P2O5 Others (CO2 …) 
50.80 20.00 3.74 1.12 1.00 0.63 0.60 0.15 0.06 21.9 

Table 2. Chemical composition (% in weight) of fine RCA trough XRF. 134 

 135 
Figure 1. XRD of fine RCA  136 

The granulometric curves of all aggregates are shown in Figure 2. It can be seen that the fine RCA 137 

shows higher percentages of fine particles than the siliceous sand. 138 
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 139 
Figure 2. Granulometry of aggregates used 140 

3. Methodology 141 

In this section, the design of the experiment is explained. Firstly, a preliminary analysis is shown to 142 

define the coarse RCA content in the mixes. Secondly, the dosage of the SCCs with different 143 

percentages of fine RCA are defined. Thirdly, the set of tests performed on the mixes is discussed. 144 

Finally, the type of analysis of the experimental data is likewise explained. 145 

3.1. Experiment design 146 

Firstly, a preliminary analysis served to define the amount of coarse RCA to use in the mixes. Based on 147 

this analysis, it was decided to use 100 % coarse RCA (see section 3.2). Later, the fine RCA contents 148 

(25 %, 50 %, 75 % and 100 %), the set of tests to carry out and the number of samples in each test 149 

(application of the power method, with a significance level of 5 % and a power of 20 %) was defined 150 

by analyzing other similar research studies [36; 37]. In addition, testing ages were established 151 

according to the standards [34; 38; 39], in order to evaluate the effect of fine RCA over time. Therefore, 152 

age and fine RCA content were the two factors evaluated in this study. 153 

3.2. Mix design 154 

The dosage of all mixes was defined by the specifications of EHE-08 [34], based on EC2 [39]. The overall 155 

particle size was adjusted to the Fuller curve, using the granulometric modules of the aggregates. 156 

Rather than the addition of admixtures to the mix design, the water content in the mixtures was 157 

carefully increased to achieve a proper self-compactability. That decision was taken to avoid admixture 158 

segregation that occurred when its proportion in the mix exceeded 2.2 % of cement mass.  159 
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3.2.1. Preliminary analysis 160 

The optimum amount of coarse RCA to be added to the mixtures was decided after a preliminary 161 

analysis. Three mixes with 0 %, 50 % and 100 % coarse RCA (labelled C0, C50 and C100 respectively) 162 

were used to mold 10x20-cm cylindrical samples (2 samples in each test). Their compositions are 163 

shown in Table 3.   The compressive strength and the modulus of elasticity of the samples were tested 164 

at 7 and 28 days. The results were evaluated with a one-way ANOVA (5 % significance level), which 165 

showed no significant differences between the compressive strength and the modulus of elasticity of 166 

the mixes with 50 % and 100 % of coarse RCA (Table 4). So, an amount of 100 % of coarse RCA was 167 

used in the analysis of the fine RCA mix performance, in order to maximize the sustainability of the 168 

SCC designed. 169 

Mix C0 C50 C100 
Cement 300 300 300 

Filler 180 180 180 
Water 140 155 165 

Siliceous gravel 4/12.5 mm 570 285 0 
Coarse RCA 0/12.5 mm 0 265 525 
Siliceous sand 0/4 mm 1,150 1,150 1,150 

Admixture 1 2.20 2.20 2.20 
Admixture 2 4.40 4.40 4.40 

Table 3. Mix design of the mixes of the preliminary analysis (kg) 170 

  Mixes One-way ANOVA. Factor 
analyzed: coarse RCA content 

Test Age (days) C0 C50 C100 P-value Homogeneous 
groups 

Compressive strength (MPa) 
7 67.6 57.8 55.7 0.0002 

C50 and C100 
28 69.8 61.5 59.3 0.0082 

Modulus of elasticity (GPa) 
7 39.7 35.9 34.8 0.0001 

28 43.4 40.0 39.1 0.0002 
Table 4. Hardened properties (average values) and one-way ANOVA of the preliminary analysis 171 

3.2.2. Mixes with fine RCA 172 

Having defined the reference dosage (100 % coarse RCA and 0 % fine RCA), the siliceous sand 0/4 mm 173 

was progressively replaced with fine RCA by volume, in percentages of 25 %, 50 %, 75 %, and finally 174 

100 %. As indicated above, the water content was adjusted to each mix, thereby increasing the water-175 

to-cement (w/c) ratio and the effective w/c ratio, calculated from the water absorption rate over 10 176 

minutes. The values for these ratios and the mix design can be seen in Table 5. The mixes were labelled 177 

M0, M25, M50, M75, and M100 depending on the percentage of fine RCA. In this table, the dosage of 178 

the mixtures is shown in two different ways. Firstly, in a comparative way, by weight, with respect to 179 

the reference mix M0, so that any changes to the fine RCA and the water content may be easily 180 

observed. Secondly, the dosage of the mixtures adjusted to 1 m3 is shown, so that they may be easily 181 
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reproduced. Figure 3 shows the overall particle size (corrected by volume) of mixes M0, M50, and 182 

M100, and their Fuller curve. 183 

 Comparative dosage with mixture M0 (kg) Dosage (kg/m3) 
Mix M0 M25 M50 M75 M100 M0 M25 M50 M75 M100 

Cement 300 300 300 300 300 300 295 288 282 276 
Filler 180 180 180 180 180 180 176 173 169 166 

Water 165 187 205 230 250 165 183 198 215 232 
Coarse RCA 
0/12.5 mm 525 525 525 525 525 525 518 508 497 487 

Fine RCA   0/4 
mm 0 265 530 795 1,060 0 260 510 748 977 

Siliceous sand 
0/4 mm 1,150 865 575 290 0 1,150 850 555 272 0 

Admixture 1 2.20 2.20 2.20 2.20 2.20 2.20 2.18 2.14 2.10 2.05 
Admixture 2 4.40 4.40 4.40 4.40 4.40 4.40 4.32 4.24 4.15 4.06 
Approximate 

volume (l) 1,000 1,018 1,038 1,060 1,083 1,000 1,000 1,000 1,000 1,000 

Approximate 
weight (kg) 2,327 2,307 2,282 2,262 2,237 2,327 2,289 2,238 2,189 2,144 

w/c 0.561 0.624 0.688 0.763 0.839 0.561 0.624 0.688 0.763 0.839 
Effective w/c 0.459 0.470 0.482 0.506 0.530 0.459 0.470 0.482 0.506 0.530 

Table 5. Mix design. 184 

 185 
Figure 3. Mix design granulometry. 186 

3.3. Experimental procedure 187 

A three-stage mixing process was performed for proper hydration of all the components, maximization 188 

of flowability, and to prevent the absorption of additive into the aggregates [40]. First, coarse RCA and 189 

fine fractions (siliceous sand 0/ 4 mm and/or fine RCA) were loaded in the concrete mixer bowl with 190 

half of the mix-water and mixed for 30 s. Then, the cement, filler and the rest of the water were added, 191 

followed by another 30 s of mixing. Finally, the additive dissolved in 0.2 liters of water was added and 192 

mixed for the last 30 s. The aggregates were used under laboratory conditions, at an average 193 



10 
 

temperature and humidity of 20 ºC and 45 %, respectively, thus adjusting the experimental procedure 194 

to the most economically advantageous methodology [41]. 195 

Having completed the mixing process, in-fresh state tests, following the EFNARC recommendations, 196 

were performed [32] and the specimens were molded to carry out the hardened state tests. The tests, 197 

the standards, the age of the test, and the type and the number of test samples at each dosage are 198 

summarized in Table 6. The samples were held in a wet chamber at a humidity of 95 ± 5 % and at 199 

temperature of 20 ± 2 ºC until the time of the test. In addition, images from a Scanning Electron 200 

Microscope (SEM) were used to evaluate the quality of the ITZ in one of the worst performing 201 

specimens of mix M75. 202 

Test Regulations [35] Test age 
(days) Number and type of sample tested per mixture 

Slump flow EN 12350-8 

Sample of fresh concrete 

V-funnel EN 12350-9 
2-bar L-box EN 12350-10 

Sieve segregation EN 12350-11 
Fresh density EN 12350-6 
Air content EN 12350-7 

Compressive strength EN 12390-3 
1, 7, 28, 90 

3 cylindrical samples 10x20 cm at each age 
Hammer rebound index EN 12504-2 2 cylindrical samples 10x20 cm at each age 

Ultrasonic Pulse Velocity (UPV) EN 12504-4 2 prismatic samples 10x10x40 cm at each age 
Hardened density EN 12390-7 28 2 cubic samples 10x10x10 cm 

Splitting tensile strength EN 12390-6 

7, 28, 90 

2 cylindrical samples 15x30 cm at each age 
Flexural strength EN 12390-5 2 prismatic samples 10x10x40 cm at each age 

Static modulus of elasticity and 
Poisson coefficient EN 12390-13 3 cylindrical samples 10x20 cm at each age 

Stress-strain curves - 
90 

2 cylindrical samples 10x20 cm 

Abrasion resistance EN 1340 
EN 14157 2 cubic samples 10x10x10 cm 

Table 6. Tests, regulations, and samples used for each mix. 203 

The mechanical properties measured by these tests were evaluated both descriptively, which allows 204 

visual detection of differences in the behavior of the mixes, and by statistical analysis through one-way 205 

ANOVA at a significance level of 5 %. This statistical analysis was to study the effect of each factor (age 206 

and fine RCA content) for each mechanical property under study and to establish homogeneous 207 

groups, i.e., factor values for which a certain mechanical property is significantly equal. 208 

3.4. Theoretical calculations 209 

The experimental values of each mechanical property were compared with the theoretical values 210 

obtained from the formulas of the Spanish structural concrete standard EHE-08 [34], an adaptation of 211 

the Eurocode 2 regulation [39], based on the recommendations of the International Federation for 212 

Structural Concrete (CEB-FIP) [42]. 213 

According to EHE-08 [34], experimental compressive strengths at 28-days can be considered a medium 214 

28-day compressive strength (fc,m), with which the characteristic compressive strength (fc,k) can be 215 
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estimated, according to equation (1). Having done so, the medium tensile strength (fct,m) can be 216 

determined, according to equation (2), and the medium flexural strength (fct,m,fl), as a function of the 217 

beam height (h) in mm by applying equation (3). These last two strengths were compared with the 218 

values of splitting tensile strength and flexural strength, experimentally obtained at 28 days. 219 

                              𝑓𝑓𝑐𝑐,𝑘𝑘 = 𝑓𝑓𝑐𝑐,𝑚𝑚 − 8                                                          (1) 220 

�
𝑓𝑓𝑐𝑐𝑐𝑐,𝑚𝑚 = 0.30 · 𝑓𝑓𝑐𝑐,𝑘𝑘

2/3 𝑖𝑖𝑓𝑓 𝑓𝑓𝑐𝑐,𝑘𝑘 ≤ 50 𝑀𝑀𝑀𝑀𝑀𝑀

𝑓𝑓𝑐𝑐𝑐𝑐,𝑚𝑚 = 0.58 · 𝑓𝑓𝑐𝑐,𝑘𝑘
1/2 𝑖𝑖𝑓𝑓 𝑓𝑓𝑐𝑐,𝑘𝑘 > 50 𝑀𝑀𝑀𝑀𝑀𝑀

�                                                   (2) 221 

𝑓𝑓𝑐𝑐𝑐𝑐,𝑚𝑚,𝑓𝑓𝑓𝑓 = 𝑚𝑚𝑀𝑀𝑚𝑚 ��1.6− ℎ
1,000

� · 𝑓𝑓𝑐𝑐𝑐𝑐,𝑚𝑚; 𝑓𝑓𝑐𝑐𝑐𝑐,𝑚𝑚�                                               (3)                                222 

EHE-08 [34] specifies the formula for estimating the static concrete elasticity modulus at any age, 223 

equation (4). The expression contains the following factors: curing time in days (t); the 28-day secant 224 

modulus of elasticity (Ec,m) calculated with equation (5); the medium compressive concrete strength at 225 

t days (fc,m (t)), obtained with equation (6); and, the secant modulus of elasticity at t days (Ec,m (t)). The 226 

units of strength and the modulus of elasticity in all the expressions can only be introduced in 227 

Megapascals (MPa). 228 

𝐸𝐸𝑐𝑐,𝑚𝑚(𝑡𝑡) = �𝑓𝑓𝑐𝑐,𝑚𝑚(𝑐𝑐)
𝑓𝑓𝑐𝑐,𝑚𝑚

�
0.3

· 𝐸𝐸𝑐𝑐,𝑚𝑚                                                         (4) 229 

    𝐸𝐸𝑐𝑐,𝑚𝑚 = 8,500 · �𝑓𝑓𝑐𝑐,𝑚𝑚
3                                                                (5) 230 

       𝑓𝑓𝑐𝑐,𝑚𝑚(𝑡𝑡) = 𝑒𝑒𝑚𝑚𝑒𝑒 �0.2 · �1 − �28
𝑐𝑐
�
1/2
�� · 𝑓𝑓𝑐𝑐,𝑚𝑚                                               (6) 231 

The structural concrete design guidelines of the American Concrete Institute (ACI) [38] contain 232 

formulas, equations (7) and (8), for calculating the tensile strength of concrete and its modulus of 233 

elasticity from its compressive strength, respectively. The variables of the equation refer to 234 

compressive strength, (fc), tensile strength, (ft), and the modulus of elasticity, (E). These expressions 235 

are easier to apply than those indicated above, and their validity is also analyzed in this study. 236 

𝑓𝑓𝑐𝑐 = 0.56 · 𝑓𝑓𝑐𝑐0.5      (7) 237 

𝐸𝐸 = 4,700 · �𝑓𝑓𝑐𝑐      (8) 238 

Simple regression equations are provided, to complement this analysis, which were developed for the 239 

mechanical properties (splitting tensile strength, flexural strength, and modulus of elasticity) 240 

measured in this study. These formulas can be used as a basis for more general models taken from the 241 

literature, for accurate estimation of the properties of SCC made with RCA. 242 
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On the other hand, the value of the dynamic modulus of elasticity (Ed) at different ages of curing can 243 

be calculated from the test results with equation (9) [33], using the density of the concrete (ρ), the 244 

UPV (Vl), and the Poisson coefficient (ν). All the above-mentioned properties were precisely 245 

established with the tests performed. 246 

𝐸𝐸𝑑𝑑 = 𝜌𝜌 · 𝑉𝑉𝑓𝑓2 · (1+𝜈𝜈)·(1−2·𝜈𝜈)
1−𝜈𝜈

     (9) 247 

4. Results and discussion 248 

The experimental results of the in-fresh and the hardened states, as well as the theoretical estimation 249 

of the mechanical properties from the concrete design standards are presented in this section. 250 

4.1. Fresh properties 251 

It is clear from the bibliography that the addition of RCA clearly reduces the flowability of the SCC, due 252 

to its higher water absorption, resulting in a lower effective w/c ratio for any given w/c ratio without 253 

RCA [20; 33; 43]. In addition, the crushing process of the RCA produces irregular shapes, which means 254 

that the aggregate particles will not flow easily in the paste [44; 45]. Although the effective w/c ratio 255 

decreases with the coarse RCA, its irregular shaped particles have the most notable effects [33; 46]. 256 

The predominant effect of the fine RCA results from its high level of water absorption that decreases 257 

the effective w/c ratio [43]. Regarding the maximum diameter obtained in the slump-flow test, the 258 

decrease in initial flowability is as much as 36 % with 100 % coarse RCA and up to 19 % with 100 % fine 259 

RCA [43-45]. 260 

The adjustment of the water absorbed by the RCA solves the water absorption problem, preventing 261 

the effective w/c ratio from decreasing [19; 37].  Another possibility is to increase the proportion of 262 

the finest aggregate fraction (<0.125 mm), thereby increasing the volume of paste. Balanced 263 

proportions of fine and coarse aggregates are therefore fundamental for good performance of SCC 264 

[21]. 265 

In the concretes under study, the water content was adjusted by increasing the percentage of fine RCA 266 

aggregate, thereby increasing the effective w/c ratio. In addition, that increase of fine RCA aggregate 267 

also led to an increase in the fine fraction (<0.125 mm) within the overall granulometry of the mixtures. 268 

Both aspects compensated the negative effects of RCA and even improved the slump flow and the 269 

passing ability of the SCC. Some of the in-fresh state tests are shown in Figure 4 and their results, 270 

presented in Table 7, are consistent with the above-mentioned aspects. 271 
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 272 
Figure 4. In-fresh state tests for M50 mix. (a) slump-flow; (b) V-funnel; (c) sieve segregation 273 

Test/Mix M0 M25 M50 M75 M100 
Viscosity t500 slump flow test (s) 3.40 3.60 4.00 4.20 4.80 

Slump flow (mm) 680 695 730 740 755 
Viscosity V-funnel test (s) 6.40 8.40 10.20 12.60 15.20 

Passing ability L-box test H2/H1 0.86 0.88 0.92 0.93 0.94 
Sieve segregation (%) 1.70 1.52 1.67 1.53 1.36 

Air content (%) 4.80 3.75 4.35 4.00 4.15 
Fresh density (Mg/m3) 2.40 2.31 2.25 2.16 2.12 

Table 7. In-fresh state test results 274 

As reported in similar studies [43], the lower density of the RCA, compared to the NA, and the increase 275 

in water content decreased the fresh density of the SCC [46; 47]. The air content, very similar in all 276 

mixtures, mainly depended on the admixtures and the chemical reactions they produced, with no clear 277 

influence of fine RCA. 278 

Based on the results of the in-fresh state tests and the EFNARC recommendations [32], the developed 279 

SCCs presented: 280 

• A slump-flow class SF2 (maximum diameter between 660 and 760 mm). 281 

• A viscosity class, according to the slump-flow test, VS2 (time to reach a diameter of 500 mm 282 

greater than 2s) and, according to the V-funnel test, VF2 (time to empty the V-funnel greater 283 

than 8s), except for the M0 mixture which was class VF1. 284 

• A passing-ability class PA1, according to the 2-bar L-box test (blocking ratio greater than 0.80). 285 

• A segregation-resistance class SR2 (sieve segregation less than 15 %). 286 

The maximum diameter in the slump-flow test increased by 11 % (from 680 mm for M0 to 752 mm for 287 

M100), following the addition of 100 % fine RCA, which in turn increased the effective w/c ratio by 288 

15 % (from 0.46 to 0.53). In this case, the passing ability was also increased by 9 % (from 0.86 to 0.94). 289 

The fines content of the mix M25 influenced the flowability of the SCC. A fine RCA content of 25 % and 290 

an effective w/c ratio of 0.47, slightly higher than 0.46 (corresponding to mix M0), led to a higher slump 291 

flow and passing ability. However, it was not possible to compensate all the negative effects of RCA by 292 

increasing the proportion of water and fines, as viscosity was negatively affected, resulting in higher 293 

slump-flow viscosity and emptying times (V-funnel test). This performance can be explained by two 294 
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aspects: the irregular shapes of the coarser fine RCA particles that move more slowly within the cement 295 

paste than the rounded siliceous sand particles; and the higher proportion of cement paste, resulting 296 

from the increased volumes of fines, following the addition of RCA, leaving the SCC with a more viscous 297 

consistency. 298 

Resistance to segregation was not negatively affected by the addition of fine RCA and was even 299 

improved by the increase of the fine RCA content. In fact, the sieve segregation of the mixture M100 300 

(1.36 %) was 25 % lower than that of the mixture M0 (1.70 %). Even though fine RCA had a higher 301 

content of particles smaller than NA (≤0.125 mm), the use of fine RCA produced higher long-term water 302 

absorption levels that reduced segregation. 303 

4.2. Hardened state behavior 304 

The analysis of the mechanical properties aims to evaluate the effect of fine RCA on the development 305 

of strength at different curing ages. Some of these tests, such as for splitting tensile strength, flexural 306 

strength, and modulus of elasticity, are shown in Figure 5. 307 

 308 
Figure 5. Mechanical tests: splitting tensile strength (left); flexural strength (middle); modulus of 309 

elasticity (right) 310 

4.2.1. Density 311 

The lower density of RCA compared to NA reduced the hardened density of the SCC, as the RCA content 312 

increased (Table 8), in line with the existing bibliography [33; 37; 48]. The decrease of the hardened 313 

density compared to the fresh density showed no clear trends, although it was higher in the mixtures 314 

with a higher NA content (mixture M0 showed a decrease of 4.2 %, while this decrease for mixture 315 

M50 was only 0.4 %), which may be due to the lower water evaporation, because of the higher water 316 

absorption of fine RCA [33]. 317 

Test/Mix M0 M25 M50 M75 M100 
Hardened density (Mg/m3) 2.30 2.29 2.24 2.13 2.10 

Decrease with respect to its fresh density (%) 4.2 0.9 0.4 1.4 1.0 
Decrease with respect to the M0 density (%) 0 0.4 2.6 7.4 8.7 

Table 8. Hardened density of the mixes  318 
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4.2.2. Compressive strength, UPV, and hammer rebound index 319 

The addition of coarse RCA is known to reduce the compressive strength of concrete [49], although 320 

reductions of just 5 MPa for 100 % coarse RCA content were obtained in some studies [45; 50]. The 321 

reduction was higher when fine RCA was added [36], and in some studies the decrease caused by 100 % 322 

fine RCA in SCC reached 26 % compared to the reference concrete (0 % coarse and fine RCA) [20; 51]. 323 

Nevertheless, if the effective w/c ratio is reduced, the loss of strength can be compensated, especially 324 

when only coarse RCA is used [33; 46]. In the present study, as expected, the compressive strengths of 325 

the concretes under study decreased as their fine RCA content increased and with it, the w/c ratio 326 

(Table 5), as shown in Figure 6. At 28 days, the decrease in strength, with regard to the reference 327 

mixture M0 (60 MPa), was 7 % for mixture M25 (56 MPa), 27 % for mixture M50 (44 MPa), and 47 % 328 

and 51 % for mixtures M75 and M100, respectively (strengths of 31 and 30 MPa). Regarding the overall 329 

trend, mixture M25 showed a much lower than expected strength decrease, possibly due to its very 330 

similar effective w/c ratio to mix M0.  331 

The compressive strength results showed less dispersion with higher additions of fine RCA content, 332 

although that dispersion increased at advanced ages. The strengths of the mixtures with high RCA 333 

contents were more closely limited at early ages. 334 

 335 
Figure 6. Compressive strength of the SSC mixtures  336 
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The compressive strength developed at 1 and 7 days, with regard to the strength at 28 days, were in 337 

percentage terms 78 % and 94 % for the reference mix, M0; 60 % and 90 % for M50; and 47 % and 338 

86 % for M100. Strength development, in percentage terms, was slower as the fine RCA content 339 

increased. 340 

The UPV and the hammer rebound tests, two conventional methods for estimating the compressive 341 

strength of non-recycled concrete, were measured at all ages. Pearson's symmetrical correlation 342 

matrix between these three properties for all mixtures and ages simultaneously is shown in Figure 7. 343 

A clear linear relationship between these variables can be observed, as in other similar studies [28; 344 

52], although an individual analysis carried out in each mix showed that the exponential model had 345 

the best overall fit. Table 9 shows the least square exponential adjustment of compressive strength 346 

(variable "y") as a function of the UPV (variable "x") and the hammer rebound index (variable "z"). The 347 

adjustment had a coefficient R2 higher than 0.90 in 80 % of the cases. Mixture M100 had the 348 

coefficients R2 closest to 1.00. The validity of these indirect measures was not influenced by the 349 

addition of RCA. Figure 8 and Figure 9 show this adjustment for each mixture and it may be noted that 350 

the increase in RCA content increased the curvature of the models. 351 

 352 
Figure 7. Pearson's symmetrical correlation matrix for compressive strength, hammer rebound index 353 

and UPV 354 

Test/Mix M0 M25 M50 M75 M100 

UPV 
(km/s) 

1 day 3.94 3.76 3.73 3.27 3.19 
7days 4.28 4.00 4.03 3.63 3.68 

28 days 4.32 4.20 4.09 3.80 3.71 
90 days 4.34 4.30 4.09 3.79 3.71 

Exponential adjustment: 
compressive strength-UPV 

y=3.666· 
exp(0.643x) 

y=1.854· 
exp(0.811x) 

y=0.155· 
exp(1.376x) 

y=0.312· 
exp(1.232x) 

y=0.130· 
exp(1.461x) 

Coefficient R2 UPV  0.96 0.87 0.99 0.95 0.98 

Hammer 
rebound 

index 

1 day 46 40 34 27 24 
7days 56 52 42 33 33 

28 days 58 54 42 39 37 
90 days 58 56 45 39 40 

Exponential adjustment: 
compressive strength- hammer 

rebound index 

y=17.443· 
exp(0.021z) 

y=11.669· 
exp(0.029z) 

y=5.236· 
exp(0.048z) 

y=4.804· 
exp(0.050z) 

y=3.871· 
exp(0.054z) 

Coefficient R2 hammer 
rebound index  0.98 0.99 0.92 0.85 0.98 

Table 9. Exponential adjustment between UPV and hammer rebound index and compressive strength 355 

Compressive strength

Compressive strength

Hammer rebound index

Hammer rebound index

UPV

UPV

0.99 0.96

0.99 0.95

0.96 0.95

-1.0 1.0
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 356 
Figure 8. Adjustment of the compressive strength as a function of the UPV 357 

 358 
Figure 9. Adjustment of the compressive strength as a function of the hammer rebound index 359 

4.2.3. Splitting tensile strength and flexural strength 360 

The results, obtained at 7, 28, and 90 days, showed that the addition of fine RCA decreased both the 361 

splitting tensile strength (Figure 10) and the flexural strength (Figure 11), a widely reported behavior 362 

in the literature [33; 37; 51]. The harmful effect of fine RCA can be compensated and if the dosage is 363 

correctly modified, it is possible to obtain a splitting tensile strength equal to that of the reference 364 

concrete [27]: reducing the water content, increasing the cement content, or using alternative binders 365 

such as fly ash or silica fume [53; 54]. 366 
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 367 
Figure 10. Splitting tensile strength 368 

 369 
Figure 11. Flexural strength 370 

In this study, the decrease was mainly observed for the flexural strength, with different behavior in 371 

two groups (fine RCA up to 50 % and above 50 %). Compared to M0, the decrease of the flexural 372 

strength at 28 days of the mixture M100 was 30 % (3.4 versus 4.9 MPa) and was only 22 % for the 373 

splitting tensile strength (2.5 versus 3.2 MPa). However, there were some exceptions, such as the 374 

higher flexural strength of mix M100 compared to M75 at 90 days, due to the low adhesion between 375 

the cement paste and the coarse aggregate, in the mixes with high fine RCA content. It was observed 376 

that high additions of fine RCA also favored a more uniform strength over time, and a less predictable 377 

behavior. 378 

Some studies have shown that the theoretical tensile strength value, calculated according to the EC2 379 

[39], was lower than the experimental value in SCC made with coarse RCA, whilst the experimental 380 
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value was overestimated in SCCs with high fine RCA content [37]. The theoretical tensile strength 381 

values as per EHE-08 [34], shown in Figure 12 and calculated with equation (2), were higher than the 382 

experimentally obtained results for all the mixtures in this study, although the adjustment was 383 

improved by increasing the fine RCA content (the experimental tensile strength of M100 was higher 384 

than the theoretical value). In relation to the values estimated with equation (7) from the ACI [38], it 385 

can be observed that the theoretically calculated values also overestimated the results. The SCCs with 386 

the highest fine RCA content were those that showed the least difference between both values: in M0, 387 

the theoretical value at 28 days (4.3 MPa) was 34 % higher than the experimental value (3.2 MPa), 388 

while this overestimation in the mixture M100 was only 20 % (3.0 versus 2.5 MPa). As the increase in 389 

compressive strength after 7 days was higher than the increase in splitting tensile strength, the 390 

adjustment was better for advanced ages. Similarly, the design values of flexural strength (Figure 13) 391 

also overestimated the experimental values, once again with a better fit as fine RCA was added. From 392 

all the above, it can be deduced that both the splitting tensile strength and the flexural strength were, 393 

in general, lower than expected, especially in the case of concretes with few recycled fines. The use of 394 

the equations from the standards applied to the test mixtures would imply strength overestimations 395 

of around 25 %, especially with fine RCA contents up to 50 %. 396 

 397 
Figure 12. Relationship between the experimental tensile strength and the estimated value as per 398 

EHE-08 (left) and ACI (right) 399 
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 400 
Figure 13. Relationship between the experimental flexural strength and the estimated value as per 401 

EHE-08 402 

The standard formulas [34; 38] relate both tensile strength and flexural strength to compressive 403 

strength by means of a square or cubic root. Nevertheless, the best-fit model (coefficient R2 of 0.86) 404 

of the splitting tensile strength (STS, in MPa) as a function of compressive strength (CS, in MPa), shown 405 

in equation (10), established a polynomial relationship between both variables. In contrast, the flexural 406 

strength (FS, in MPa), equation (11), with a coefficient R2 of 0.88, has an inverse relationship with the 407 

compressive strength. 408 

𝑆𝑆𝑆𝑆𝑆𝑆 = 8.46 − 0.79 · 𝐶𝐶𝑆𝑆 + 0.04 · 𝐶𝐶𝑆𝑆2                                                  (10) 409 

𝐹𝐹𝑆𝑆 = �2.55 −
19.26
𝐶𝐶𝑆𝑆 �

2
                                                                    (11) 410 

4.2.4. Static modulus of elasticity and Poisson coefficient 411 

The presence of adhered mortar and the ITZs, which were weak and not very dense, meant that the 412 

SCC with RCA was, in general, more deformable than the SCC with NA  [25; 33], observations supported 413 

by the results from this study that are shown in Figure 14. A higher fine RCA content led to a lower 414 

modulus of elasticity at all ages: at 28 days, M100 presented a modulus of elasticity of 18.8 GPa, 54 % 415 

lower than the mix M0 (40.6 GPa). The addition of 100 % fine RCA to an SCC with 100 % coarse RCA, 416 

as performed in this study, led to a greater decrease in the modulus of elasticity than when this amount 417 

of fine RCA is added to an SCC with no coarse RCA, which is around 24 % [37; 51]. 418 
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 419 
Figure 14. Static modulus of elasticity 420 

The trends for the modulus of elasticity over the curing, once again showed a different behavior 421 

between the mixtures with low/medium percentages and those with high percentages of fine RCA: the 422 

mixtures with low percentages of fine RCA (M0 and M25) showed a very marked increase in the 423 

modulus of elasticity up to 28 days, while the increase in concretes with higher contents (M75 and 424 

M100) was practically uniform over time. 425 

The adjustment of the theoretical values, obtained with equation (4), to the experimental values was 426 

quite poor (Figure 15). In mixtures with low percentages of fine RCA (M0 and M25), the design values 427 

were lower than the experimental values (at 28 days, the design value of mixture M25 was 32.4 GPa, 428 

15 % lower than the experimental value, 38.2 GPa). The theoretical expressions overestimated the 429 

modulus of elasticity in the mixtures with high contents of fine RCA (M75 and M100), by approximately 430 

40 % at all ages of curing. Mixture M50 was in an intermediate situation: its theoretical value at 7 days 431 

(28.2 GPa) was higher than the experimental value (29.9 GPa), with the opposite situation at 90 days 432 

(theoretical value of 30.7 GPa and experimental value of 31.7 GPa). The same situation was observed 433 

for the ACI [38] formula, once again showing that mixture M50 had the best fit. These results are in 434 

line with the conclusions of other studies, which also showed that the theoretical expressions 435 

underestimated the modulus of elasticity in SCCs with low percentages of RCA and overestimated it in 436 

mixtures with high percentages of RCA [37; 55]. 437 
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 438 
Figure 15. Relationship between compressive strength and modulus of elasticity according to EHE-08 439 

(left) and ACI (right) 440 

Equation (12) shows that there is an exponential relationship between the modulus of elasticity (ME, 441 

in GPa) and the logarithm of compressive strength (CS, in MPa), similar to that shown by EHE-08 [34] 442 

in equation (6). Its coefficient R2 is 0.96. 443 

𝑀𝑀𝐸𝐸 = 𝑒𝑒𝑚𝑚𝑒𝑒�−0.62 + 1.05 · 𝑙𝑙𝑙𝑙(𝐶𝐶𝑆𝑆)�                                                    (12) 444 

Increasing percentages of fine RCA increased both the deformability of the concrete in the load 445 

direction and the volume variation under load, as shown by the lower Poisson coefficient (Figure 16) 446 

of the concrete with additions of fine RCA: after 28 days, the difference of the Poisson coefficient 447 

between mixtures M0 (0.20) and M100 (0.16) was 19 %. This trend was similar to the one obtained in 448 

vibrated concretes with only coarse RCA [56; 57], although a constant w/c ratio appeared to prevent 449 

the Poisson coefficient from decreasing [58]. The temporal evolution of this coefficient was similar in 450 

all the mixtures: a marked decrease in the first days, less noticeable as time goes by, although M100 451 

showed a much more remarkable decrease after 28 days than the rest of the mixtures. The 452 

conventional value of the Poisson coefficient for concrete (0.2) was higher than the experimental 453 

values, except for concretes with less than 50 % fine RCA at 7 days, that had slightly higher 454 

experimental values. 455 
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 456 
Figure 16. Poisson coefficient 457 

4.2.5. Stress-strain curves 458 

The stress-strain curves that are used to evaluate the plastic behavior of concrete usually show an 459 

elastic behavior at low load levels and reduced fracture strain values (theoretical value of 3,500 µm/m) 460 

[34; 38; 39]. Higher fines contents will usually result in higher strain values after the ultimate strength 461 

value of the concrete is reached [59]. When this aspect was addressed in recycled concrete, it was 462 

concluded that coarse RCA reduced fracture strain [60]. No reference to this behavior was found for 463 

SCCs made with coarse and fine RCA, such as those reported in this article. Cylindrical specimens of 10 464 

and 20 cm in diameter and height, respectively, were subjected to compressive strength tests until 465 

failure at 90 days, yielding the curves shown in Figure 17. The stress and strain values were recorded 466 

at a frequency of 15 Hz. 467 
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 468 
Figure 17. Stress-strain curves of the mixtures  469 

The stress-strain curves reflected the decrease, both in compressive strength (ultimate strength) and 470 

in the modulus of elasticity, as the fine RCA content increased, as previously discussed (section 4.2.2). 471 

Other relevant aspects of the structural design with this type of concrete are: 472 

• The proportional limit (the point where linear elastic strain ends) was produced for a 473 

deformation of 720 µm/m for M0 and 580 µm/m for M100, increasing the plastic deformation 474 

with the fine RCA content. 475 

• An increase in the fine RCA content led to a higher fracture strain: mixtures M0 and M25 476 

showed strain values that were 18.9 % lower than mixtures M75 and M100 (3,000 µm/m 477 

versus 3,700 µm/m). The strain values of mixture M50 (3,300 µm/m) were the closest to the 478 

theoretical value. Thus, the mixtures with higher fine RCA contents presented higher safety 479 

design coefficients, as they exceeded the theoretical values calculated with the formulas from 480 

the standards. This behavior was contrary to the one observed when only coarse RCA was 481 

added [60]. 482 

• The strain values corresponding to the ultimate strength increased with higher contents of fine 483 

RCA in the mixtures (2,650 µm/m for mixture M0 and 3,250 µm/m for mixture M100). The 484 

ratios between the fracture strain and peak strain for mixtures M0 and M100 were 1.16 and 485 

1.13, respectively, and the remaining strain after breakage increased in SCCs with low fine RCA 486 

contents. The reference specimen, mixture M0, showed the highest safety factor after failure.  487 
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4.2.6. Dynamic modulus of elasticity through the UPV 488 

The dynamic modulus of elasticity decreased with the addition of fine RCA. According to other studies, 489 

in mixtures with 50 % coarse RCA, the decrease was approximately 4 %, reaching 9 % for 100 % 490 

replacements [33; 61]. No other study has been found in which this property is evaluated in SCCs with 491 

fine RCA. The results of this study (Figure 18) showed the same overall trend as the static modulus of 492 

elasticity (Figure 14), both in terms of fine RCA content and its temporal evolution. The results for all 493 

properties based on the calculation of this modulus of elasticity, according to equation (9), were 494 

consistent with each other. 495 

 496 
 Figure 18. Dynamic modulus of elasticity through the UPV 497 

Two groups of concretes may be distinguished: high and low/medium fine RCA content. Mixtures with 498 

fine RCA content of less than 50 % had a lower dynamic modulus of elasticity through the UPV than 499 

the static modulus of elasticity (e.g. the values of the static and dynamic modulus of elasticity of M25 500 

at 28 days were 38.2 and 36.5 GPa respectively). Meanwhile mixtures M75 and M100 showed higher 501 

stiffness under dynamic loading: the dynamic modulus of elasticity through the UPV of mixture M100, 502 

at 28 days, was 44.1 % higher than the static modulus of elasticity (27.1 GPa versus 20.1 GPa). 503 

4.2.7. Abrasion resistance  504 

Resistance to abrasion was evaluated by the footprint caused by an abrasive disc on the surface of the 505 

material on cubic samples of 10x10x10 cm at 90 days (Figure 19), which measures the hardness of the 506 

surface cement paste [62]. According to other studies, the addition of fine RCA increased the size of 507 

the footprint [63]. Nevertheless, the use of RCA from a concrete with a strength of over 70 MPa can 508 

improve the surface resistance of the concrete [64].  509 
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      510 
Figure 19. Abrasion test. Left: footprint on the M50 mix. Right: sample set up in the testing machine 511 

In this research, the increase in fine RCA generated a cement paste with a lower surface hardness, 512 

which increased the footprint size, as shown in Figure 20. These results were in line with the results of 513 

the 90-day rebound index: a higher rebound index was produced in those mixtures with a smaller 514 

footprint width (mix M75 had a lower rebound index, 39, and a footprint size of 21 mm that was 27.3 % 515 

larger than the M0 footprint). Once again, there were two different groups of concretes, according to 516 

the results of this test: high and low/medium fine RCA content. 517 

 518 
Figure 20. Resistance to abrasion test results. The hammer rebound index and the increase in 519 

footprint size, in relation to mixture M0, are shown between brackets. 520 

4.2.8. Statistical analysis of mechanical properties 521 

The descriptive analysis was completed with a statistical analysis based on one-way ANOVA (Table 10). 522 

It showed that both age and fine RCA content significantly influenced the behavior of the mixes in all 523 

tests (p-value lower than the significance level considered, 0.05). The homogeneous groups revealed 524 

that, in general, mixes M0 and M25, as well as M75 and M100, have no significant difference in their 525 

mechanical properties regardless the age. In contrast, the mechanical properties of mixes with low fine 526 

RCA contents (M0 and M25) hardly showed significant variations between 28 and 90 days, while the 527 

mechanical properties of mixes M75 and M100, at 7, 28 and 90 days, can be considered statistically 528 

equal in several tests. Mix M50 showed an intermediate behavior. 529 
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Test Factor Condition P-value Homogeneous groups 

Compressive 
strength 

Fine RCA 
percentage 

Age of 1 day 0.0001 M75 and M100 
Age of 7 days 0.0001 M0 and M25; M75 and M100 

Age of 28 days 0.0002 M0 and M25; M75 and M100 
Age of 90 days 0.0001 M0 and M25; M75 and M100 

Age 

0 % fine RCA 0.0007 7, 28 and 90 days 
25 % fine RCA 0.0003 7, 28 and 90 days 
50 % fine RCA 0.0001 7, 28 and 90 days 
75 % fine RCA 0.0002 7, 28 and 90 days 

100 % fine RCA 0.0001 28 and 90 days 

Splitting tensile 
strength 

Fine RCA 
percentage 

Age of 7 days 0.0017 M0 and M25; M50, M75 and M100 
Age of 28 days 0.0233 M75 and M100 
Age of 90 days 0.0282 M75 and M100 

Age 

0 % fine RCA 0.0370 None 
25 % fine RCA 0.0230 None 
50 % fine RCA 0.0239 28 and 90 days 
75 % fine RCA 0.0351 7 and 28 days 

100 % fine RCA 0.0349 28 and 90 days 

Flexural 
strength 

Fine RCA 
percentage 

Age of 7 days 0.0173 M25 and M50; M75 and M100 
Age of 28 days 0.038 M0, M25 and M50; M75 and M100 
Age of 90 days 0.017 M0 and M25 

Age 

0 % fine RCA 0.0001 28 and 90 days 
25 % fine RCA 0.0004 28 and 90 days 
50 % fine RCA 0.0001 28 and 90 days 
75 % fine RCA 0.0003 7, 28 days and 90 days 

100 % fine RCA 0.0015 7 and 28 days 

Static modulus 
of elasticity 

Fine RCA 
percentage 

Age of 7 days 0.0002 M75 and M100 
Age of 28 days 0.0001 M0 y M25; M75 y M100 
Age of 90 days 0.0002 M0 y M25; M75 y M100 

Age 

0 % fine RCA 0.0260 28 and 90 days 
25 % fine RCA 0.0173 28 and 90 days 
50 % fine RCA 0.0104 28 and 90 days 
75 % fine RCA 0.0256 7, 28 and 90 days 

100 % fine RCA 0.0394 7, 28 and 90 days 

Poisson 
coefficient 

Fine RCA 
percentage 

Age of 7 days 0.0083 M25 and M50 
Age of 28 days 0.0158 M0 and M25 
Age of 90 days 0.0118 M0 and M25 

Age 

0 % fine RCA 0.0285 None 
25 % fine RCA 0.0327 None 
50 % fine RCA 0.0211 None 
75 % fine RCA 0.0441 28 and 90 days 

100 % fine RCA 0.0303 None 

Dynamic 
modulus of 

elasticity 
through the 

UPV 

Fine RCA 
percentage 

Age of 7 days 0.0023 M25 and M50; M75 and M100 
Age of 28 days 0.0016 M75 and M100 
Age of 90 days 0.0010 M0 y M25; M75 y M100 

Age 

0 % fine RCA 0.0344 28 and 90 days 
25 % fine RCA 0.0465 None 
50 % fine RCA 0.0351 28 and 90 days 
75 % fine RCA 0.0222 28 and 90 days 

100 % fine RCA 0.0455 7, 28 and 90 days 

Abrasion 
resistance 

Fine RCA 
percentage Age of 90 days 0.0043 M0, M25 and M50; M75 and M100 

Table 10. One-way ANOVA of mechanical properties 530 

4.2.9. SEM analysis 531 

As commented in the introduction, the presence of adhered mortar in the RCA leads to the formation 532 

of an ITZ that is less dense and of poorer quality than the ITZ between the NA and the cementitious 533 
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matrix [22; 25], as may be observed in the image of Figure 21, obtained from a low-strength M75 test 534 

specimen. In this image, two particles of siliceous aggregate of the RCA can be seen in both the lower 535 

right and left-hand-side corners; the old cementitious matrix (mortar adhered to the NA) of a darker 536 

color in the central part, corroborated by the microanalysis spectrum; and, the new cementitious 537 

matrix of a lighter color on the right-hand side and towards the upper right-hand-side corner. It is clear 538 

that the ITZ has failed due to its poor quality; the new cement paste shows low adhesion to the RCA, 539 

both with the mortar phase and the siliceous aggregate phase. This poor behavior of the ITZ, when 540 

adding large quantities of fine RCA, explained the variable behavior of the mixtures with high contents 541 

of fine RCA, especially in relation to the splitting tensile strength and the flexural strength. 542 

 543 
Figure 21. SEM analysis of mix SA75 544 

5. Conclusions 545 

In this study, the physical and mechanical behavior, at different curing ages, of a Self-Compacting 546 

Concrete (SCC) manufactured with coarse and fine Recycled Concrete Aggregate (RCA) has been 547 

studied. A preliminary statistical analysis showed an acceptable mechanical behavior of the concretes 548 

manufactured with 100 % of coarse RCA. Therefore, SCCs with 100 % RCA in the coarse fraction and 549 

different percentages (0 %, 25 %, 50 %, 75 % and 100 %) of fine RCA in substitution of Natural Aggregate 550 

(NA), 0/4 mm, were performed. The conclusions relating to the effect of the incorporation of fine RCA 551 

on these recycled SSCs are set out below: 552 

• Increasing the mix water according to RCA water absorption was insufficient to maintain the 553 

flowability of the SCC manufactured with NA 0/4 mm when fine RCA was added. Instead, the 554 

effective water/cement ratio had to be increased. The increase in the fines content of the RCA, 555 

in comparison with NA, was favorable in the slump-flow test and the passing ability. 556 
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• All developed recycled SCCs had fresh property values within the limits of the EFNARC 557 

recommendations [32]. SCC were obtained in slump-flow class SF2, viscosity class VS2 and VF2, 558 

passage ability class PA1, and resistance to segregation class SR2. 559 

• The mechanical properties of the SCC worsened as the percentage of fine RCA increased at all 560 

ages of curing. On the one hand, fine RCA contents of 0 % and 25 % allowed to obtain 561 

compressive strengths above 50 MPa (high strength concrete). On the other hand, the SCC 562 

with a high content of fine RCA (75 % and 100 %) showed a worsening of their mechanical 563 

properties with compressive strengths below 35 MPa. The one-way ANOVA showed that there 564 

was no significant difference between the mechanical properties for mixes with fine RCA 565 

percentages of 0 % and 25 %, and for 75 % and 100 %. 566 

• The stress-strain curves showed that the mixtures with 75 and 100 % fine RCA were much 567 

more deformable, with fracture strains of 3.7 ‰, 18.9 % higher than the fracture strain of the 568 

mixture with 0 % fine RCA, which had a value of 3 ‰. 569 

• In general, recycled SSCs with high fine RCA contents showed more uniform mechanical 570 

properties over time than those with less fine RCA. According to one-way ANOVA, mixes with 571 

0 % and 25 % of fine RCA showed the same strength and stiffness values at 28 and 90 days, 572 

meanwhile mixes with 75 % and 100 % of fine RCA had the same values at 7, 28, and 90 days. 573 

• The adjustment of the experimental values to the theoretical design values provided by the 574 

regulations was different for each property and each recycled SCC. The theoretical values of 575 

tensile strength were higher than the experimental values, both from the European standard 576 

[34; 39; 42] and the ACI regulations [38], a fit that was improved by increasing the fine RCA 577 

content. The theoretical modulus of elasticity, calculated with both the European and the USA 578 

standard, underestimated the experimental value in mixtures with up to 25 % fine RCA, while 579 

the modulus of elasticity was overestimated by percentages greater than 75 %. 580 

• Indirect measurements, such as the Ultrasonic Pulse Velocity (UPV) and the hammer rebound 581 

index yielded accurate compressive strength estimates for the concretes under analysis, with 582 

the most linear adjustment for the mixtures with low contents of fine RCA. The best statistical 583 

adjustment was obtained for the mixture with 100 % fine and coarse RCA. 584 

In view of the above, SCC of optimum flowability and with adequate mechanical behavior can be 585 

produced using high RCA contents in such a way that the SCC is valid for use in structural components. 586 

In the present study, the combination of 100 % coarse RCA and a 50 % fine RCA was the limit value, 587 

after which a notable worsening of the mechanical properties ensued, suggesting that the use of a fine 588 

RCA content higher than 50 % in structural concretes would not be advisable in structural applications 589 

from a mechanical point of view. Nevertheless, when service requirements are considered, the higher 590 
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deformability of the SCC due to higher fine RCA contents, shown in the stress-strain curves, is a good 591 

reason for limiting the content of fine RCA to 25 %. 592 
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