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ABSTRACT 23 

The use of different types of waste in the manufacture of concrete is increasingly common, due to 24 

unabating concerns over climate change and sustainability in the construction sector. It is now 25 

widely accepted that the optimal behavior of vibrated concrete produced with the addition of 26 

certain wastes can rival the behavior of conventional products. The manufacture of special 27 

concretes, such as self-compacting concrete, is also currently under investigation, although the state 28 

of knowledge in this field is not so well developed. In this review paper, current and past research 29 

articles on the design of self-compacting concrete with recycled concrete aggregate, both by itself 30 

and in combination with other wastes, are summarized and assessed. Research is presented into 31 

recycled concrete aggregate properties and the mix-design of the self-compacting concretes that 32 

contain them, as well as relevant results on the fresh state (workability, rheology), the hardened 33 

state (compressive strength, splitting tensile and flexural strength, modulus of elasticity, density, and 34 

porosity), durability (resistance to aggressive agents), long-term properties of concrete (shrinkage, 35 

creep), and structural elements manufactured with self-compacting concrete containing recycled 36 

concrete aggregate. The results under review reaffirm that the incorporation of recycled concrete 37 

aggregate can produce a suitable self-compacting recycled concrete, on the basis of careful designs 38 

that are essential for successful performance. 39 

KEYWORDS: Self-compacting concrete, recycled concrete aggregate, flowability, hardened state, 40 

durability, structural elements.  41 
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1. INTRODUCTION 42 

Emissions of CO2 attributed to the construction sector and its enormous consumption of natural 43 

resources are both major environmental concerns at a global level (Sandanayake et al., 2019). Large 44 

amounts of energy are consumed by the extraction of natural aggregates (Marques et al., 2017) for 45 

use in many engineering activities, such as concrete and asphalt mixes, geotechnical activities 46 

(fillings, embankments and some types of dams), and even hydraulic activities such as trench and 47 

ditch fillings, and beds for piping systems. Finally, there is the contentious issue of high atmospheric 48 

emissions of CO2 from manufacturing processes at cement factories, and at asphalt and concrete 49 

plants (Thives and Ghisi, 2017). 50 

Over the past few years, this situation has been firmly noted in the construction sector and 51 

initiatives are underway to change what are in many cases considered traditional practices, seeking 52 

to reduce environmental impacts and to mitigate climate change (Bostanci et al., 2018). Following 53 

some years of economic recession in the construction industry, investment has increased, which has 54 

also prompted the emergence of various new fields of research that, in different ways, encourage 55 

more sustainable construction patterns:  56 

• Reducing CO2 emissions produced during the raw-material manufacturing process, usually 57 

direct atmospheric emissions from cement factories (Carmichael et al., 2018). The main 58 

solutions have focused on the search for novel production technologies and materials 59 

(Maddalena et al., 2018). 60 

• Controlling indirect atmospheric emissions and evaluating the carbon footprints of 61 
construction components prior to their manufacture and the machinery in use (Rossi and 62 
Sales, 2014). 63 

• And, the central issue in this paper, the search for different techniques to reduce the 64 

consumption of natural resources (Braga et al., 2017). 65 

The areas where the consumption of natural resources can be reduced differ widely. The use of 66 

different wastes to replace those aggregates is progressively more extensive, especially in relation to 67 

coarse and/or fine Natural Aggregates (NA) in concrete design. Recycled aggregates from 68 

Construction and Demolition Waste (CDW) (Soares et al., 2014), roof tiles (Jagadeesh et al., 2017), 69 

rubber (Yung et al., 2013), plastics (Preethiwini et al., 2017), and glass (Ali and Al-Tersawy, 2012) are 70 

the most common examples of residues that can be added to concrete mixes, provided that the 71 

proportion in the mixture is carefully researched and adjusted to the properties of each residue. 72 

Among the above-mentioned residues, CDW has the lengthiest history of use and is currently the 73 

most widely used in the manufacture of concrete based on a sustainable approach. CDW, following 74 

treatment in certified recycling plants, is an appropriate product for certain types of structural 75 

concrete. Its use is regulated in many standards such as the Spanish regulations (EHE-08, 2010) or 76 

the Italian one (DM-17/01/2018) and it may be classified into three main types of materials, 77 

according to its components: crushed concrete, crushed masonry, and mixed demolition debris.  78 

The use of crushed concrete or Recycled Concrete Aggregate (RCA) has proven to be especially 79 

suitable for high-performance concrete, resulting in countless experimental tests (Etxeberria et al., 80 

2007) and many reviews of conventional concrete manufactured with RCA regarding fresh state 81 

(Silva et al., 2018), compressive strength (Silva et al., 2015), mechanical behavior (Behera et al., 82 

2014), durability (Guo et al., 2018) and fine RCA performance (Evangelista and De Brito, 2014). 83 

The use of RCA in Self Compacting Concrete (SCC) has only recently been studied, however RCA 84 

applications and the use of RCA in SCC are gaining ground, reflecting its particular advantages and a 85 
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need for continued research in that area. SCC is characterized by very good flowability and 86 

workability and its main advantage is that no vibration is required when filling formwork enclosures 87 

(Corinaldesi and Moriconi, 2011). These properties are usually assisted through the addition of 88 

plasticizers and superplasticizers (Barbudo et al., 2013). Regarding SCC with RCA, there is only one 89 

review article elaborated The review article by Santos et al. (2019a) is the only one found to date on 90 

the topic of SCC with RCA. 91 

This bibliographic review will firstly set out a brief description of RCA properties (average values 92 

from the aggregates used in the different articles studied) and some guidelines for the design of 93 

concrete dosages. Then, the results of the different studies will be organized into different sections, 94 

each one corresponding to a different concrete behavior: fresh state, hardened state (compressive 95 

strength, splitting tensile strength, flexural strength, and modulus of elasticity, among others), 96 

durability and long-term properties (shrinkage and creep) and finally, the behavior of structural 97 

elements.  98 

Lastly, the subsections will be structured by the type of waste in the concrete mix. The papers that 99 

are reviewed all report studies of RCA, although the use of more than one type of waste in concrete 100 

manufacture is increasingly widespread and SCC is no exception in that regard. The main 101 

combinations include the use of RCA in combination with fly ash (FA) and silica fume (SF), among 102 

others.  103 

2. CHARACTERIZATION OF RECYCLED CONCRETE AGGREGATE (RCA)  104 

As is widely established, RCA properties are very variable and depend on many aspects, such as the 105 

origin of the RCA (precast elements, in-situ manufactured concrete, CDW, laboratory samples, etc.), 106 

the dosage and components of the original concrete (pumpable concrete, SCC, type of cement, etc.), 107 

and the crushing process of the original elements.  108 

In what follows, a number of interesting studies on the properties of RCA will be highlighted. 109 

Agrela et al. (2011) characterized CDW with a content of concrete higher than 90 %, which can be 110 

considered coarse RCA, in a study of 35 mixed recycled coarse aggregates from several CDW 111 

treatment Spanish plants. Those aggregates provided the following results (95 % confidence 112 

interval): 113 

• Saturated Surface-Dry (SSD) density (kg/dm3): 2.40 ± 0.07 114 

• Water absorption 24h (%): 5.42 ± 1.70 115 

• Soluble sulphate (% SO3): 0.40  116 

• Sulphur content (% S): 0.25 117 

Safiuddin et al. (2013), in their review regarding the use of the RCA for the manufacture of concrete, 118 

established the following average values for the coarse RCA, obtained from six references: 119 

• Shape and texture: Angular with rough surface. 120 

• SSD density (kg/dm3): 2.1–2.5. 121 

• Bulk density (compacted) (kg/dm3): 1.20–1.43. 122 

• Absorption (wt. %): 3–12. 123 

• Pore volume (vol. %): 5.6-16.5. 124 

In addition to the information presented above, a summary based on the different references cited 125 

throughout this article is presented in Table 1. In view of their high variability, 95 % confidence 126 

intervals (t-student distribution) of these properties are presented.  127 
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Table 1: Average values of some RCA properties 128 

Property 
Coarse/

fine 
RCA 

Values 
(95 % conf. 

interval) 
References used 

SSD density 
(kg/dm3) 

Coarse (2.38, 2.48) 

(Boudali et al., 2016; Campos et al., 2018; Fiol et al., 2018; Gesoglu et al., 
2015a; González-Taboada et al., 2017a; Güneyisi et al., 2016; Kapoor et 
al., 2016; Kebaïli et al., 2015; Kou and Poon, 2009; Manzi et al., 2017; 
Omrane et al., 2017; Ortiz et al., 2017; Panda and Bal, 2013; Pereira-De-
Oliveira et al., 2014; Rajhans et al., 2018a; Revathi et al., 2013; Salesa et 
al., 2017; Santos et al., 2017; Silva et al., 2016; Singh and Singh, 2016b; 
Tang et al., 2016; Uygunoʇlu et al., 2014; Velay-Lizancos et al., 2016; 
Vinay Kumar et al., 2017; Yasser Khodair, 2017) 

Fine (2.21, 2.39) 
(Campos et al., 2018; Carro-López et al., 2015; Gesoglu et al., 2015a; 
Güneyisi et al., 2016; Kou and Poon, 2009; Manzi et al., 2017; Omrane et 
al., 2017; Santos et al., 2017; Vinay Kumar et al., 2017) 

Water 
absorption 

(%) 

Coarse (4.53, 6.27) 

(Boudali et al., 2016; Campos et al., 2018; Fiol et al., 2018; Gesoglu et al., 
2015a; González-Taboada et al., 2017a; Grdic et al., 2010; Güneyisi et al., 
2016; Kapoor et al., 2016; Kebaïli et al., 2015; Kou and Poon, 2009; Manzi 
et al., 2017; Mohseni et al., 2017; Omrane et al., 2017; Ortiz et al., 2017; 
Panda and Bal, 2013; Pereira-De-Oliveira et al., 2014; Rajhans et al., 
2018a; Revathi et al., 2013; Salesa et al., 2017; Santos et al., 2017; Silva 
et al., 2016; Singh and Singh, 2016b; Tang et al., 2016; Velay-Lizancos et 
al., 2016; Vinay Kumar et al., 2017; Yasser Khodair, 2017) 

Fine (7.76, 11.06) 
(Campos et al., 2018; Carro-López et al., 2015; Gesoglu et al., 2015a; 
Güneyisi et al., 2016; Kou and Poon, 2009; Manzi et al., 2017; Omrane et 
al., 2017; Santos et al., 2017; Vinay Kumar et al., 2017) 

Fines content 
(%) 

Coarse (0.31, 2.65) 
(Campos et al., 2018; Fiol et al., 2018; González-Taboada et al., 2017a; 
Salesa et al., 2017) 

Los Angeles 
coefficient 

(%) 
Coarse (28.28, 36.31) 

(Fiol et al., 2018; Kebaïli et al., 2015; Omrane et al., 2017; Panda and Bal, 
2013; Rajhans et al., 2018a; Revathi et al., 2013; Salesa et al., 2017; Silva 
et al., 2016; Singh and Singh, 2016b) 

 129 

3. SCC REFERENCE DOSAGE 130 

In this section, the dosages proposed by different authors are compiled for the production of 131 

conventional SCC with natural aggregates and no waste. The aim is to have a reference in the mix 132 

design of Self-Compacting Recycled Concrete (SCRC) for subsequent analysis of the incorporation of 133 

the different wastes and their effects.  134 

It must be also emphasized that a key property of SCC is flowability. Various authors have underlined 135 

the importance of careful design, proper water to cement (w/c) ratios, and suitable types and 136 

amounts of plasticizer (or superplasticizer), to achieve good flowability (Hani et al., 2018). Regarding 137 

the dosage of a SCC, the addition of superplasticizer is necessary, but a high content of fines is very 138 

important as well. Correct dosing will yield a sufficiently compact cement paste that can carry all 139 

coarse aggregate particles and thereby prevent segregations. For this reason, the addition of 140 

limestone filler is generally essential. 141 

From the references under study, an average reference dosage is obtained, which collects the 142 

quantities of coarse aggregate, fine aggregate, cement, water, limestone filler, and superplasticizer 143 

that are necessary to obtain 1 m3 of SCC, as shown in Table 2 (95 % confidence interval). The average 144 

w/c ratio is also shown, which should be significantly increased with additions of RCA, to 145 

compensate the high water-absorption levels of the RCA and obtain optimum flowability values.  146 
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Table 2: Average dosage in reference SCC  147 

Component (kg/m3) 
Values 

(95 % confidence 
interval) 

Average value of the 
interval 

References used 

Cement (332.54, 409.03) 370.78 
(Campos et al., 2018; Carro-López et 
al., 2015; Fiol et al., 2018; González-
Taboada et al., 2017a; Grdic et al., 
2010; Kebaïli et al., 2015; Kou and 
Poon, 2009; Manzi et al., 2017; 
Pereira-De-Oliveira et al., 2014; 
Revathi et al., 2013; Salesa et al., 
2017; Tang et al., 2016; Vinay Kumar 
et al., 2017) 

Water (168.11, 202.49) 185.30 

Coarse aggregate (731.44, 890.01) 810.72 

Fine aggregate (723.95, 865.51) 794.73 

Limestone filler (136.91, 248.04) 192.48 

Superplasticizer 
(3.43, 4.33) 3.88 

Average value: 1.0 %-1.1 % wt. of cement 

w/c ratio (0.44, 0.54) 0.49 

 148 

4. FRESH STATE PERFORMANCE 149 

As stated earlier, flowability is the main property of SCC that distinguishes it from conventional 150 

vibrated concrete. The flowability of SCC is measured in different tests, the most important of which 151 

are the slump flow, J-ring, L-box, V-funnel and sieve segregation tests. Studied in very specific cases, 152 

direct rheological parameters are a potential field of study for future investigations (Carro-López et 153 

al., 2015). The values obtained in all these tests must be in line with the national regulations of each 154 

country and the regulations of others relevant bodies, such as the European Federation of National 155 

Associations Representing producers and applicators of specialist building products for Concrete 156 

(EFNARC, 2002) or the specifications of the American Concrete Institute (ACI, 2007). 157 

4.1. FRESH STATE OF SCC WITH RCA 158 

Grdic et al. (2010), Modani and Mohitkar (2014), and Kebaïli et al. (2015) attempted to develop an 159 

SCC manufactured with coarse RCA. In the research work of Grdic et al. (2010) and Modani and 160 

Mohitkar (2014), SCC was successfully performed, although its flowability decreased as the 161 

proportion of coarse RCA increased. In contrast, Kebaïli et al. (2015) were unsuccessful at 162 

manufacturing SCC, which they attributed to two main reasons. First, the water content was so low 163 

that it could not compensate the high absorption of the RCA. Second, the aggregate/paste ratio was 164 

too high, meaning that particles of aggregate collided against each other, hindering the flow of 165 

concrete. Both studies add weight to the fact that a carefully designed dosage is essential to achieve 166 

self-compactability. 167 

Campos et al. (2018) designed a concrete mixture with coarse RCA and/or fine RCA in three different 168 

combinations (0 % - 20 %, 20 % - 0 % and 20 % - 20 %). The amount of superplasticizer increased 169 

with the amount of RCA. The results showed that a suitable SCC can be achieved using these 170 

quantities of coarse RCA and fine RCA, if around 9 % more water is added. Their results also 171 

corroborated previous observations that fine RCA water absorption is greater than the water 172 

absorption of coarse RCA. 173 

Carro-López et al. (2015; 2017) considered a substitution of only the fine fraction of NA in 174 

proportions of 20 %, 50 %, and 100 %, maintaining the superplasticizer constant. When examining 175 

the flowability of the mixes, which as is well known will decrease over time, they reached the 176 

conclusion that the greater the fine RCA content, then the faster the decrease in flowability. 177 

Different humidity conditions of the RCA have been also analyzed. González-Taboada et al. (2017a; 178 

2017c) designed SCC with coarse RCA (substitution percentages of 20 %, 50 %, and 100 %) and three 179 

different situations were considered: dry aggregate and extra water (labelled M1), pre-soaked 180 
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aggregate (labelled M2), and aggregate with 3 % of natural moisture and extra water in the concrete 181 

mix (labelled M3). The main conclusion was that the coarse RCA was indeed suitable for the 182 

manufacture of SCC and that the best method to guarantee flowability over time was by pre-soaking 183 

(M2) the aggregates. In contrast, control over flowability with methods M1 and M3 presented 184 

serious difficulties. Although, in conclusion, M2 was the best method, the authors claimed that 185 

aggregate pre-soaking as an industrial procedure would require excessive amounts of time and may 186 

not be profitable, which explained why M3 was the most widely used option. However, in the case 187 

of SCC as a high-performance product, pre-saturation should be considered as an alternative to 188 

enhance behavior, besides profitability considerations. However, in the perspective of industrializing 189 

RCA-based SCC, the authors of this review considered it more efficient to use RCA with natural 190 

moisture and to modify the total water content of the mix, rather than by pre-soaking the 191 

aggregates. 192 

González-Taboada et al. (2018a; 2018c) analyzed the different aspects that affect SCC flowability: 193 

the variations of water, cement and superplasticizer in the mix-design, and the characteristics of the 194 

RCA (shape coefficient, modulus of fine, content of fines...). It was concluded that small changes in 195 

these parameters affected SCRC much more than conventional vibrated concrete. The dosages of 196 

that type of concrete must be studied further and the conditions of the mixing place (e.g., ambient 197 

moisture) must be perfectly controlled.  198 

In terms of density, Manzi et al. (2017) stated that the fresh bulk density of SCRC was lower than 199 

that of conventional vibrated concrete and lower than the fresh bulk density of SCC manufactured 200 

with NA. They obtained a value of 2.22 kg/dm3 with a 100 % coarse substitution and 2.28 kg/dm3 201 

with a 20 - 40 % substitution rate, compared to 2.34 kg/dm3 of the control concrete. That result was 202 

attributed to the lower density of the RCA, mainly caused by the attached mortar.  203 

Salesa et al. (2017) worked with a multi-recycled SCC with a percentage substitution of 100 %. An 204 

initial SCRC (named RA1) was produced, which was then crushed, sieved and used to manufacture a 205 

second SCRC (RA2). A third concrete (RA3) was then manufactured from the second. The flowability 206 

tests worsened, which was explained by the increasing amounts of adhered mortar in each cycle. 207 

Some of these results are shown in Table 4. 208 

Assaad (2017) evaluated the effect of coarse RCA on SCC flowability, by comparing the Direct 209 

Substitution (DR) by volume and the Equivalent Mortar Volume (EMV) methods to define the 210 

dosage. Flowability decreased with the addition of RCA, but the DR method provided better results 211 

for low percentages of RCA (20 - 35 %). No SCC was developed using the EMV method for higher 212 

coarse RCA contents, so it is not known which method had the better result. The static stability of 213 

the SCC improved with RCA and EMV method. 214 

Omrane et al. (2017) used a natural pozzolan in addition to RCA in substitution of cement. They 215 

observed that when RCA was used, then pozzolan percentages could be increased by up to 20 %, 216 

while the pozzolan percentage could not exceed 15 % with NA if requirements related to slump flow 217 

test wanted to be fulfilled (Said et al., 2014). The effectiveness of the natural pozzolan was greater in 218 

combination with RCA. 219 

Güneyisi et al. (2014) evaluated some aggregate surface treatment methods and their effects on the 220 

properties of SCC made with RCA (100 % coarse RCA replacement). Four different treatments were 221 

analyzed: submerging RCA in HCl solution for 24h, submerging RCA in water glass (Na2O·nSiO2 222 

sodium silicate) for 30 min, submerging RCA in cement-silica fume slurry for 30 minutes, and 223 

implementing a two-stage mixing process. All the treatments that were tested improved the 224 

flowability and the performance of the concrete compared to the control mixture. Among them, the 225 
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water glass treatment appeared the most effective and was quite brief, so it could be implemented 226 

in industrial production, although consideration should also be given to the increased cost (Wang 227 

and Zhang, 2016). 228 

The results of some of the investigations commented in this subsection were plotted against 229 

relevant parameters, such as the percentage substitution, the w/c ratio and the percentage of 230 

superplasticizer. In Figure 1, the relation between RCA percentage and the slump flow t500 is shown, 231 

differentiating between “fast” and “slow” concretes, based on the representative differences 232 

between each one.  233 

Figure 2 shows the relation between passing ability in the L-box test and the w/c ratio. The values 234 

used to draw the graphs, obtained from the literature under review, are also shown in Table 3. 235 

Table 3: Values of some in-fresh properties of SCC manufactured with only RCA 236 

Research 

Coarse 
RCA 

content 
(%) 

Fine RCA 
content  

(%) 

w/c 
ratio 

% super 
plasticizer 

(wt. of 
cement) 

Viscosity 
t500 slump 
flow test 

(s) 

Slump 
flow 
(mm.) 

Viscosity 
t500  

J-ring (s) 

Maxim
um 

dimeter 
J-ring 
(mm.) 

Passing 
ability 
L-box 
H2/H1 

Viscosity  
V-funnel  

(s) 

Sieve 
segregation 

(%) 

Campos 
et al. 
(2018) 

0 0 0.45 0.47 1.17 650 - - 0.87 - 9.5 

0 20 0.48 0.55 1.53 670 - - 0.84 - 4.6 

20 0 0.46 0.60 1.80 690 - - 0.85 - 12.8 

20 20 0.49 0.70 0.81 620 - - 0.91 - 12.3 

Carro-
López et 
al. (2015; 
2017) 

0 0 0.48 0.43 1.70 830 2.2 810 0.90 8.0 - 

0 20 0.49 0.43 1.80 790 2.0 750 0.85 11.0 - 

0 50 0.53 0.43 2.80 770 2.8 740 0.88 8.0 - 

0 100 0.59 0.43 5.40 670 5.4 600 0.77 11.0 - 

González
-Taboada 
et al. 
(2017a; 
2017b; 
2017c; 
2018a; 
2018c) 
(M1/M2/
M3) 

0 0 0.46 2.46 1.45 820 2.5 820 0.90 23.0 14.0 

20 0 0.46 2.46 1.95 740 3.0 750 0.86 24.0 13.5 

50 0 0.46 2.46 2.40 710 3.8 700 0.88 31.0 12.0 

100 0 0.46 2.46 4.10 680 4.2 680 0.84 33.0 3.5 

0 0 0.46 2.46 1.50 820 2.5 820 0.90 24.0 14.0 

20 0 0.46 2.46 2.25 730 3.2 710 0.87 34.0 14.5 

50 0 0.48 2.46 2.00 720 4.8 660 0.89 42.0 24.5 

100 0 0.52 2.46 2.20 750 1.0 860 0.64 18.0 37.0 

0 0 0.46 2.46 1.45 820 2.5 820 0.90 23.0 14.0 

20 0 0.46 2.46 2.30 720 3.2 730 0.85 26.0 12.0 

50 0 0.46 2.46 2.60 710 3.9 690 0.86 33.0 9.0 

100 0 0.46 2.46 4.40 660 4.5 660 0.78 22.0 4.5 

Grdic et 
al. (2010) 

0 0 0.41 0.98 5.60 730 - - 0.94 - 11.7 

50 0 0.43 0.98 5.40 730 - - 0.95 - 9.3 

100 0 0.45 0.98 6.00 720 - - 0.98 - 5.2 

Kebaïli et 
al. (2015) 

0 0 0.53 1.05 2.50 730 - - 0.80 - - 

40 0 0.57 1.05 2.40 680 - - 0.10 - - 

60 0 0.59 1.05 2.90 600 - - 0.00 - - 

100 0 0.63 1.05 - 470 - - 0.00 - - 
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 237 
Figure 1: Viscosity in the t500 -slump flow test as a function of coarse aggregate substitution rates 238 

 239 
 240 

Figure 2: Passing ability in the L-box test as a function of the w/c ratio 241 
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Through these data, the following conclusions on SCC manufactured with RCA can be established: 242 

• The greater the percentage of RCA substitution, the greater the viscosity of the mixture and 243 

the lower its flowability, due to the higher RCA water absorption levels, which are not 244 

usually compensated with the additional water added to the mixtures. 245 

• The average flowability values appear to increase slightly with the amount of 246 

superplasticizer. Nevertheless, a larger amount of superplasticizer appears not to ensure 247 

better flowability by itself, due to the significant influence of other aspects, such as the 248 

water absorption and the amount of RCA. 249 

• In principle, a higher w/c ratio should lead to greater flowability. However, increasing 250 

amounts of water are required, due to the higher water absorption of the RCA rather than 251 

the NA. Additional water can sometimes be insufficient to compensate for the extra-water 252 

absorbed by the RCA, making the effective w/c ratio lower when the RCA percentage 253 

increases. Finally, despite the increase in the w/c ratio, it can lead to lower flowability and a 254 

lower passing ability in the L-box test. 255 

4.2. FRESH STATE OF SCC WITH RCA AND OTHER WASTES (FLY ASH, SILICA FUME, RECYCLED 256 

ASPHALT PAVEMENT AGGREGATES, RUBBER GRANULES, SLAGS) 257 

In Table 4, the results from several investigations are summarized on the joint use of RCA and other 258 

wastes, namely, fly ash (FA), silica fume (SF), recycled asphalt pavement (RAP),  ground granulated 259 

blast-furnace slag (GGBFS), and rubber. The results are subsequently discussed. 260 

Table 4: Values of some studies on the SCC flowability tests in concretes with RCA and other wastes 261 

Research 
Waste Use 

(replacement 
rate) 

Coarse 
RCA 

content 
(%) 

Fine RCA 
content 

(%) 

Viscosity 
T500 

slump 
flow (s) 

Slump 
flow 

(mm.) 

Viscosity 
t500 J-ring 

(s) 

Maximum 
diameter  

J-ring  

(mm.) 

Passing 
ability  
L-box 
H2/H1 

Viscosity 
in  

V-funnel 
(s) 

Segregation 
(%) 

Salesa et al. 
(2017) 

Multi-RCA1 

100 0 SF1 640 - - - - - 

100 0 SF2 740 - - - - - 

100 0 SF2 710 - - - - - 

100 0 SF2 660 - - - - - 

(Santos et al., 
2019b) (PC-
45/PC-65) 

FA2 (90 %) 

0 0 2.5 733 - - 0.80 7.5 - 

25 25 2.5 690 - - 0.80 9.0 - 

50 50 2.5 688 - - 0.80 8.0 - 

100 0 3 698 - - 0.83 7.0 - 

0 100 2.5 685 - - 0.80 7.0 - 

FA2 (34 %) 

0 0 2 765 - - 0.81 9.0 - 

25 25 2.5 760 - - 0.84 9.0 - 

50 50 2.5 700 - - 0.90 8.0 - 

100 0 3 718 - - 0.80 9.0 - 

0 100 2.5 683 - - 0.80 11.0 - 

Hu et al. (2017) 
Eco-SCC 

1/12.5 RCA 
FA2 (25 %) 

0 0 3.9 660 - 584 - - - 

50 0 9.8 610 - 457 - - - 

100 0 6.2 559 - 483 - - - 

Revathi et al. 
(2013) 

FA2 (56 %) 

0 0 3.0 750 - - - 7.8 - 

25 0 4.0 730 - - - 7.9 - 

50 0 4.0 730 - - - 8.3 - 

75 0 5.0 700 - - - 8.8 - 

100 0 5.0 710 - - - 10.5 - 

Vinay Kumar et 
al. (2017) 

FA2 (33 %) 

0 0 1.8 710 - - 0.92 8.0 5.8 

20 0 2.0 690 - - 0.91 8.0 5.3 

0 20 2.0 710 - - 0.97 8.0 5.3 

20 20 2.0 640 - - 0.93 10.0 5.1 

Tang et al. 
(2016) 

FA2 (35 %), 
SF2 (6.7 %) 

0 0 2.9 710 - - 0.94 - 9.9 

25 0 3.7 700 - - 0.95 - 7.7 

50 0 3.9 720 - -  0.97 - 6.3 

75 0 4.1 710 - - 0.92 - 6.0 

100 0 4.3 700 - - 0.93 - 5.2 

Yasser Khodair 
(2017) 

RAP 
aggregate3 

0 0 3.0 530 4.0 510 - - 0.0 

25 0 4.0 610 6.0 530 - - 0.0 

50 0 5.0 640 7.0 580 - - 0.0 

75 0 5.0 640 7.0 580 - - 0.0 

https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag
https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag
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Aslani et al. 
(2018) 

FA2 (75 %), 
SF2 (19 %), 

GGBFS2 
(56 %) 

0 0 2.0 690 - 650 - - - 

10 10 2.1 690 - 630 - - - 

20 20 2.4 650 - 560 - - - 

30 30 2.3 620 - 530 - - - 

40 40 3.0 600 - 500 - - - 
1 The RCA rate indicated in the third column “coarse RCA content” is for Multi-RCA        262 
2 Percentages respect the amount of cement added to the mix 263 
3 The values indicated in the third column “coarse RCA content” are the sum of the percentages of RCA and RAP aggregate 264 

Research studies with different percentages of FA and RCA and RCAs of different origin have been 265 

carried out. In general, their main observations were that the joint use of RCA and FA provided SCC 266 

with appropriate in-fresh performance (Kou and Poon, 2009). The behavior of SCRC was similar to 267 

the concrete with natural filler (section 4.1.) (Rajhans et al., 2018a). The use of FA led to a higher w/c 268 

ratio than when using only cement and natural filler (Vinay Kumar et al., 2017).  269 

Santos et al. (2019b) developed a concrete by incorporating coarse and fine RCA at several 270 

replacement rates (25/25, 50/50, 100/0 and 0/100) and FA, keeping the effective w/c ratio constant. 271 

Their results showed that an SCC could be obtained with precise and careful dosing by using an RCA 272 

with a high content of fines. Its flowability in the fresh state was similar to the flowability of non-273 

recycled SCC. 274 

Hu et al. (2017) studied the in-fresh performance of an eco-efficient SCC (Eco-SCC) combining FA and 275 

RCA in 1/12.5 continuous granulometry. The Eco-SCC was based on an optimal gradation of the 276 

aggregate particles, so that the mixture had less need for cement paste. The addition of RCA 277 

worsened slump flow and viscosity with regard to common SCC, although the water content was 278 

increased.  279 

Singh, R.B. and Singh, B. (2018) and Kapoor et al. (2016) analyzed the joint use of RCA, FA, SF and 280 

metakaolin in different combinations. These authors succeeded in obtaining an SCC with good in-281 

fresh behavior, which requires a good dosage, adapted to the waste that is used, and, generally, 282 

larger amounts of superplasticizer and, more than anything, a higher w/c ratio (Tang et al., 2016). 283 

The joint use of RCA and FA can be considered commonplace, but lately, the incorporation of new 284 

wastes in the concrete mixture is becoming more common. Some authors successfully combined 285 

RCA with other types of waste to produce SCC. 286 

Yasser Khodair (2017) studied the performance of SCC using RCA and RAP, in joint percentages of 25, 287 

50, and 75 % of the total. In addition, FA and GGBFS were added to the mix: 70 % FA, 70 % GGBFS 288 

and 25 % FA and GGBFS jointly, all of them with respect to the cement mass. The addition of RAP 289 

aggregate had no effect on the performance levels recorded for FA incorporated in concrete with 290 

RCA. Nevertheless, the use of FA and GGBFS in substitution of cement appeared to increase 291 

flowability in the slump-flow test, reaching a greater maximum diameter, although the concrete 292 

became slower, because it took more time to reach that maximum diameter.  293 

Aslani et al. (2018) designed a very complete study of three different mixtures in terms of aggregates 294 

substitution: one of them with only coarse and fine RCA (shown in Table 4), a second adding rubber 295 

granules and a third mix adding coarse and fine RAP aggregates. These wastes were used in 296 

replacement of 0 % to 40 % of NA. In addition, partial substitution of cement by FA, SF and GGBFS 297 

was also tested in the three mixtures. Regarding flowability, the results showed that the greater the 298 

percentage substitutions of RCA, the lower the flowability, as discussed in previous studies. 299 

Nevertheless, the joint use of fine RCA and rubber granules stabilized flowability. There again, the 300 

use of rubber granules and GGBFS in small percentage substitutions increased flowability compared 301 

to SCC manufactured with NA. A precise definition of their behavior will require a separate 302 

evaluation of the effects of each co-product. 303 
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Silva et al. (2016) evaluated the joint use of RCA and masonry residues, the latter in partial 304 

replacement of filler. They found that the flowability of the concrete with masonry residues was 305 

equal to or even better than the flowability obtained with RCA and filler. Nevertheless, the bulk 306 

density of the concrete increased, due to the greater density of the masonry in comparison with the 307 

limestone filler. Uygunoʇlu et al. (2014) compared a concrete manufactured with coarse RCA and a 308 

concrete manufactured with coarse marble waste. The latter showed better flowability, due to its 309 

more rounded shape. The irregular shape (crushed aggregate-high angularity) of the RCA hindered 310 

higher flowability values. The addition of recycling ceramic waste powder appears to result in 311 

improved slump flow if it is added in low percentages (around 10-30 %) and if its granulometry has a 312 

high content of fines, less than 10 µm (Ferrara et al., 2019). 313 

A general conclusion can be drawn from all the above studies: the combination of different wastes in 314 

the concrete mix yields an SCC with adequate flowability for large-scale use as long as the dosage is 315 

adjusted to the amounts of added residues, to their percentage substitution, and to the flowability 316 

requirements of the concrete. The interaction of the RCA with each of the aforementioned wastes is 317 

different and its behavior must be carefully analyzed, to obtain the dosage that will optimize the 318 

performance of the SCC. 319 

4.3. FRESH STATE OF SCC WITH RCA AND FIBERS 320 

It is also possible to design Fiber Reinforced Self-Compacting Concrete (FRSCC) with RCA. The 321 

properties of the hardened concrete (toughness, impact resistance, etc.) will foreseeably be 322 

improved by the addition of fibers (Jena et al., 2018), although the behavior in the fresh state will, in 323 

general, worsen. 324 

Nalanth et al. (2014a) and Ortiz et al. (2017) studied steel FRSCC with RCA as a replacement material. 325 

Nalanth et al. (2014a) also employed FA in substitution of cement, while Ortiz et al. (2017) used only 326 

coarse RCA. Both studies showed that the flowability decreased as the amount of RCA increased. In 327 

addition, the decrease in flowability was greater when fibers were incorporated: the higher number 328 

of added fibers, the greater the decrease, as was expected. For instance, Nalanth et al. (2014a) 329 

observed a decrease of 2.3 % in the slump flow test -with 50 % RCA, compared to a reference 330 

concrete without RCA. When 0.5 % vol. of fibers was incorporated, the decrease was around 2.6 % 331 

compared to the same reference concrete and, with 1.5 % vol. of fibers, the decrease was around 332 

4.9 %. 333 

Mohseni et al. (2017) and Coppola et al. (2005) analyzed FRSCC with steel and Polypropylene (PP) 334 

fibers, obtaining similar performance for both concretes, except in the flowability test, where the 335 

addition of PP fibers yielded worse slump flows (e.g. concrete with PP fibers had a slump flow of 336 

5.8 % lower than concrete with steel fibers). That result may be due to the higher surface roughness 337 

of the PP fibers. The joint use of RCA and the fibers produced an even worse performance in the 338 

fresh state. Mohseni et al. (2017) reported slump flows that were, respectively, 3.3 % and 6.8 % 339 

lower when PP fibers and when steel fibers were used with RCA, in comparison with concretes that 340 

contained the same percentages of fibers and no RCA. 341 

5. HARDENED STATE: MECHANICAL PROPERTIES. 342 

Flowability and workability in the fresh state are the key aspects for a reliable and optimal SCC. 343 

However, the properties in the hardened state such as compressive strength, splitting tensile 344 

strength, flexural strength, and modulus of elasticity must be likewise suit the purpose for which the 345 

concrete is intended.  346 

In Table 5, the values obtained for the mechanical properties in different investigations are 347 

summarized. Those values are also explored in the following sections. 348 
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Table 5: Mechanical properties of SCC  349 

Research 
Waste Use 

(substitution rate) 
Coarse RCA 
content (%) 

Fine RCA 
content (%) 

Compressive 
strength (MPa) 

Splitting tensile 
strength (MPa) 

Flexural 
strength (MPa) 

Static modulus of 
elasticity (GPa) 

Campos et 
al. (2018) 

RCA 

0 0 51 4.9 - 31 

20 0 47 4.8 - 32 

0 20 46 4.6 - 30 

20 20 45 4.5 - 30 

Fiol et al. 
(2018) 
(RAC-

30/RAC-
37,5/RAC-

45) 

RCA 

0 0 49 5.2 6.2 37 

20 0 50 5.1 6.3 39 

50 0 56 4.9 6.4 35 

100 0 57 4.9 5.6 34 

0 0 58 5.5 6.9 39 

20 0 60 5.2 7.6 42 

50 0 59 5.2 6.2 37 

100 0 71 5.3 6.7 36 

0 0 63 5.3 8.0 41 

20 0 64 5.2 7.8 43 

50 0 67 5.0 7.9 38 

100 0 73 5.0 7.8 38 

Manzi et al. 
(2017) 

RCA 

0 0 44 3.3 4.0 26 

13 12 45 3.2 3.8 25 

21 19 50 2.5 3.0 29 

40 0 51 3.1 4.1 27 

Panda and 
Bal (2013) 

RCA 

0 0 27 4.3 3.7 - 

10 0 27 3.9 3.6 - 

20 0 25 3.7 3.2 - 

30 0 24 3.4 3.1 - 

40 0 21 2.9 2.9 - 

Pereira-De-
Oliveira et 
al. (2013) 

RCA 

0 0 54 - - 40 

10 0 54 - - 39 

20 0 54 - - 39 

30 0 53 - - 39 

40 0 53 - - 38 

Grdic et al. 
(2010) 

RCA 

0 0 50 7.2 - - 

50 0 48 7.1 - - 

100 0 46 6.2 - - 

Salesa et al. 
(2017) 

Multi-RCA1 

100 0 57 - - 35 

100 0 59 - - 31 

100 0 60 - - 31 

100 0 62 - - 30 

Hu et al. 
(2017) 

Eco-SCC 
1/12.5 RCA 
FA2 (25 %) 

0 0 41 - - - 

50 0 48 - - - 

100 0 38 - - - 

Revathi et al. 
(2013) 

RCA, FA2 (56 %) 

0 0 36 3.5 5.3 - 

25 0 35 2.9 3.5 - 

50 0 35 2.3 3.0 - 

75 0 33 2.0 2.6 - 

100 0 30 1.5 2.9 - 

Vinay Kumar 
et al. (2017) 

RCA, FA2 (33 %) 

0 0 43 3.3 - - 

20 0 48 3.4 - - 

0 20 46 3.9 - - 

20 20 47 3.4 - - 

Santos et al. 
(2017) 

(PC-45/PC-
65) 

RCA, FA2 (91 % for 
PC-45 and 34 % 

for PC-65) 

0 0 38 3.9 - 30 

25 25 36 3.5 - 29 

50 50 34 2.9 - 28 

100 0 32 2.6 - 28 

0 100 28 2.4 - 26 

0 0 74 5.5 - 46 

25 25 72 4.9 - 41 

50 50 68 4.8 - 37 

100 0 67 4.5 - 38 

0 100 65 4.2 - 35 

Kou and 
Poon (2009) 

RCA, FA2 (59 %) 

100 0 44 2.9 - - 

100 25 45 2.7 - - 

100 50 43 2.7 - - 

100 75 41 2.6 - - 

100 100 39 º2.5 - - 

Tang et al. 
(2016) 

RCA, FA2 (35 %), 
SF2 (6.7 %) 

0 0 59 4.1 - 32 

25 0 64 4.9 - 30 

50 0 65 4.1 - 30 

75 0 60 3.9 - 29 

100 0 54 3.8 - 25 
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Gesoglu et 
al. (2015a) 
(w/b=0.3, 

0 % SF/ 
w/b=0.3, 
10 % SF/ 

w/b=0.43, 
0 % SF/ 

w/b=0.43, 
10 % SF) 

RCA, GGBFS2 
(25 %), SF2 (0 % 

for first and third 
concretes and 15 
% for second and 
fourth concretes) 

0 0 78 4.3 5.4 26 

100 0 69 3.5 4.3 21 

0 100 62 3.2 4.2 20 

100 100 56 2.7 3.6 17 

0 0 81 4.5 6.5 28 

100 0 70 4.1 5.4 23 

0 100 65 3.6 4.9 21 

100 100 57 3.2 4.3 19 

0 0 67 3.5 4.8 24 

100 0 55 2.9 4.0 21 

0 100 49 2.5 3.8 18 

100 100 46 2.2 3.3 16 

0 0 72 3.8 6.3 25 

100 0 64 3.2 4.8 21 

0 100 61 2.8 4.5 19 

100 100 53 2.6 3.8 17 

Aslani et al. 
(2018) 

RCA, FA2 (75 %), 
SF2 (19 %), GGBFS2 

(56 %) 

0 0 25 3.2 - - 

10 10 34 3.2 - - 

20 20 33 3.2 - - 

30 30 31 3.2 - - 

40 40 34 3.2 - - 

Yasser 
Khodair 
(2017) 

RCA, RAP 
aggregate3 

0 0 55 5.8 - - 

25 0 49 5.1 - - 

50 0 43 4.4 - - 

75 0 38 4.0 - - 

Silva et al. 
(2016) 

RCA, masonry 
residue4 (20 %) 

0 0 36 3.1 - - 

25 0 32 2.7 - - 

50 0 32 2.7 - - 

75 0 33 2.4 - - 

100 0 30 2.3 - - 
1The RCA rate indicated in the third column “coarse RCA content” is for Multi-RCA.    350 
2Percentages with respect to the amount of cement added to the mix.      351 
3The values indicated in the third column “coarse RCA content” are the sum of the percentages of RCA and RAP aggregates. 352 
4Percentages with respect to total amount of filler. 353 

5.1. COMPRESSIVE STRENGTH 354 

The most important property of any concrete in the hardened state is its compressive strength. In 355 

this section, the effects on that parameter of adding RCA to an SCC, by itself and in combination with 356 

other co-products, will be evaluated. 357 

5.1.1. SCC WITH RCA 358 

Various studies have analyzed the performance of SCC manufactured with coarse RCA:  359 

• Panda and Bal (2013) and Pereira-De-Oliveira et al. (2013) analyzed a concrete with percentage 360 

substitutions ranging between 0 % and 40 %. In both cases, the compressive strength was 361 

reduced, but Pereira-De-Oliveira et al. (2013) registered a slight strength reduction (3 %), while 362 

Panda and Bal (2013) only achieved a compressive strength of 75 % compared to the reference 363 

SCC. The reduction of the compressive strength was mainly attributed to the higher RCA water 364 

absorption values, which led to a greater w/c ratio. Nevertheless, the difference between both 365 

studies is mainly attributable to the different origins of the RCA, of decisive influence on the 366 

performance and the quality of the RCA concrete.  367 

• Manzi et al. (2017) evaluated low replacement rates of RCA and Fiol et al. (2018) analyzed 368 
concrete mixtures with percentages of 50 % and 100 % of RCA. They both obtained compressive 369 
strength values for SCRC that were higher than non-recycled SCC (for 100 % of coarse RCA, the 370 
compressive strength was around 16 % greater, according to both studies). The authors 371 
explained their results in terms of higher RCA water absorption compared to NA, the constant 372 
amount of water added to all the mixes and the dry state of the aggregates. All those factors 373 
produced a lower effective w/c ratio, which favored a higher compressive strength.  374 
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• The above observation was also endorsed in the study of Salesa et al. (2017) on multi-recycled 375 

SCC and its behavior. The fact that the amount of water was the same at every stage, while the 376 

attached non-hydrated mortar content increased, led to greater absorption and higher 377 

compressive strengths of the SCC concrete mixtures of multi-recycling stages.  378 

• Grdic et al. (2010) aimed to compensate the extra RCA water absorption and to maintain a 379 
uniform effective w/c ratio for the different percentages under study (50 % and 100 % of the 380 
coarse fraction). They observed a decrease in the compressive strength as the RCA content rate 381 
increased when the mixtures were designed with a uniform effective w/c ratio. 382 

• Assaad (2017) obtained SCC samples of lower compressive strengths, by adding a high content 383 
of coarse RCA, at a constant w/c ratio. The Direct Replacement (DR) method increased the 384 
strength of the mixtures. 385 

The incorporation of low amounts of fine RCA in the mix (under 20 %) appeared to have no 386 

appreciable effect on compressive strength, according to the studies of Manzi et al. (2017), who 387 

used fine RCA percentages between 12 % and 19 %. Those results were corroborated by Campos et 388 

al. (2018), who used a percentage substitution of 20 % for fine and coarse RCA, and obtained a 389 

decrease in the compressive strength of only 5 %, mainly attributed to the fine RCA. Nevertheless, 390 

the same effect was more pronounced at higher substitutions, as Carro-López et al. (2015) 391 

demonstrated with 100 % percentage substitution of fine RCA and a constant w/c ratio, which 392 

reduced the compressive strength to around 40 %. 393 

According to the studies evaluated, a concrete with coarse RCA and a good compressive strength can 394 
be obtained by using a high-quality RCA and reducing the effective w/c ratio. 395 

Other authors have analyzed the performance of SCC with RCA and some different mineral 396 

admixtures to replace part of the cement. Boudali et al. (2016) and Omrane et al. (2017) analyzed 397 

the addition of natural pozzolans. The results showed that the addition of this admixture, together 398 

with RCA, decreased the compressive strength more than with only RCA. Omrane et al. (2017) 399 

showed that the substitution of 15 % cement by natural pozzolan decreased concrete compressive 400 

strength by around 24 %, while the joint use of 15 % natural pozzolan and a blend of 50 % fine and 401 

coarse RCA decreased compressive strength by around 30 %, while the amount of water in each mix 402 

was maintained at a constant level.  403 

5.1.2. SCC WITH RCA AND OTHER WASTES (FLY ASH, SILICA FUME, RECYCLED ASPHALT PAVEMENT 404 

AGGREGATES, RUBBER GRANULES, AND SLAGS) 405 

In various studies, the addition of FA in substitution of cement produced a much more pronounced 406 

reduction in compressive strength than the use of RCA alone (Revathi et al., 2013), both with only 407 

coarse RCA (Santos et al., 2017) and with fine and coarse RCA (Kou and Poon, 2009). This latter 408 

combination of coarse RCA, fine RCA and FA produced the lowest compressive strength. The 409 

compressive strength could be recovered to some degree by adjusting the effective w/c ratio, 410 

although never as effectively as when only using RCA.  411 

Vinay Kumar et al. (2017) obtained higher compressive strengths than the control concrete with 412 

33 % of FA in proportion to the cement mass for low RCA substitution percentages (20 % coarse RCA, 413 

20 % fine RCA or 20 % of both jointly). The increase in strength was around 6 % and the maximum 414 

increase was linked to the use of only coarse RCA (7.3 %).  415 
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The optimal packing of aggregate particles produced in an Eco-SCC was beneficial for compressive 416 

strength when RCA and FA were used (Hu et al., 2017). It is noticeable that the compressive strength 417 

of the mixture with 50 % of RCA increased around 17 % with respect to the control mix. 418 

The joint use of RCA, FA, and SF led to similar results, however, SCRC with higher strengths than the 419 

reference concrete was achieved at high replacement percentages up to 75 % (Tang et al., 2016), 420 

maintaining the effective w/c ratio at a constant level (Singh et al., 2017). The authors attributed this 421 

performance to the use of SF.  422 

Gesoglu et al. (2015a) analyzed an SCC manufactured with coarse and fine RCA and SF. It was 423 

observed that concrete with 10 % SF increased compressive strength by approximately 10 %, 424 

compared to SCC with the same percentage of RCA and no SF (Kapoor et al., 2016).  425 

As indicated in subsection 4.2., Yasser Khodair (2017) and Aslani et al. (2018) designed a concrete 426 

with several wastes: RCA, RAP aggregate, rubber granules, FA, GGBFS, and SF in many different 427 

combinations. From all these combinations, some conclusions may be drawn. Firstly, the joint use of 428 

RCA and RAP aggregates or RCA and rubber granules had the same performance as RCA alone: the 429 

higher the substitution rate, the lower the compressive strength; although this effect was sometimes 430 

compensated by additional water with a different result in each case. In contrast, GGBFS appeared 431 

to have a better effect than FA. Finally, the effect of SF appeared to be unaffected by the addition of 432 

other waste apart from RCA. Nevertheless, the strength performance is unpredictable in multiple 433 

residues combination, and, an in-depth and individual specific investigation into each combination is 434 

necessary. 435 

Neither masonry residue (Silva et al., 2016) nor marble waste (Uygunoʇlu et al., 2014) appeared to 436 

affect the compressive strength of the SCC with RCA. The addition of recycled ceramic waste in 437 

powder form reduced the compressive strength, although this decrease can be compensated for by 438 

reducing the water content if this waste has a high particle content of less than 10 µm in size 439 

(Ferrara et al., 2019). 440 

5.1.3. SCC WITH RCA AND FIBERS  441 

Finally, recycled FRSCC can be analyzed. As expected, a higher compressive strength was obtained 442 

for the concrete with fibers than for the concrete without fibers. This strength increased as the 443 

proportion of fibers increased (Nalanth et al., 2014b), and it decreased as the percentage of RCA 444 

increased (Ortiz et al., 2017).  445 

In addition, Mohseni et al. (2017) noted that the effect of steel fibers on compressive strength was 446 

far more noticeable than the effect of PP fibers, although the joint use of both fiber types yielded 447 

even higher strengths. 448 

5.1.4. COMPRESSIVE STRENGTH CONCLUSIONS 449 

The compressive strengths noted in the works on SCC manufactured with only RCA and with both 450 

RCA and FA are represented in Figure 3; the abscissa of the graph reflects the coarse RCA 451 

substitution rate. The values can also be observed in a summary of the results in Table 5. 452 
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 453 
Figure 3: Compressive strength evolution as a function of coarse RCA substitution rates (99 % confidence interval). 454 

Some conclusions can be established from the above data that are valid for SCC manufactured with 455 

RCA and, optionally, with a reduced percentage of FA: 456 

• A clear trend for the effect of the coarse RCA on the concrete compressive strength cannot be 457 

established. There is a high dispersion of the compressive strength values  for a certain 458 

replacement rate of coarse RCA in the different studies, with values both above and below those 459 

of the reference concrete. Moreover, the higher the amount of RCA, the greater dispersion, 460 

which shows that the uncertainty increases with the RCA replacement rate. The variables that 461 

cause this dispersion are different, such as the origin and quality of the recycled aggregate, the 462 

amount of adhered mortar and the compressive strength of the concrete of origin. 463 

• In spite of the aforementioned dispersion, most of the values are within the limits of the 464 

confidence interval. These results show that despite the absence of a clear trend, the 465 

compressive strength of the concrete with coarse RCA can be delimited. The values that are not 466 

within that interval usually corresponded either to studies that presented low-quality RCA 467 

(Panda and Bal, 2013), to studies that included both coarse and fine RCA (Campos et al., 2018; 468 

Manzi et al., 2017) or to studies in which RCA and FA is used jointly (Vinay Kumar et al., 2017) in 469 

which the fine fraction appeared to intensify the dispersion, increasing or decreasing the 470 

compressive strength beyond expected levels. 471 

• The substitution of NA by RCA may be expected to decrease compressive strength. Nevertheless, 472 

an SCC of greater compressive strength than non-recycled concrete was achieved in three 473 

different studies (Fiol et al., 2018; Manzi et al., 2017; Vinay Kumar et al., 2017), as can be seen 474 

from Figure 3. This behavior is because the w/c ratio was held constant, so the high absorption 475 

of the RCA caused a lower effective w/c ratio. The negative effect of the RCA on compressive 476 
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strength can very simply be compensated by adjusting the dosage. These factors also favor the 477 

dispersion that is mentioned above. 478 

No general conclusions can be drawn with regard to the effect of fine RCA, because the studies that 479 

evaluate its use are very scarce and, as with coarse RCA, all the results are highly dispersed. The 480 

absence of studies on the behavior of fine RCA may be due to the widely accepted fact that their 481 

effects are harmful in non-SCC, based on different studies (Evangelista and De Brito, 2014) and their 482 

use is strictly limited in standards and regulations (EHE-08, 2010). 483 

5.2. SPLITTING TENSILE STRENGTH AND FLEXURAL STRENGTH 484 

Splitting tensile strength and flexural strength values are also affected by the replacement of NA for 485 

RCA with other waste co-products, which will be evaluated in this section. 486 

5.2.1. SCC WITH RCA 487 

In all studies on the use of RCA alone, the reference SCC manufactured with NA achieved the highest 488 

splitting tensile strength (Grdic et al., 2010). The higher the substitution rate, the lower the splitting 489 

tensile strength (Panda and Bal, 2013). In that case, the splitting tensile strength was not related to 490 

the effective w/c ratio as much as the compressive strength (Fiol et al., 2018), so that strength value 491 

could not be compensated by decreasing the effective w/c ratio (Manzi et al., 2017). 492 

Flexural strength behavior (Fiol et al., 2018) appeared very similar to splitting tensile strength 493 

behavior in various studies (Panda and Bal, 2013). As a property, it is rarely analyzed in the different 494 

research lines, because it is largely conditioned by the segment of the test sample that is placed 495 

under traction. 496 

5.2.2. SCC WITH RCA AND OTHER WASTES (FLY ASH, SILICA FUME, RECYCLED ASPHALT PAVEMENT 497 

AGGREGATES, RUBBER GRANULES, AND SLAGS) 498 

The behavior of concrete manufactured with both RCA and FA can be inconsistent, mainly due to 499 

weaker bonding between the RCA and the FA than between the RCA and the cement matrix.  500 

In all the referenced studies in which RCA and FA were jointly examined (Kou and Poon, 2009), 501 

similar behaviors for splitting tensile strength and for compressive strength were observed: weaker 502 

strengths with higher additions of RCA (Revathi et al., 2013). However, unlike concretes with only 503 

RCA, the reduction of an effective w/c ratio in concretes with both RCA and FA appeared to 504 

compensate the overall decrease in strength as the RCA content increased (Vinay Kumar et al., 505 

2017), but only if the replacement percentage of RCA was low (less than 20 %). At higher RCA rates, 506 

that reduction will no longer be compensated and when the amount of RCA increases, the strength 507 

will decrease too (Santos et al., 2017). 508 

The behavior of concrete with combinations of either RCA, FA and SF or with RCA and SF was stable. 509 

The splitting tensile strength presented very similar performance to the compressive strength, 510 

increasing the strength without reducing the effective w/c ratio (Tang et al., 2016), although again 511 

only at low RCA contents, no higher than 25 % (Gesoglu et al., 2015a).  512 

Revathi et al. (2013) presented a study on coarse RCA and FA, in which they observed lower flexural 513 

strengths, due to the additions of FA, as the percentage of coarse RCA increased. For instance, the 514 

flexural strength of a concrete with 25 % coarse RCA and 56 % FA (as a proportion of the cement 515 

mass) decreased by around 17 % in relation to the reference concrete. However, in a concrete with 516 

100 % coarse RCA, that decrease was around 59 %. Gesoglu et al. (2015a) observed the same 517 

performance in a concrete with only RCA and SF. 518 
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The influence of the other wastes on the splitting tensile strength and flexural strength values was 519 

similar to their effect on compressive strength. Masonry and marble waste appeared to have no 520 

influence (Silva et al., 2016), unlike RCA, the effects of which appeared to be fundamental 521 

(Uygunoʇlu et al., 2014). Recycled ceramic waste in powder form affected compressive strength in a 522 

similar way to flexural strength (Ferrara et al., 2019). In comparison with FA, slag was found to 523 

reduce any decrease in strength compared to FA (Yasser Khodair, 2017) and multi-material SCRC 524 

showed no clear pattern of behavior in the analysis by Aslani et al. (2018). 525 

5.2.3. SCC WITH RCA AND FIBERS  526 

The use of fibers can compensate the decrease in splitting tensile strength and flexural strength that 527 

is produced by the addition of RCA and, in some cases, RCA concrete can have a greater strength 528 

than the reference SCC specimen: the addition of 0.5 % vol. of fibers was found to compensate the 529 

strength loss caused by increases of up to 40 % in RCA content (Nalanth et al., 2014a). Mohseni et al. 530 

(2017) found once again that strength improvements were better with steel rather than with PP 531 

fibers, although the joint use of both fiber types produced higher strengths. The formulas for flexural 532 

strength values included in the standards provided results that were in line with the empirical values 533 

(Ortiz et al., 2017). 534 

5.2.4. GENERAL CONCLUSIONS 535 

The evolution of splitting tensile strength is shown in ¡Error! No se encuentra el origen de la 536 

referencia. as a function of the percentage substitution of NA by coarse RCA. Flexural strength is not 537 

represented, due to a scarcity of data, but its behavior is expected to mirror the behavior of splitting 538 

tensile strength. Table 5 also shows the values used in this graph. 539 

 540 
Figure 4: Splitting tensile strength evolution as a function of coarse RCA percentage substitutions (99 % confidence interval). 541 
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• Firstly, a clear downward trend of splitting tensile strength can be globally observed as the 542 

percentage of RCA increases (most strength ratios between the SCRC and the reference concrete 543 

were less than one). The lower limit of the interval clearly reflects this trend. 544 

• Secondly, the values show a high dispersion for each RCA replacement rate. Moreover, in this 545 

case, the points of the four studies below the lower limit of the confidence interval (Manzi et al., 546 

2017; Panda and Bal, 2013; Revathi et al., 2013; Santos et al., 2017) cannot all be justified with 547 

the use of fine RCA, as opposed to compressive strength.  548 

Once again, the scarcity of studies on fine RCA means that its effect of the strength of SCC cannot be 549 

assessed. However, the detrimental effect of fine RCA on the splitting strength on non-self-550 

compacting concretes, even more so than on their compressive strength, has been demonstrated 551 

(Behera et al., 2014). 552 

5.3. MODULUS OF ELASTICITY 553 

The modulus of elasticity defines the deformational behavior of concrete in the elastic zone. It is 554 

used to estimate stiffness and, consequently, stress and strain distributions within structural 555 

components should be carefully studied, bearing in mind the effects of RCA. 556 

5.3.1. SCC MADE WITH RCA 557 

Pereira-De-Oliveira et al. (2013) and Fiol et al. (2018) assessed the dynamic modulus of elasticity in 558 

an SCC manufactured with coarse RCA. Both concluded that the modulus of elasticity was lower 559 

(albeit only marginally), at higher percentages of RCA. According to Fiol et al. (2018), the decrease 560 

was around 9 % for 100 % coarse RCA. The relationship between the dynamic and the static moduli, 561 

at approximately between 60 and 70 %, was similar to other studies. 562 

The performance of the static modulus of elasticity was evaluated by Fiol et al. (2018) and Campos 563 

et al. (2018). It was very similar to the dynamic modulus described above, in both cases descending 564 

as the proportion of RCA increased. However, the static modulus was even higher than that of the 565 

control concrete, at low RCA percentages. In addition, the decrease in the static modulus was slightly 566 

lower at high RCA ratios than the dynamic modulus of elasticity, e.g. for 100 % of RCA, the decrease 567 

was around 6 % (Fiol et al., 2018). Nevertheless, Manzi et al. (2017) obtained values that were 4 % 568 

higher than those of the control concrete at 100 % replacement percentages.  569 

It can be concluded from the above that the modulus of elasticity does not depend heavily on the 570 

RCA content, but on the RCA and its properties (the quality of the RCA, roughness, amount of 571 

attached mortar...). In addition, whenever a high modulus of elasticity was obtained, it was evidence 572 

of good adhesion between the old and the new mortars. 573 

Interestingly, the lineal relationship between the compressive strength and modulus of elasticity was 574 

maintained (Bordelon et al., 2009), regardless of the percentage substitution or the RCA fraction in 575 

use (Safiuddin et al., 2011). 576 

5.3.2. SCC WITH RCA AND OTHER WASTES (FLY ASH, SILICA FUME, RECYCLED ASPHALT PAVEMENT 577 

AGGREGATES, RUBBER GRANULES, AND SLAGS) 578 

If FA is added to the mix, the decrease in the modulus of elasticity is much more noticeable, because 579 

of the worse adherence of the aggregate to the FA than to cement (Santos et al., 2017). These 580 

authors obtained a decrease of around 15 % with respect to the control concrete. The addition of SF 581 

to concrete containing RCA led to a lower decrease of the modulus of elasticity (Gesoglu et al., 582 
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2015a), so the adverse effect of the addition of FA can be compensated by the addition of SF, leaving 583 

any decrease in the modulus of elasticity at around 10 % (Tang et al., 2016). 584 

In addition, Gesoglu et al. (2015a) established that the modulus of elasticity in an SCC with RCA and 585 

SF continued to show a linear relationship with the compressive strength, as in the case where only 586 

RCA is used. 587 

According to Uygunoʇlu et al. (2014), the joint use of RCA and marble waste produced a much lower 588 

modulus of elasticity. The decrease was around 33 %, mainly due to the marble waste, because the 589 

decrease was around 8 % with only RCA. Moreover, concrete with both wastes was, in consequence, 590 

less rigid and fragile. Again, the combinations of other wastes followed no clear pattern, with 591 

different values in each case (Aslani et al., 2018).  592 

5.3.3. SCC WITH RCA AND FIBERS  593 

Ortiz et al. (2017) affirmed that the content, particle size, and nature of RCA have a greater impact 594 

on the value of the modulus of elasticity than on the other mechanical properties analyzed above 595 

(compressive strength, splitting tensile strength…), mainly because of the configuration of the 596 

granular skeleton. So, the addition of fibers in this case could not compensate the decrease caused 597 

by the RCA, producing only a negligible improvement. 598 

5.4. VOLUMETRIC PROPERTIES AND OTHERS 599 

The density of hardened SCC manufactured with RCA and, optionally, with other wastes, has been 600 

evaluated in several research works. Pereira-De-Oliveira et al. (2013) and Fiol et al. (2018) 601 

manufactured their concrete with only coarse RCA and, for all the substitution percentages, found 602 

that the density of the concrete decreased slightly as the substitution percentage increased, by 603 

around 0.5 % for 25 % RCA, and, by around 3 % for 100 % RCA, regardless of the compressive 604 

strength of the concrete. The addition of FA to the mixture slightly intensified the decreased density, 605 

by an additional decrease of around 1 %, due to the lower specific weight of FA with respect to the 606 

cement (Santos et al., 2017). Either masonry residue (Silva et al., 2016) or fibers at low percentages 607 

of around 0.5 % (Ortiz et al., 2017) hardly appeared to affect this property. The concrete density was 608 

mainly dependent on the RCA. 609 

The density is highly related to the porosity of the concrete. Fiol et al. (2018) reported that, for a 610 

100 % substitution percentage of coarse RCA, open porosity increased by around 1.5 -1.8 %. In 611 

addition, Manzi et al. (2017) observed that the higher the flowability in the fresh state, the lower the 612 

open porosity. 613 

Ultrasonic Pulse Velocity (UPV) is, in turn, related to the measurement of both porosity and the 614 

quality of any Interfacial Transitions Zones (ITZ.) present in the concrete that hinder the UPV wave 615 

propagation. It also depends on the density of the concrete. This property decreased with larger 616 

amounts of RCA. Fiol et al. (2018) found that UPV reduction was, on average, around 4 %. Other 617 

wastes combined with RCA, such as masonry (Santos et al., 2017) and marble (Uygunoʇlu et al., 618 

2014), had negligible effects compared to the use of RCA by itself. 619 

Abrasion resistance and fracture energy (Bordelon et al., 2009) were analyzed in a concrete with 620 

both RCA and FA (Tang et al., 2016). Once again, their values were lower when the RCA substitution 621 

rate increased, but an increase in FA improved those properties (Santos et al., 2017). In contrast, the 622 

use of SF, jointly with RCA, caused a more brittle behavior (low characteristic length) (Gesoglu et al., 623 

2015a). 624 
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Velay-Lizancos et al. (2016; 2017) analyzed the influence of temperature on the compressive 625 

strength of SCC. They found that the higher the substitution percentage, the greater the difference 626 

in strength at different temperatures, with an optimum of 20ºC at all ages. 627 

6. DURABILITY 628 

In Table 6, durability and other long-term properties evaluated by the main articles in this review are 629 

shown, followed by a discussion of their results. 630 

Table 6: Durability properties analyzed by different research lines 631 
Research Waste used Durability properties analyzed 

Grdic et al. (2010) RCA Water absorption 

Fiol et al. (2018) RCA Water absorption 

Pereira-De-Oliveira et al. (2014) RCA Permeability 

Boudali et al. (2016) RCA 
Resistance to sulphate attack 
Compressive strength after sulphate attack is analyzed 
(immersion-drying cycles and total immersion) 

Manzi et al. (2015, 2017) RCA 
Creep 
Drying shrinkage 
Shrinkage 

Salesa et al. (2017) Multi-RCA Water absorption 

Omrane et al. (2017) 
RCA (and natural 
pozzolan) 

Resistance to penetration of chloride ions 
Resistance to sulphate attack 

Santos et al. (2019b) RCA, FA 

Water absorption 
Capillary absorption 
Oxygen permeability 
Resistance to penetration of chloride ions 
Electrical resistivity 
Carbonation depth 

Rajhans et al. (2018a, b) RCA, FA 

Water penetration depth 
Resistance to penetration of chloride ions 
Carbonation depth 
Creep 
Drying shrinkage 

Kou and Poon (2009) RCA, FA 
Penetration of chloride ions 
Drying shrinkage 

Vinay Kumar et al. (2017) RCA, FA 
Resistance to sulphate attack 
Resistance to acid attack 

Singh and Singh (2016b) RCA, FA, metakaolin Carbonation depth 

Singh, N. and Singh, S.P. (2018a) RCA, SF Carbonation depth 

Yasser Khodair (2017) RCA, RAP aggregate 
Permeability 
Drying shrinkage 
Shrinkage 

Silva et al. (2016) RCA, masonry residue 
Water absorption 
Percentage of voids 
Capillarity absorption 

Gesoglu et al. (2015b) RCA, SF 

Water absorption 
Water permeability 
Gas permeability 
Resistance to penetration of chloride ions 

Kapoor et al. (2016, 2017, 2018b) RCA, SF, metakaolin 
Water absorption 
Penetration of chloride ions 

Mohseni et al. (2017) RCA (FRSCC) 
Water absorption 
Penetration of chloride ions 

 632 
6.1. SCC WITH RCA  633 

It is widely acknowledged that in vibrated concretes (Verian et al., 2018), the mortar attached to the 634 

RCA has a negative effect on the water absorption of the manufactured concrete. That effect is due 635 

to the non-hydrated cement present in the attached mortar, which increases the water absorption 636 

levels of the concrete manufactured with RCA. An effect that is accentuated when using fine RCA 637 

(Yacoub et al., 2018). 638 

https://universidaddeburgos-my.sharepoint.com/personal/vrevilla_ubu_es/Documents/Review%20SCC-%20v01.docx?web=1


23 
 

The same behavior was observed in various studies in the case of the SCC mixes. Coarse RCA with 639 

low amounts of adhered mortar implied slightly higher water absorption values (Fiol et al., 2018), 640 

while high amounts of that mortar mean the concrete will have higher water absorption values 641 

(Grdic et al., 2010). The water absorption values of multi-recycled SCC were found to be higher in 642 

accordance with the number of times it had been recycled (Salesa et al., 2017).  643 

Pereira-De-Oliveira et al. (2014) analyzed water permeability, capillarity coefficients, and water 644 

penetration. From their results, the authors affirmed that the addition of RCA was favorable because 645 

the non-hydrated cement present in the mortar adhering to the RCA built up some barriers in the 646 

porous structure reducing the water movement. Moreover, preconditioning of aggregates (pre-647 

soaking) originated a higher number of pores and higher water absorption by capillarity.  648 

Omrane et al. (2017) designed SCC manufactured with coarse and fine RCA (in equal percentages of 649 

50 %) and a natural pozzolan. Two durability characteristics were evaluated: resistance to the 650 

penetration of chloride ions (full immersion) and resistance to H2SO4 attack. For both tests, the 651 

concrete with higher amounts of RCA and natural pozzolan experienced lower levels of penetration 652 

of that type of ion.  653 

Boudali et al. (2016) evaluated the exposure of concrete samples to sulphate attack. All the tests 654 

that were performed, showed that SCRC presented a better behavior than the reference SCC. Again, 655 

this improvement was explained by the continuity of the matrix hydration reaction (due to the non-656 

hydrated cement adhered to the aggregate), which created barriers that prevented the passage of 657 

external agents. The voids were filled by the hydrated cement, which increased the compressive 658 

strength, despite the attack of those agents. 659 

6.2. SCC WITH RCA AND OTHER WASTES (FLY ASH, SILICA FUME, RECYCLED ASPHALT PAVEMENT 660 

AGGREGATES, RUBBER GRANULES, AND SLAGS) 661 

Santos et al. (2019b) evaluated water absorption, by both total immersion and capillarity, in 662 

mixtures with RCA and FA at different ages (28, 91 and 182 days). The water absorption level 663 

increased with increased amounts of RCA and the mixes with 100 % coarse RCA and 0 % fine RCA 664 

improved the behavior of the mixture with 50 % of both fine and coarse RCA. Neither FA neither 665 

(Rajhans et al., 2018a, b) nor sulphate attack (Vinay Kumar et al., 2017) appeared to influence water 666 

permeability. 667 

In contrast, FA increased the effect of the fine RCA in some properties (Vinay Kumar et al., 2017), 668 

such as the chloride penetration test (Kou and Poon, 2009). The tests carried out by Santos et al. 669 

(2019b) also showed a similar performance against chlorides attack. The mixes with high amounts of 670 

coarse RCA improved the performance of mixtures with low percentages of fine RCA. In addition, 671 

according to the aspects discussed in the previous section, FA seems to amplify this negative effect. 672 

In relation to oxygen permeability, this effect was not so noticeable, but it also existed. From the 673 

comments in this paragraph and in section 6.1, it can be affirmed that coarse RCA leads to a lower 674 

SCC deterioration by chloride ions than fine RCA, especially if FA is added to the mix. 675 

Kapoor et al. (2017) evaluated chloride ion penetration in a SCC with coarse and fine RCA, FA and 676 

10 % metakaolin as cement replacement. The resistance to chloride penetration of the mix with 677 

100 % of RCA and 10 % of metakaolin was higher than that of the control mix (without metakaolin). 678 

In addition, the joint use of fine RCA and metakaolin reduced the initial absorption rate of water. 679 

The electrical resistivity of SCC (Santos et al., 2019b) is lowered by the addition of RCA (Singh and 680 

Singh, 2016b). Depending on the application, this effect may be either positive or negative. 681 
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The carbonation process of SCC jointly manufactured with RCA and FA was also assessed in various 682 

studies (Singh and Singh, 2016a); the results showed that the greater the percentage substitution, 683 

the deeper the carbonation depth. An observation that was attributed to the attached mortar, 684 

because the mortar adhering to RCA can have many micro cracks, voids, and pores that facilitate 685 

carbonation processes (Rajhans et al., 2018a, b). In addition, the performance of coarse RCA was 686 

improved over time, with carbonation depth becoming similar to that of control concrete at 182 687 

days, especially in mixtures with high cement content (Santos et al., 2019b). Moreover, the addition 688 

of FA appeared to produce a negative effect, increasing that penetration index. However, the effect 689 

of each waste (RCA and FA) could not be separately quantified. As a final point, the authors 690 

proposed the existence of a linear relationship between the depth of carbonation and the 691 

compressive strength, which was valid at any age, and for concretes with both RCA and FA (Singh 692 

and Singh, 2016a). 693 

In an SCC with no RCA, SF fills up all the pores and cracks, and has a waterproofing effect on the 694 

aggregate particles. This waterproofing effect occurs to a greater extent in concrete with RCA. It all 695 

reduces porosity and hinders water circulation (Rajhans et al., 2018a, b). In addition, the 696 

improvement was notably greater as the concrete aged; from 0 to 60 days a certain improvement 697 

occurred, but from 60 to 120 days, the improvement was twice as effective (Kapoor et al., 2016, 698 

2018a). However, SF could not compensate all the negative effect caused by RCA (Gesoglu et al., 699 

2015b). 700 

Other observations suggested that the masonry residue appeared to have no influence on the 701 

durability performance of the concrete (Silva et al., 2016). Moreover, while GGBFS is detrimental to 702 

any resistance to chloride ion penetration, RAP aggregate increased this resistance, which can be 703 

attributed to the highly viscous asphalt mortar and binder surrounding the RAP aggregate (Yasser 704 

Khodair, 2017). 705 

6.3. SCC WITH RCA AND FIBERS  706 

In their study, Mohseni et al. (2017) determined that the incorporation of fibers within the concrete 707 

mixes had no notable effect on water absorption; in contrast, fiber addition did indeed affect 708 

chloride ion penetration. The chloride ion penetration resistance of a concrete with RCA and fibers 709 

decreased when the amount of RCA increased, while in the case of concrete with RCA, but no fibers, 710 

the effect was the opposite. This contrary effect was attributed to the high conductivity of the fibers 711 

incorporated in the mixture. The effect of either steel fibers or PP fibers separately was similar, 712 

although the effect of steel fibers was slightly worse, due to their higher conductivity, and a 713 

combination of both fiber types provided the best solution. 714 

7. LONG-TERM PROPERTIES: SHRINKAGE AND CREEP 715 

Shrinkage and creep define the long-term deformational behavior of concrete and the effect upon 716 

those two parameters of RCA is important, due to its high water-absorption level. The main studies 717 

on these properties will be discussed in this section. 718 

7.1. SHRINKAGE 719 

Highly influenced by the hydration process, shrinkage is more pronounced during the first hours and 720 

days, due to the hydration reaction of the cement – known as drying shrinkage. Subsequently 721 

(around a week after the hydration), long-term shrinkage commences. Although very slight 722 

compared to the previous shrinkage process, long-term shrinkage lasts throughout the whole life of 723 

the concrete, tending towards an asymptotic value (Behera et al., 2014). This shrinkage process is 724 
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similar for SCC, although the higher content of water and the use of different kinds of 725 

superplasticizers, among other aspects (Fiol, 2016), means that shrinkage is usually more 726 

pronounced in SCC than in conventional concrete (Bocciarelli et al., 2018).  727 

Manzi et al. (2015, 2017) observed that the drying shrinkage experienced by all the concretes was 728 

the same regardless of the amount of coarse RCA. Kou and Poon (2009) and Rajhans et al. (2018a, b) 729 

found that the higher the percentage substitution of NA by coarse RCA, then the greater the water 730 

absorption and the higher the drying shrinkage of the concrete. That result contradicted the findings 731 

of Manzi et al. (2015, 2017), which may either be because the effective w/c ratio remained constant 732 

or it may be due to the addition of FA, which formed a less compact paste with more pores and 733 

voids, facilitating the absorption of water, and leading to greater shrinkage. 734 

On the contrary, the greater the amount of fine RCA, then the greater the drying shrinkage, which 735 

could be due to the high water absorption of fine RCA (Kou and Poon, 2009). After two months 736 

(long-term shrinkage), the shortening was slightly higher for the control SCC (only NA) and for the 737 

concrete with low substitution rates of RCA (25 % of RCA) than for concretes with high RCA 738 

percentages (50 %, 75 % and 100 % of RCA) (Kou and Poon, 2009). The presence of non-hydrated 739 

cement in the mortar adhered to the aggregates caused a decrease of the effective w/c ratio, which 740 

led to less excess water and, in brief, to less shrinkage. In contrast, SF appeared to decrease 741 

shrinkage (Gesoglu et al., 2015b), an effect also produced by the addition of recycled ceramic waste 742 

in powder form of a very small size (Ferrara et al., 2019). As opposed to FA and SF, which affected 743 

shrinkage, neither RAP aggregate nor slag appeared to have any effect on that property (Yasser 744 

Khodair, 2017). 745 

7.2. CREEP 746 

Both creep and shrinkage behavior were very similar: very intense at first, when the effects were 747 

more pronounced, followed later on by stabilization.  748 

However, Manzi et al. (2015, 2017), noted a remarkable long-term difference between shrinkage 749 

and creep. On the one hand, shrinkage was almost the same for all the concretes, regardless of the 750 

RCA percentage of substitution. On the other hand, the creep levels of the concretes with different 751 

RCA contents were very different, although the concretes with a higher creep were still those with a 752 

lower RCA content, as with the study on shrinkage.  753 

The addition of FA led to a greater difference regarding creep strain between concretes with 754 

different RCA substitution rates. Separate addition of the components in the mixing process were 755 

again demonstrated to produce a concrete with better characteristics and lower creep (Rajhans et 756 

al., 2018a, b). 757 

8. STRUCTURAL ELEMENTS: BEAMS AND COLUMNS 758 

Li et al. (2012; 2011a) tested the flexural strength of different beams manufactured with coarse RCA. 759 

In all cases, the performance of the RCA beams was quite similar to those made with NA. The 760 

cement and RCA bonds were good, although the use of this kind of aggregate led to a lesser stiffness 761 

and to a larger mid-span deflection (Li et al., 2011b).  762 

Later on, Li et al. (2018) evaluated the performance of three reinforced concrete beams under 763 

flexural testing. Each beam was manufactured with a different replacement rate of coarse RCA in the 764 

SCRC dosage: 70 %, 85 % and 100 %. The authors found that the crack development process in the 765 

beams manufactured with RCA was the same as that of the reference concrete beam. The crack 766 

distribution of the 85 %-beam was more uniform than in the 100 %-beam and the 70 %-beam. A 767 
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result that was explained, on one hand, by the many micro-cracks and minor defects found in the 768 

coarse RCA, which meant that the 100 %-beam had more cracks where there were high 769 

concentrations of RCA. On the other hand, the higher quality of the coarse NA in the 70 %-beam 770 

explained why the highest number of cracks were found in the regions where the RCA was 771 

concentrated, avoiding the regions with NA.  772 

Another interesting aspect analyzed by Li et al. (2018) was that the Plane Section Assumption could 773 

also be used as the basis for the theoretical calculation of SCC with RCA beams. It is remarkable that 774 

the failure loads of the three beams were very similar: the failure load decreased slightly as the 775 

percentage substitutions increased and was consistent with the overall conclusions on the 776 

compressive strength of SCRC. Nevertheless, the real moment of failure was higher than the 777 

theoretical moment, at both high and low RCA replacement percentages, an observation that was 778 

also noted in the investigations of Jagannadha Rao et al. (2012) and Gao et al. (2018), thereby 779 

demonstrating the suitability of this concrete for structural use. Finally, the maximum crack width 780 

between the coarse RCA beams and the coarse NA beams manufactured with SCC appeared not to 781 

make a significant difference  782 

Velay-Lizancos et al. (2018) analyzed eight similar beams in flexural and shear tests. Four types of 783 

concrete were designed, with the same percentage of coarse RCA and fine RCA in each of them: M-784 

0, with 0 % coarse and fine RCA; M-20, with 20 % coarse and fine RCA; M-35, with 35 % coarse and 785 

fine RCA and M-50, with 50 % coarse and fine RCA. The study sought to compare the results 786 

obtained experimentally in the beams with those obtained by means of two calculation methods: a 787 

traditional method, applying the expressions collected in EC-2 (2010) and EHE-08 (2010), and a 788 

modern Finite Element Method (FEM.) (Chandra Paul et al., 2018). As a general conclusion, it was 789 

established that traditional methods were quite valid, at low substitution percentages, that are very 790 

often used with conventional concrete. At higher percentages (over 50 %), more complete methods 791 

such as the FEM should be used, due to the loss of precision of the traditional methods. 792 

Tanaka et al. (2002) and Zhou et al. (2011) concluded that the performance of SCC columns with RCA 793 

and different kinds of reinforcements was similar to that of RCA vibrated concrete columns (Khan et 794 

al., 2019), because of the predominantly similar levels of compressive strength in both. 795 

9. OTHER RELEVANT ASPECTS 796 

Non-destructive methods (e.g., hammer rebound test) were also valid for SCC with RCA, so that in 797 

structures already built with these types of concretes, those tools can be used to determine the 798 

compressive strength “in situ”. The linear relationship between compressive strength and those 799 

properties could be established (Singh, N. and Singh, S.P., 2018b). Models that can be used to 800 

correlate compressive strength from those indirect measures represent a field of study in which 801 

important advances are still possible. 802 

González-Taboada et al. (2018b) evaluated the thixotropy of SCRC or variations of its viscosity when 803 

agitated and when left to stand in the fresh state. The authors observed that the thixotropic level of 804 

change was similar in all the concretes, regardless of the RCA replacement percentage. 805 

Finally, the thermal analysis suggested an appreciable change in thermal behavior in comparison 806 

with the reference mix without RCA. For example, Fenollera et al. (2015) found that thermal 807 

conductivity was reduced by 15 % when raising the RCA percentage from 20 % to 50 %.  808 

 809 

 810 
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10. CONCLUSIONS 811 

Considering the literature on RCA and other industrial wastes reused in SCC that has been reviewed 812 

and commented upon in this paper, the following conclusions can be presented: 813 

• The decrease in SCC flowability caused by the high water-absorption levels of RCA, 814 

compared to NA, can generally be compensated by the addition of a larger quantities of 815 

water. 816 

• The mechanical properties of SCC present high sensitivity to dosage changes, so a decrease 817 

in the effective w/c ratio can compensate for the negative effect of the replacement of NA 818 

by RCA on these properties. This high sensitivity leads to high dispersion in the overall 819 

results, such that no clear trend of the effect of RCA on compressive strength can be 820 

established, as shown in section 5.1.4. In section 5.2.4, the results of splitting tensile 821 

strength, a property that was less affected by the water content of the mixture, showed a 822 

clearly negative effect of RCA. 823 

• The two previous conclusions show that the negative effect of RCA on flowability and 824 

strength can be solved by adjusting the water content. For this reason, it is necessary to 825 

define the aspect that should be optimized in the SCC with RCA, since improving one of 826 

these aspects leads to worsening of the other. The addition of RCA with other co-products 827 

sourced from industrial wastes should be studied on a case-by-case basis, due to the variety 828 

of possible behaviors. 829 

• The effect of RCA on both the durability and the long-term behavior of SCC is unclear. 830 

Properties such as permeability and carbonation resistance are significantly worsened when 831 

RCA is used. However, other studies showed that resistance to sulphate attack or water 832 

absorption by capillarity action improved with additions of RCA. This variety may be because 833 

some SCCs have a better sealing of the voids of the RCA due to their greater flowability. It is 834 

necessary to carry out more studies, to clearly define the influence of RCA and flowability on 835 

durability properties. 836 

• The differences between this concrete and conventional concrete in structural elements, for 837 

example, with regard to cracking patterns or the validity of FEM, were notable. Although SCC 838 

with RCA appears to be a suitable structural material for use in beams and columns, the 839 

validity of traditional structural design procedures must be checked on full-scale elements. 840 

Following that strategy, these co-products may be widely added to concrete mixes used for 841 

the construction of many common structures. 842 

Currently, the development of a more sustainable construction sector is essential. If the pressure on 843 

natural resources is to be reduced, then the reuse of different residues is also essential, as a 844 

pathway that has to be followed. In this particular case, further research related to the combination 845 

of SCC and RCA is still needed. Nevertheless, all the research that has been reviewed represents 846 

important advances within this field that all move closer to combining waste products and especially 847 

RCA in SCC. The authors of this article wish to express their thanks to all the researchers for their 848 

studies and their important contributions to progress in this field and would urge them to continue 849 

with their valuable research. 850 
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