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Abstract: The operations of renovation and demolition of buildings, warehouses, civil works, etc. 13 

generate vast amounts of residues known as construction and demolition wastes (CDW). 14 

Frequently, CDW contain an important quantity of ceramic materials (mainly, bricks and tiles, 15 

that are classified as Rb according to EN 12620 [1], or coded as 17 01 02 and 17 01 03 by the 16 

European List of Waste [2]), which could represent more than 50 % of the total in many countries 17 

of the European Union, especially in the Mediterranean areas such as Spain, France, Italy, 18 

Greece and Portugal.  19 

In recent decades, cThe concept of construction and demolition waste (CDW) 20 

representsembodies a vast amounts of residues, among which characterized by presenting an 21 

important quantity ofthe ceramic materials (mainly, bricks and tiles) are an important part as, 22 

in many countries of the European Union, they, which could represent more than 50 % of the 23 

total in many countries of the European Union. Therefore, the reutilization of this type of waste 24 

is one of the most important challenges faced by the construction sector within the circular 25 
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economy paradigm. This research work deals with a dual reutilization of the CDW ceramic 26 

fraction of CDW: firstly, as coarse recycled aggregates and, secondly, through the use of clay 27 

brick powder as a pozzolanic addition in to the cement and, secondly, by means of the use of 28 

the CDW, which were comprised of more than 1/3 of ceramic materials, as coarse recycled 29 

aggregates. Thus, two different types of recycled concrete mixtures were produced: (1) with a 30 

50 % partial substitution of the natural coarse aggregates (RC-RA) and (2) with a 50 % 31 

substitution of the natural coarse aggregates and a 25 % substitution of the ordinary Portland 32 

cement (RC-RAC). The mechanical performance (consistency, density and compressive strength) 33 

and microstructural properties such as porosity, elemental mapping analysis, hydration 34 

products and interfacial transition zones (ITZ) were assessed and compared with a control 35 

concrete (CC). It was revealed that the recycled concretes incorporating ceramic as secondary 36 

materials have a comparable performance level to the one exhibited by the conventional 37 

concrete at 28 days, probably in part  due to the lower effective w/c ratio and their pozzolanic 38 

characteristics but also due to a lower effective w/c ratioof the resulting recycled concrete, 39 

which demonstrates their potential for reuse, and, hence, theirand possible contribution to thea 40 

circular economy. 41 

Keywords: Recycled concrete; Construction and demolition waste (CDW); Recycled cement; 42 

Recycled aggregates; Ceramic 43 

1. INTRODUCTION 44 

Nowadays, the construction sector remains one of the main contributors to worldwide 45 

development. In the European Union (EU), the construction industry is responsible for around 9 46 

% of the gross domestic product (GPD) and more than 18 million direct jobs in 3.,4 million 47 

companies [1].  48 

By contrastConversely, the construction industry is not an environmentally friendly activity. The 49 

materials employed by this industry provoke an intense demand for natural resources, which 50 
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has given rise to an enormous environmental pressure. Among those, the so-called clay-based 51 

materials (façades, roofs, partitions, floors, etc.) are one of the most used (façades, roofs, 52 

partitions, floors, etc.). Albeit, ceramics are based on some of the most abundant raw materials 53 

in the Earth's crust, the pressure of their manufacture has begins begun to take its toll on our 54 

surroundings. According to  the European Environment Agency [2], some European territories 55 

have already reported some initial shortage of natural aggregates (either sand or gravel), and 56 

the United Nations Environment Program [3] has also warned of a possible depletion of these 57 

raw materials. 58 

Furthermore, waste production is one of the most serious problems facing that the current 59 

society has to face, both in the developed world and developing countries. Contemporary 60 

models of linear economy based upon the use of goods and their subsequent disposal as waste 61 

are leading to an increasing accumulation of wastage in landfills, which is an concerning 62 

unsustainable attitude that could lead humanity to a, at least, uncertain future. In this regard, 63 

the relevance of the residues generated by the construction sector should also be recognized. 64 

as cConstruction and demolition wastes (CDW) are the greatest flow of waste generated in many 65 

countries of the EU [4], with the ceramic fraction being of significant importance in the 66 

Mediterranean zones [5]. 67 

The reuse and recycling techniques developed under the umbrella of the Circular Economy, 68 

which emphasizes the need to maintain the value of products and materials for as long as 69 

possible within the economy through their repeated use after the end of their life is reached to 70 

create further value [6], seems a promising solution for both problems. Therefore, the negative 71 

impacts provokedtriggered by the construction sector could be partially alleviated by 72 

considering the reuse of their own wastes as secondary materials through the reincorporation 73 

as inputs in the manufacture of new-use materials. In this regard, construction ceramic wastes 74 

have been suggested as a possible substitute of the natural aggregates in mortar and concretes, 75 
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as well as a pozzolanic addition in cements [7–9], due to their intrinsic properties of “fired-clay” 76 

[7,10–15].  77 

The emergence of the use of recycled materials in the construction industry, specifically in the 78 

production of concreteement-based materials, has met with varying degrees of success due to 79 

the barriers that the market for recycled products has still to overcome. Numerous studies have 80 

investigated the possibilities of using recycled aggregates from CDW in concrete mixes as total 81 

or partial replacement of the natural coarse aggregate in order to prove the feasibility of this 82 

practice. Hence, research worksreports focusinged on the influence that the incorporation of 83 

mixed recycled aggregates [7–13] as well asand ceramic aggregates [5,14–21] has oin the 84 

concrete production are somehow common in the literature. Although there is no clear 85 

consensus, when the incorporation of recycled aggregates is controlled, i.e. in terms of 86 

impurities and at thelimitation of replacement level, a moderately lower (6-27%) [9–11,22,23] 87 

or comparable [14,24] concrete strength performance to the reference mix could be reached, 88 

which is mainly adequate for non-structural applications. Nonetheless, mixed and ceramic 89 

recycled aggregates are still considered with suspicion as a reliable source of secondary 90 

aggregates for the concrete manufacture. 91 

As the use of supplementary cementitious materials increased, ceramic wastes such as fired-92 

clay [25–27], bricks [28–36], tiles [37–42], sanitary ware waste [43] and CDW [44] have also been 93 

suggested as a possible pozzolanic addition in cement. The influence of the ceramic waste 94 

addition on the mortar and concrete the performance of mortar and concrete has been reported 95 

both as beneficial [28,29,32,45] and disadvantageous [28,30,31,46]. Nonetheless, it also has 96 

been stated that the latter effect could be alleviated by establishing a substitution limit ranging 97 

between 15% and 30 % [26,32–35,47,48]. 98 
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However, there are not many studies [49,50], which have considered usingthe combined use of 99 

ceramic secondary materials as bothand recycled aggregates and recycled cement in the 100 

concrete manufacture. 101 

Since the quality of the concrete mixture depends upon the properties of the particular raw 102 

materials used in its manufacture, the suitability of the recycled mixed ceramic aggregates and 103 

the recycled cement was assessed through the performance evaluation of the recycled concrete. 104 

Thus, Tthis research work analyzes and compares the mechanical and microstructural 105 

characteristics of three types of concrete mixed in the laboratory to reduce the uncertainty 106 

linked to a future field application: 107 

1. Conventional concrete (CC), mixed with natural siliceous aggregates and commercially-108 

available blast furnace slagPortland cement (CC). 109 

2. Recycled concrete made with a partial 50 % replacement of 50 % of the coarse natural 110 

aggregates by recycled mixed ceramic aggregates, fine natural aggregates of siliceous nature 111 

and commercially-available blast furnace slagPortland cement (RC-RA). 112 

3. Recycled concrete made with h a 50 %partial replacement of 50 % of the coarse natural 113 

aggregates with recycled mixed ceramic aggregates, fine natural aggregates of siliceous nature 114 

and recycled cement comprised of 75 % of commercially-available Portland cement and 25 % 115 

ceramic powder addition (RC-RAC). 116 

2. MATERIALS  117 

The main characteristics and properties of the materials used in this study are presented in this 118 

section. Special attention was paid to the recycled ceramic cement and recycled mixed ceramic 119 

aggregates. Moreover, the three different mix designs employed are also described in this 120 

section.: conventional concrete (CC), recycled concrete with coarse recycled mixed ceramic 121 
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aggregates (RC-CA) and recycled concrete with coarse recycled mixed ceramic aggregates and 122 

ceramic cement (RC-RAC) 123 

2.1.  BLAST FURNACE SLAG CEMENT  124 

Blast furnace slag cement, namely CEM III/A 42.5 N/SR, was used for this study. The table 1 125 

shows its chemical composition and the compliance limits as stated in the European standard 126 

EN 197-1 [51] 127 

Table 1. Blast furnace slag cement chemical composition 128 

Chemical composition Value (wt%) Limit (wt%) 

Clinker (SiO2, Fe2O3, Al2O3, CaO, MgO and SO3) 54 35-64 

Blast-furnace slag 41 36-65 

Minor components 5 ≤5 

Loss on ignition 1.5 ≤5 

 129 

This type of conventional cement was selected according to the recommendations of Mas et al. 130 

[13]. Their research showed that sulfate-resistant CEM III/A was specially  appropriateespecially 131 

appropriate for recycled concrete mixtures since lower strength declines were obtained 132 

compared to the control concrete. Moreover, it wasthe authors also praised this cement type 133 

due to its sulphate resistance to sulfate as recycled aggregates can could contain a significant 134 

quantity of gypsum. 135 

2.2. CERAMIC PORTLAND CEMENT 136 

The binder employed in this research work was an eco-efficient cement manufactured by 137 

researchers form the Eduardo Torroja Institute for Construction Sciences[1–4]. Encouraged by 138 

the pozzolanic nature of clay-based materials, the authors [43,44,52,53] assessed CDW as an 139 

alternative addition in blended cements. and They demonstrated the feasibility of using clay 140 

brick powder from CDW as a pozzolan addition, providing with carried out a complete suitable 141 

characterization of the ceramic-basedclay brick podwder from CDW for its use as Pozzolan in 142 
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Cementsas a pozzolanic addition [44,52], as well as an evaluation ontesting its sulfate resistance 143 

[54] and analyzing its calorimetric behavior during cement hydration [53,55]. 144 

 145 

Figure 1: a) Clay brick powder from CDW. b) Eco-efficiente blended cement containing-75% 146 

OPC and 25% clay brick powder from CDW. [52]. 147 

The CDW, which was collected from a Spanish recycling plant situated in Castile and Leon, was 148 

100% comprised of fired clay materials. Prior to its use, the residue was pre-conditioned (Figure 149 

1.a) by through drying at 105 ºC to constant mass, grinding by means of with a jaw-crusher and 150 

a ring-mill and, finally, sieving (< 63 μm)., tThen, the clay brick powder and the OPC where mixed 151 

together by means of a turbulatubular dry-powder mixer machine. Table 2 shows the 152 

characterization of the treated clay brick powder used as a pozzolanic addition in the eco-153 

efficient cement. It is worth mentioning the high reactive silica content and the capacity of lime 154 

fixation, which corresponds with its chemical composition as shown by the X-ray fluorescence 155 

(XRF) results (Table 3). As expected, silicon oxide (SiO2) was the major component followed by 156 

aluminum oxide (Al2O3) and iron oxide (Fe2O3). Moreover, the X-ray diffraction (XRD) results 157 

showed that the clay brick powder mostly consisted of quartz, feldspars (orthoclase and 158 

anorthite), illite, calcite, dolomite and hematite (Figure 2). As presented in Figure (3), the 159 

scanning electron microscope (SEM) image shows showed large quartz crystals surrounded in 160 

by a matrix with smaller particle size crystals., In addition, whereas the analysis carried out by 161 

means of X-ray dispersive energy (EDX) detected the presence of elements such as aluminum 162 

a) b) 
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and potassium, which is in line with the feldspars detected by XRD. Iron, calcium, magnesium 163 

and sodium were also present in the matrix. 164 

Table 2: Characterization of the clay brick powder from CDW  [52,53] 165 

 Clay brick powder from CDW 

Ceramic content (%) 100 

Density (g/cm3) 2.540 

Specific surface (cm2/g) 5737 

Particle size range (μm) 0.9-100 

Average particle size (μm) 61-73 

Reactive SiO2 (%) 35.10 

CaCO3 (%) 1.66 

1 -day lime fixed (%) 15 

28 -days lime fixed (%) 81 

360 -days lime fixed (%) 97 

 166 

 167 

Table 3: Chemical composition of the clay brick powder employed to manufacture the eco-168 

efficient cement - LOI: Loss on ignition- [52,54]. 169 

Oxides 
(wt%) 

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O SO3 K2O TiO2 P2O5 LOI 

Clay 
brick 

powder 
59.63 18.51 5.92 0.09 3.12 4.78 0.73 0.42 3.59 0.84 0.15 2.15 

 170 
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Figure 2: XRD patterns for the clay brick powder from CDW - I: illite, Q: quartz, O: orthoclase, 171 

A: anorthite, C: calcite, D: dolomite, H: hematite - [54] 172 

 173 

Figure 3: a) SEM image of clay brick powder brick from CDW. b) EDX compositional analysis. 174 

[52]. 175 

The eco-efficient cement used was factory-made as a mixture of 75 % ordinary Portland cement 176 

(OPC) and 25 % clay brick powder from CDW (Figure 1.b). The chemical composition of both the 177 

OPC (CEM I 42.5R) and the resulting eco-efficient cement are shown in Table 4. Moreover, Figure 178 

4 illustrates the mineralogy of the recycled cement through the XRD patterns detected for the 179 

eco-efficient cement. As expected by the chemical and mineralogical composition of the clay 180 

brick powder incorporated, the eco-efficient cement presented greater values of silicon oxide 181 

(SiO2), aluminum oxide (Al2O3), iron oxide (Fe2O3), sodium oxide (NaO2) and potassium oxide 182 

(K2O) than the reference cement.  183 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Albeit the use of certain materials as additions to cement is allowed by the EN 197-1 [51], the 184 

European standard also establishes the need to fulfil some mechanical, chemical and physical 185 

requirements. The values of the compressive and flexural strength, SO3 and Cl- content, initial 186 

and final setting time and soundness for both the OPC and the eco-efficient blended cement are 187 

shown in Table 5. The characterization proved the compliance of the eco-efficient cement with 188 

the European standard. andand the results stated the minor impact that the use of clay brick 189 

powder from CDW had on the recycled cement performance compared to the OPC. Among the 190 

differences detected, both the 28 days values of the flexural and compressive strength exhibited 191 

by the eco-efficient cement were a 11% and 10% lower than the CEM I 42.5R, respectively. 192 

However, a beneficial decrease in the SO3 and Cl- content (22% and 20%, respectively) were also 193 

noticed. Finally, no alteration was observed in the initial setting time;, whereas, the final setting 194 

time of eco-efficient cement was recorded 12 minutes ahead of the OPC. 195 

Table 4: XFR Chemical composition of the cement employed -LOI: Loss on ignition 196 

(wt%) CEM I 42.5 R Eco-efficient cement 

CaO 63.21 47.04 

SiO2 18.83 29.35 

Al2O3 4.36 7.32 

SO3 3.13 2.45 

Fe2O3 2.55 3.06 

MgO 1.85 2.24 

K2O 0.82 1.7 

TiO2 0.22 0.31 

P2O5 0.18 0.17 

Na2O 0.16 0.41 

SrO 0.1 0.08 

Mn2O3 0.09 0.09 

Cl- 0.05 0.04 

ZnO 0.04 0.03 

Cr2O3 0.01 0.01 

LOI 3.11 2.66 

 197 
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 198 

Figure 4: XRD patterns for the eco-efficient  cement 199 

Table 5: Mechanical, chemical and physical characterization of cements 200 

 CEM I 42.5R Eco-efficient blended 
cement 

EN 197-1 [51] 
requirements 

2 -days compressive 
strength (MPa) 

30 22 ≥ 20 EN 196-1 
[56]  

7 -days compressive 
strength (MPa) 

56.8 46 - 

28 -days 
compressive 

strength (MPa) 

63 56 42.5- 
62.5 

2 -days flexural 
strength (MPa) 

7.87 7 - 

7 -days flexural 
strength (MPa) 

10 8 - 

28 -days flexural 
strength (MPa) 

10 9 - 

LOI (%) 3.11 2.66 ≤ 5 EN 196-2 
[57] SO3 (%) 3.13 2.45 ≤ 4.0 

Cl- (%) 0.05 0.04 ≤ 0.1 

Initial setting time 
(minutes) 

165 165 ≥ 60 EN 196-3 
[58] 

Final setting time 
(minutes) 

263 251 - 

Soundness (mm) 1 1 ≤ 10 

 201 

2.3. NATURAL AGGREGATES 202 
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Natural aggregates, both fine and coarse, had a siliceous nature and complied with the standard 203 

EN 12620:2003+A1 [59], which states the properties of the different aggregates to be used for 204 

the concrete manufacture. More specifically, the natural aggregates employed in this research 205 

work were crushed sand (0-4 mm), rounded sand (0-5 mm), and two different types of gravel 206 

(6-16 mm and 4-10 mm.) 207 

2.4. RECYCLED GRAVEL 208 

The recycled gravel used in this study was classified as recycled mixed ceramic aggregate due to 209 

its ceramic content (>30%). The recycled aggregates showed a typical composition for CDW 210 

produced in the Mediterranean area, where clay-based materials are commonly used for 211 

façades, walls, roofs, etc. [5]. Hence, the recycled gravel was classified as recycled mixed ceramic 212 

aggregate due to the amount of ceramic present (>30%). The composition of non-floating 213 

components of the recycled aggregate is shown in the following table (Table 6), this composition 214 

was obtained  according to EN 933-11 [56]. According to thoese results, the recycled aggregate 215 

iwas classified as Rcu50 (Rc+Ru=61.62% and Rb50 (Rb=33.56%) [59]. 216 

 217 

Table 6: Non-floating components of the recycled aggregate 218 

 219 

According to these results, the recycled aggregate is classified as Rcu50 (Rc+Ru=61.62% and Rb50 220 

(Rb=33.56%) [57]. 221 

Component % wt (Average 
value (wt%) 

Concrete and mortar (Rc) 44.11 

Ceramics (bricks, tiles,…) (Rb) 33.56 

Unbound aggregates (natural aggregates without cement or mortar attached) 
(Ru) 

17.51 

Asphalt (Ra) 0.44 

Glass (Rg) 0.75 

Gypsum, Wood, metals, plastic and other impurities (X) 3.64 
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The recycled coarse aggregates or secondary gravel was obtained through a mechanical 222 

processing (classification, crushing and sieving) of CDW inat the TEC-REC: Tecnología y Reciclado 223 

S.L. manufacturing plant located in the province of Madrid (Spain). Table 7 shows a summary of 224 

the average physical and mechanical properties of the recycled coarse aggregates, which have 225 

been studied according to EN 12620+A1 [59].  226 

  227 
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Table 7. Physical and mechanical properties of the recycled coarse aggregates 228 

Properties Test result Limit value Standard 

Maximum particle size (mm) 16 - EN 933-1 [60] 

Minimum particle size (mm) 4 4 EN 933-1 [60]  

D/d ratio 5.0 ≥ 1.4 EN 933-1 [60]  

Granulometric modulus 7.67 - UNE 146406 [61] 

Content of particles < 4 mm (%) 5 5 EHE-08 [62] 

Undersize particle content (%) 
Sieve d 5 < 10  

UNE 146121 [63]; EN 
933-1 [60]  

Oversize particle content (%) 
Sieve 2D 0 0 

UNE 146121[63]; EN 
933-1 [60]  

Oversize particle content (%) 
Sieve D 2.21 < 10 

UNE 146121 [63]; EN 
933-1 [60]  

Fines content (%) 0.04 ≤ 1  
UNE 146121 [63]; EN 
933-1 [60] 

Apparent density (Mg/m3) 2.53 - EN 1097-6 [64] 

Oven-dried density (Mg/m3) 2.08 - EN 1097-6 [64] 

Saturated surface dry density 
(Mg/m3) 2.26 - EN 1097-6 [64] 

Water absorption (%) 8.53 ≤ 7 EN 1097-6 [64] 

Flakiness index (%) 14.75 ≤ 35 EN 933-3 [65] 

Los Angeles coefficient (%) 40.99 ≤ 40-50(1) EN 1097-2 [66] 
(1) The current Spanish legislation accepts the use of coarse aggregates with a fragmentation 229 
resistance ranging from 40 to 50 in the Los Angeles test for the manufacture of mass or 230 
reinforced concrete not exceeding 30 N/mm2, when previous experiences or studies exist that 231 
support its use without prejudice to the performance of concrete. 232 

 233 

2.5. WATER 234 

Tap water was used, complying with the EHE-08 [62] recommendations.  235 

2.6. ADDITIVES 236 

No additives (plasticizers or others) were used to obtain the different mixes. 237 

2.7. DOSAGE 238 

In this research work, the De la Peña method was employed for the proportioning of both the 239 

conventional and recycled concrete mixtures. Although not too well known at international 240 

level, some research papers [16,17] have previously referenced this technique as it is the most 241 

employed method in Spain since its development in 1955. The proportioning design was based 242 
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on the attainment of a target 28 days characteristic compressive strength of 25 MPa. Moreover, 243 

to design the recycled mixtures, a constant water content was maintained, and the recycled 244 

aggregate substitution was made according to the direct weight replacement approach, which 245 

is commonly used [67,68]. In addition, the limits prescribed by EHE-08 [62] to achieve a durable 246 

concrete, i.e. a minimum cement content of 300 kg/m3 and a maximum water/cement ratio of 247 

0.55, were taken into account in the proportioning of all mixes. 248 

Table 8 shows the detailed proportion of the different raw components used in the manufacture 249 

of the concrete mixtures. 250 

TABLE 8: Mix proportions per cubic meter 251 

Mix proportions per cubic meter CC RC-RA RC-RAC 

Real wWater (lkg)  155.21 155.21 155.21 

Effective water (l) 155.21 128.13 128.13 

CEM III/A 42,5 N/SR (kg) 312.50 312.50 0 

Recycled cement CEM-ceramic (kg) 0 0 312.50 

Sand 0/4 mm (kg) 96.98 96.98 96.98 

Sand 0/5 mm (kg) 441.81 441.81 441.81 

Gravel 4/10 mm (kg) 484.92 242.46 242.46 

Gravel 6/16 mm (kg) 161.64 80.82 80.82 

Recycled mixed ceramic aggregate 
4/16 mm (kg) 

0 323.28 323.28 

Real w/c ratio 0.50 0.50 0.50 

Effective w/c ratio 0.5 0.41 0.41 

 252 

Real W/C ratio and effective W/C ratio were included in the dosage table due to the 253 

importance of both parameters on the subsequent recycled concrete properties as the amount 254 

of water absorbed by recycled aggregates and, therefore, unavailable for the cement 255 

hydration should be considered. 256 

3. METHODS 257 

3.1. CONSISTENCY 258 
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The consistency, which could be employed as an indirect measurement of the workability of the 259 

conventional and recycled concrete mixtures, was determined by means of two common 260 

methods: the slump-test [69] and the Vebe test [70].  261 

 262 

3.2. DENSITY OF HARDENED CONCRETE 263 

Hardened density of concrete was determined according to EN 12390-7 [71]. After 28 days of 264 

curing immersed in water (20±2 ºC), four specimens of each mixture were tested. Firstly, the 265 

surfaces were wiped using a damp cloth to remove any water excess, and then, each specimen 266 

was weighed. Afterwards, the volume of each specimen was determined by actual 267 

measurements with a caliper in accordance with EN 12390-1 [72]. Finally, by using the 268 

determined values, i.e. the saturated mass of the specimen divided by its volume, the 269 

hardened density of concrete in water saturation condition was determined. 270 

 271 

3.3. COMPRESSIVE STRENGTH 272 

The compressive strength tests were done by means of a hydraulic press conforming to EN 273 

12390-4 [73] and EN 12390-3 [74]. The tests were implemented at different ages, 7, 21 and 28 274 

days, by using cylindrical specimens of 150 x 300 mm2, according to EN 12390-1 [75]. 275 

3.4. POROSITY 276 

In order to determine the 28 day porosity and pore size distribution of the concrete samples, 277 

several tests were conducted using a Mercury Intrusion Porosimetry (MIP) technique. A 278 

Micromeritics AutoPore IV 9500 porosimeter was employed to examine a pressure range of 279 

0.0034-227.5270 MPa and a pore diameter range from 0.006 µm to 175 μm. Previously to the 280 

test, cylindrical samples, cut  from the centers of the specimens (ofwith a diameter of 20 mm 281 

and a height of 20 mm approximately 1 cm3) were dried at 40°C to constant weight and degassed 282 

for 30 minutes with a vacuum pump to ensure moisture removal. 283 

 284 
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3.5. MICROSTRUCTURE 285 

Two types of microstructural tests were carried out in this study by means of a Hitachi S-4800 286 

scanning electron microscope (SEM) with tungsten as X-ray source, a Si/Li detector and a 287 

Brucker XFlash 5030 EDS analyzer and SEM images and EDX mappings were obtained. The 288 

samples were prepared with a bi-adhesive graphite film and a carbon coating to ensure 289 

conductivity and avoid signal masking, all the samples were sited in a metallic holder to 290 

facilitate its placement in the microscope. 291 

4. RESULTS AND DISCUSSION 292 

4.1. CONSISTENCY 293 

Table 9: Consistency of the different concrete mixes. 294 

 Slump-test (cm) Vebe-test (s) 

CC 3.2 10 symmetrical 

RC-RA 2.3 9 symmetrical 

RC-RAC 2.3 9 symmetrical 

 295 

Notwithstanding the observed variations, it could be established that the use of a partial 296 

replacement of the natural aggregates or the OPC by recycled ceramic materials did not 297 

negatively affect the consistency values of the concrete mixes employed in this research work. 298 

Furthermore, despite the lower consistency values, no problems in workability were detected 299 

when placing, compacting or casting the test specimens. Nonetheless, it is well recognized that 300 

the use of plasticizers or superplasticizers improves the workability of a concrete mixture. For 301 

instance, Cantero et al. [50], who employed a modified water-based polycarboxylate 302 

superplasticizer, reported fluid consistencies for all conventional and recycled mixtures. 303 

However, the authors also stated that no significant modifications in the slump values occurred 304 

for the concrete incorporating the recycled aggregate replacement nor the recycled powder 305 

brick substitution addition when compared to the conventional concrete. 306 

4.2. DENSITY OF HARDENED CONCRETE 307 
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The density results of the saturated hardened concrete are given in Table 10. As expected, the 308 

conventional concrete presented the highest density value, 2379 kg/m3, which is in accordance 309 

with the standard density of a conventional concrete, between 2300 and 2400 kg/m3 [62]. 310 

Table 10: Density of the hardened concrete mixtures 311 

 Hardened density (kg/m3) 

CC 2379 ± 26.2 

RC-RA 2295 ± 28.7 

RC-RAC 2290 ± 42.1 

 312 

Regarding the hardened density of the recycled mixtures, the average values were 2295 kg/m3 313 

for RC-RA and 2290 kg/m3 for RC-RAC. It is well recognized that the density losses exhibited by 314 

recycled concrete mixtures answers toare a result of the replacement of the natural aggregates 315 

by the recycled aggregates [7–10,13,23,76]. Due to the presence of adhered mortar, clay-based 316 

particles, impurities and floating materials (Table 7) in the recycled aggregates, a decrease of 317 

3.55 % was noticed for RC-RA. Similar values of density declines have been reported for in the 318 

literature when a 50 % substitution level was applied: 2.11 % [10,23], 1.10 and 2.36 % [11], 3.91 319 

% [7],  4.18 % [76]. On the other hand, the density of the RC-RAC mixture exhibited a decrease 320 

of 3.75 %, which is also in line with the results found in the literature, as Cantero et al. [50] 321 

observed a 4.47% density reduction for a concrete with a 50% replacement of coarse aggregates 322 

and ceramic cement additions . Besides the effect of the recycled aggregates, this furtherthe 323 

additional decrease reveals the influence of the eco-efficient cement employed. Whereas the 324 

OPC density could be taken as 3.15 g/cm3 [77], the incorporation of the clay brick powder from 325 

CDW (with a density of 2.54 g/cm3 as shown in Table 2) would inevitablely result in a eco-326 

efficient cement with a lower density. This would, which caused that RC-RAC displayed a slightly 327 

lower density due to a slightlyof the hardened cement paste RC-RAC compared to both CC and 328 

RC-RA, even though both recycled mixtures were proportioned forwith the same W/C ratio. 329 

4.3. COMPRESSIVE STRENGTH 330 
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As it could be observed in Table 11, the conventional and recycled mixtures exhibited 28 -day 331 

compressive strength figures over 25 MPa, which complied with the target strength of the 332 

proportioning method. Hence, and, according to the Spanish standard EHE-08, is thethe recycled 333 

mixtures also conformed to minimum compressive strength value for structural purposes. 334 

EquallyIn a similar manner, the current standard EN-1992-1-1 [78] recommends a minimum 335 

value of average compressive strength (fcm) of 20 MPa (tested in cylindrical samples), which 336 

was satisfied. 337 

Table 11: Compressive strength of the samples (MPa) 338 

Mixture Compressive strength (N/mm2) 

7 days 21 days 28 days 

CC 24.3 ± 0.23 30.4 ± 0.3 35.0 ± 0.7 

RC-RA 14.9 ± 0.9 26.3 ± 0.3 35.7 ± 3.6 

RC-RAC 19.7 ± 1.0 26.9 ± 0.6 37.1 ± 1.4 

 339 

The presence of adhered mortar, ceramic materials, as well as some other impurities such as 340 

wood, plastic, gypsum… in the recycled aggregates reduced the compressive strength 341 

performance of all recycled mixtures compared to the conventional concrete at early ages (7 342 

and 21 days). Both recycled concrete mixtures exhibited greater decreases at the 7 day age (37.5 343 

% and 16.7 % for RC-RA and RC-RAC, respectively), which eventually became less significant as 344 

the compressive strength developed due to cement hydration, which suggested that the 345 

recycled mixtures presented a higher strength development with age. This finding is in 346 

agreement with other researchers [8,9,11,79], who found that the differences between 347 

conventional and recycled mixtures incorporating recycled mixed aggregates were lower at 348 

longerlater  ages. The effect could be explained by the presence of unhydrated cement particles 349 

and brick dust with pozzolanic activity within the recycled aggregates that contributed to the 350 

resistance gain. In any case, it is worth mentioning that, for the 7 and 21- day compressive tests, 351 

the reduction experienced by the RC-RAC mixture was always lower than that of the RC-RA 352 

compared to the CC, which may be attributed to the positive effect of the clay brick cement 353 
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replacement. In this regard, the results obtained by Naceri and Hamina [29], Kartini et al. [28] 354 

and Shao et al. [45] also pointed to a beneficial effect of the brick powder on the compressive 355 

strength of mortar but pointed mainly referring to a long-term effect (sometimes, beyond 60 to 356 

90 days). Conversely, Heidari and Hasanpour [30] and Ge et al. [31] reported that the ceramic 357 

addition had a negative effect on the concrete strength, which was more significant up to the 358 

28 days mark. 359 

In this research work, a clear shift in the mechanical performance of the recycled concretes was 360 

observed at 28 days. Both the pozzolanic activity of the ceramic powder addition as well asand 361 

the lower effective w/c ratio of the recycled mixtures resulted in recycled mixtures exhibiting 362 

similar, or even better, compressive strength levels compared to the conventional concrete. For 363 

the RC-RA mixture, a compressive strength increase of 2.9 % was observed compared to CC at 364 

28 -days. Moreover, the addition of the clay brick powder led to a further improvement, and the 365 

RC-RAC mixture showed a 5.7 % strength increase compared to CC at 28 -days.  366 

 367 

Firstly, the mechanical improvement exhibited by the RC-RA mixture could be attributed to the 368 

enhancement of the ITZ due to the lower effective w/c ratio, the internal curing caused by the 369 

recycled aggregates as well as the bonding effect produced by the rough and porous surface of 370 

the recycled materials. Etxeberria et al. [24] reported comparable compressive strength values 371 

between conventional and recycled concretes for replacement levels of recycled mixed 372 

aggregates up to 25 %. Similarly, Cachim [14], who replaced 50 % of the natural coarse 373 

aggregates by recycled ceramic aggregates, observed a slight gain in compressive strength for 374 

recycled concretes w/c ratios of 0.45 which were subjected to water absorption compensation. 375 

 376 

Nevertheless, losses of compressive strength have also been extensively reported in the 377 

literature when recycled mixed aggregates are incorporated into the recycled concrete. For a 50 378 

% substitution of the natural coarse aggregates such as the one described in this research work, 379 
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some authors have stated declines in the 28 -days compressive strength of 6.34 % and 7.31 %, 380 

depending on the ceramic content -34 % and 68 %, respectively - [11], 10 % [50], 12.3 % [22], 381 

18.44 % [10,23], and 26.79 % [9] compared to their respective control concrete mixtures. 382 

Moreover, increases onf the replacement ratios have been linked to larger declines in the 383 

performance of the recycled mixtures. For instance, complete substitutions of the natural coarse 384 

aggregates haved resulted in greater compressive strength drops: 26.55 % [22] and 41.53 % [9]. 385 

 Secondly, it is also necessary to contemplate the greater strength increase achieved by the 386 

incorporation of the brick powder addition into the recycled cement. The observed 387 

improvement may be attributed to the pozzolanic action of the selected addition and it has also 388 

been reported by other authors who studied the influence of the brick powder cement 389 

replacement in both mortar and concrete specimens. Up to 7 % strength gain was observed by 390 

Kirgiz [80] for a 20 % replacement. Naceri and Hamina [29] and Shao et al. [45] concluded that 391 

an increased mechanical performance of mortar could be expected up to a 10 % and 20 % 392 

replacement level, respectively, but only at long term (60 to 90 days). Albeit Olofinnade et al. 393 

[32] registered up to a 9 % strength increase of concrete at 10 % replacement, the authors also 394 

noted that the behavior was reversed when the powder replacement reached a certain value 395 

(20 %). A similar trend was observed by several researchers and different substitution values 396 

have been stated as a limit prior to a significant compressive strength decline: 15 % [33], 20 % 397 

[26,34], 25 % [35,47] and 30 % [48]. Nevertheless, it is worth mentioning that, in a later study, 398 

Ge et al.  [31] observed lower compressive strength in concrete mixtures incorporating 10-30 % 399 

brick dust replacements. The same findings were reported by Kartini et al. [28], who observed  400 

a 4 %, 8 % and 15 % decline in the compressive strength for 10 %, 20 % and 30 % ground clay 401 

brick replacements, respectively. Similarly, Aliabdo et al. [46] observed a 8.3 %, 14.0 %, 18.7 %, 402 

14.2 % and 25.2 % decrease in the compressive strength of mortar for 5 %, 10 %, 15 %, 20 % and 403 

25 % substitution levels, respectively. Interestingly, the contrary resultsincreases in strength 404 
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were reported when the brick powder was incorporated as an additive to cement instead of a 405 

partial replacement of cement. 406 

Nevertheless, the aforementioned 5.7 % compressive strength gain exhibited by the RA-RAC 407 

mixture should be attributed to the effect of both the recycled aggregates and the cement 408 

addition. In this regard, the obtained result is in line with that of Letelier et al. [49], who stated 409 

that concrete mixtures incorporating a 30 % substitution of recycled aggregate and a 5 % waste 410 

brick powder as cement replacement showed a 9 % strength increase compared to the control 411 

concrete. However, Letelier et al. [49] established a 5 % ceramic replacement as the limit value 412 

to the positive effect of the addition on the compressive strength of recycled concrete. 413 

Contrarily to the results showned in this research work, Cantero et al. [50] found a negative 414 

effect of the brick powder cement substitution in recycled concrete mixes. The authors reported 415 

a greater compressive strength reduction when both recycled aggregates and brick powder 416 

were incorporated to concrete (25 % and 23 % for 25 % and 50 % replacements at 28 days) 417 

compared to the one exhibited by the recycled concrete mixes with recycled aggregates (3 % 418 

and 10 % for 25 % and 50 % replacements at 28 days).   419 

4.4. POROSITY 420 

The effect of the ceramic replacement on the porosity is represented in Figure 5. The graph 421 

illustrates the cumulative volumes of mercury intruded, during both the intrusion and extrusion 422 

phases, as a function of the pore size diameter for the CC, RC-RA and RC-RAC samples. 423 
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 424 

Figure 5: Cumulative intrusion vs pore size distribution of CC, RC-RA and RC-RAC samples at 28 425 

days. 426 

The total porosity obtained through the MIP test was slightly higher for the recycled mixtures 427 

(12.44 % for RC-RA and 13.08 % for RC-RAC) than the conventional concrete (12.37 %). 428 

Nevertheless, the study of the pore size distribution allowed to lessen the concerns about the 429 

negative effects of the ceramic incorporation in on the concrete durability. Firstly, the 430 

incorporation of the recycled aggregates resulted in a pore size distribution change compared 431 

to the control mixture. The volumes of mercury intruded during the intrusion phase for RC-RA 432 

and RC-RAC samples were significantly smaller than that of the CC for pores greater than 0.07 433 

µm. Greater differences were even noticeable for pore sizes greater than 0.1 µm, especially for 434 

the RC-RAC sample, which showed the lower cumulative intrusion value and, thus, attested to 435 

the positive effect of ceramic cement addition on concrete porosity. Therefore, the higher 436 

porosity of the recycled mixtures could be attributed to the greater presence of pores smaller 437 

than 0.07 µm. In this regard, several authors [81,82] have remarked that the volume of pores 438 
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with diameter lower than 0.1 µm produces plays a minor role in the water absorption of cement-439 

based materials. 440 

Similar results have been reported by Penteado et al. [38], who replaced 5 % to 30 % of cement 441 

by ceramic tile waste. The authors observed a minor tendency to greater porosities as the 442 

percentage of replacement increased. Kulovaná et al. [36] showed that concretes containing up 443 

to 20 % ceramic powder in the blended cement had similar open porosity values. Nevertheless, 444 

the open porosity rose up to 15 % and 23 % for 40% and 60 % replacements, respectively. 445 

Concerning permeable pores, several authors have also reported the positive effects of the 446 

cement replacement by a ceramic fraction on the performance of cement-based materials. 447 

Kannan et al. [83] noted that the inclusion of ceramic waste powder on high performance 448 

concrete resulted in a reduction of the permeable pores between 3 % and 24 % at 90 days 449 

compared with the conventional concrete mixture. It is worth mentioning that the authors 450 

observed the greater decreases of the permeable pore volume for concretes with a 20 % ceramic 451 

powder addition; whereas mixtures with 40 % of cement waste powder resulted in lower 452 

reductions. On the contrary, later on, El-Dieb and Kanaan et al. [42] found that as the 453 

replacement level of ceramic waste powder increased, the permeable pores percentage showed 454 

an overall reduction compared to the control mixtures. The authors attributed this reduction to 455 

the physical microfilling effect of the ceramic powder, which altered the pore structure and 456 

reduced the volume of permeable pores by improving the packing of particles, which was 457 

especially noticeable at the aggregate-paste interfacial zone. Asensio de Lucas et al. [54], who 458 

manufactured recycled concrete incorporating a pozzolanic addition from clay-based CDW, 459 

concluded that the ceramic addition originated resulted in in a pore structure refinement that 460 

provided a better anti-corrosion performance of concrete exposed to sulfate attack. 461 

Furthermore, the positive effects of the use of recycled ceramic aggregates on the concrete 462 

manufacture have already been reported in the literature by other researchers. Poon and Chan 463 
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[84] and Xiao et al. [85] claimed that the finer clay brick aggregates particles were responsible 464 

for a more comprehensive filling of the voids and, thus, reduced the porosity of recycled 465 

concretes. Rodríguez et al. [12], who produced concrete with 25% of recycled mixed aggregates 466 

(RMA), and observed that the recycled concrete had a lower total porosity and a higher amount 467 

of pores of smaller size. Nevertheless, the authors also reported that 50 % and 75 % RMA 468 

replacements resulted in concrete mixtures displaying a higher number of larger pores.  469 

4.5. MICROSTRUCTURE 470 

The instrumental techniques used to study the recycled concrete paste microstructure in this 471 

research work detected a normal presence of portlandite, similar to the one detected for 472 

ordinary Portland concrete, able to react with silica, and common ettringite formations. The 473 

microstructural tests revealed the formation of common hydration products (i.e. portlandite and 474 

calcium-silicate-hydrate gel). The instrumental techniques used to study the recycled concrete 475 

paste microstructure in this research work detected a normal presence of portlandite, similar to 476 

the one found in the control concrete, which was able to react with silica, and common ettringite 477 

formations. Figure 6 shows column-shaped aggregates of portlandite (CH) and Figure 7 plates of 478 

CH. Figure 8 displays the transformation of calcium silicate hydrates (C-S-H) needle forms into a 479 

“honeycomb” structure. For instance, Mas et al. [39], who used ceramic tiles waste as 480 

replacement material in Portland cement, also observed the presence of ettringite needles, 481 

hexagonal plates of portlandite and calcium silicate hydrate amorphous products in their 482 

recycled concrete samples. In the study carried out by Asensio de Lucas et al. [54], who 483 

employed a blended cement with a pozzolanic addition from clay-based CDW, the ceramic 484 

addition also produced primary ettringite, which provided the cement paste with better 485 

behavior against sulfate attacks. Conversely, Kannan et al. [83], who also conducted a 486 

microstructural investigation on concrete incorporating a partial cement replacement by 487 

ceramic waste powder, stated that insufficient amounts of CH were present to react with all the 488 

available silica when ceramic waste powder was incorporated.  489 
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 490 

Figure 6: Column-shaped aggregation of portlandite. 491 

 492 

Figure 7: Plates of portlandite 493 
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 494 

Figure 8: “Honeycomb” structure of calcium silicate hydrate gel and ettringite needles. 495 
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Figure 9. Elemental maps of RC-RAC sample: (A) Base image. (B) Elemental mapping for silicon 497 

(yellow). (C) Elemental mapping for aluminum (magenta).  498 

Figure 9 shows the elemental mapping for aluminum (magenta) and silicon (yellow) presentce 499 

in the RC-RAC sample at 28 days. The content of aluminum is typical in the recycled ceramic 500 

aggregates, whilst the silicon is the main component of the natural gravel. In addition, it is 501 

possible to appreciate the ITZ between the aggregates (natural and recycled) and the paste. As 502 

it could be observed, both ITZs are were very similar and appeared adequate and robust, which 503 

is in accordance to the findings form from the mechanical studies carried out in this 504 

investigation. Cantero et al. [50], who studied the structure of recycled concrete incorporating 505 

ceramics as cement addition and coarse recycled aggregates through an optical microscope, 506 

established stated that the aggregates bonded effectively to the matrix, irrespective of cement 507 

type, i.e. recycled or conventional cement.  508 

 5. CONCLUSIONS 509 

The following conclusions have been drawn from the development and results obtained in of 510 

this research study: 511 

1. Adequate workability could be achieved for rRecycled concrete mixtures incorporating 512 

recycled mixed ceramic aggregates and cement additions from clay brick powder could reach an 513 

adequate workability. The Nevertheless, the results obtained fromof the slump and Vebe tests 514 

evidenced driedsdry consistencies that could be improved by the use of plasticizing admixtures. 515 

2. Due to the presence of the ceramic fraction within the recycled aggregates and cement, Tthe 516 

density values exhibited by the recycled concrete mixes were slightly lower than that of the 517 

control concrete due to the presence of the ceramic fraction within the recycled aggregates and 518 

recycled cement. Compared to CC, density reductions up to a 3.5 % and 3.7 % were observed 519 

for RC-RA and RA-RAC, respectively. 520 
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3. As compressive strength is one of the most important characteristics of concrete, it is worth 522 

to mention that theThe recycled mixtures surely safely complied with the of 25 MPa limit 523 

established by the Spanish Standard for Structural Concrete, as well as the 20 MPa limit 524 

established by the EN-1992-1-1. Thus, it is possible to ensure that the recycled concrete mixes 525 

could be used for structural purposes. 526 

4. The porosity exhibited by the three concrete samples was similar and ranged between 12.4 % 527 

and 13 %. Nonetheless, changes in the pore size distribution were detected for the different 528 

mixes. A clear refinement of the pore structure was observed for the recycled concretes due to 529 

the presence of the ceramic materials, which was especially noticeable for pore sizes lower than 530 

10 µm. 531 

5. The microstructural studies carried out in the recycled concrete mixtures detected the 532 

presence of the standard hydration products, such as portlandite, CSH gel and primary ettringite. 533 

Moreover, the assessment of the ITZ showed strong and continuous bonds between the cement 534 

paste and recycled ceramic aggregates, which were similar to those formed between the cement 535 

paste and natural coarse aggregates.  536 

Therefore, it could be concluded that based on the mechanical results (density, consistency and 537 

compressive strength), as well as the microstructural properties such as porosity, elemental 538 

mapping analysis, hydration products and interfacial transition zones (ITZ), showed it could be 539 

concluded that the incorporation of the ceramic material as recycled aggregates or as cement 540 

addition did not imply an appreciable loss of the concrete performance.  andMoreover, the 541 

recycled concretes resulted in mixtures that meet the resistance requirements for structural 542 

applications established in the European standards for the use of concrete in different structural 543 

applications. However,  544 

nNotwithstanding the potential shown by these materials at research level, its the technological 545 

transfer to field applications is still a distant reality., since To date, recycled mixed and ceramic 546 

aggregates are still considered with suspicion as a reliable source of secondary 547 
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aggregates/additions for the concrete manufacture, especially for structural purposes. Thus, 548 

further research on the feasibility of the different uses of recycled aggregates from CDW in the 549 

concrete manufacture is necessary to reduce the uncertainty linked to a future field applications 550 

beyond their current use as unbound materials in earthworks, backfilling and road 551 

constructions, which would further extend the circularity and sustainability possibilities of such 552 

wastes. 553 

Acknowledgements: The authors of this work would like to thankare grateful for the financial 554 

support offered by the Spanish Ministry of Economy and Competitiveness, through the research 555 

project grant BIA2017‐83526‐R. 556 

References 557 

[1] EBC, Annual report 2018-2019 of the European Building Confederation, European Building 558 
Confederation, Brussels, Belgium., 2019. 559 

[2] EEA, Effectiveness of Environmental Taxes and Charges for Managing Sand, Gravel and 560 
Rock Extraction in Selected EU Countries, European Environment Agency, Copenhagen, 561 
Denmark, 2008. 562 

[3] UNEP, Sand, rarer than one thinks, UNEP Global Environmental Alert Service, 2014. 563 
http://na.unep.net/geas/archive/pdfs/GEAS_Mar2014_Sand_Mining.pdf. 564 

[4] Eurostat, European Statistics. Statistical Office of the European Communities., (2020). 565 
https://ec.europa.eu/eurostat/data/database. 566 

[5] J. de Brito, A.S. Pereira, J.R. Correia, Mechanical behaviour of non-structural concrete 567 
made with recycled ceramic aggregates, Cement and Concrete Composites. 27 (2005) 429–568 
433. https://doi.org/10.1016/j.cemconcomp.2004.07.005. 569 

[6] European Commission, Closing the loop - An EU action plan for the Circular Economy, 570 
European Commission, Brussels, Belgium., 2015. 571 

[7] I. Martínez-Lage, F. Martínez-Abella, C. Vázquez-Herrero, J.L. Pérez-Ordóñez., Properties 572 
of plain concrete made with mixed recycled coarse aggregate, Construction and Building 573 
Materials. 37 (2012) 171–176. https://doi.org/10.1016/j.conbuildmat.2012.07.045. 574 

[8] B. Mas, A. Cladera, J. Bestard, D. Muntaner, C.E. López, S. Piña, J. Prades, Concrete with 575 
mixed recycled aggregates: Influence of the type of cement, Construction and Building 576 
Materials. 34 (2012) 430–441. https://doi.org/10.1016/j.conbuildmat.2012.02.092. 577 

[9] A. Gonzalez-Corominas, M. Etxeberria, Properties of high performance concrete made 578 
with recycled fine ceramic and coarse mixed aggregates, Construction and Building 579 
Materials. 68 (2014) 618–626. https://doi.org/10.1016/j.conbuildmat.2014.07.016. 580 

[10] C. Medina, W. Zhu, T. Howind, M.I. Sánchez de Rojas, M. Frías, Influence of mixed recycled 581 
aggregate on the physical – mechanical properties of recycled concrete, Journal of Cleaner 582 
Production. 68 (2014) 216–225. https://doi.org/10.1016/j.jclepro.2014.01.002. 583 

[11] D. Rodríguez-Robles, J. García-González, A. Juan-Valdés, J.M. Morán-del Pozo, M.I. Guerra-584 
Romero, Effect of mixed recycled aggregates on mechanical properties of recycled 585 
concrete, Magazine of Concrete Research. 67 (2015) 247–256. 586 
https://doi.org/10.1680/macr.14.00217. 587 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[12] C. Rodríguez, C. Parra, G. Casado, I. Miñano, F. Albaladejo, F. Benito, I. Sánchez, The 588 
incorporation of construction and demolition wastes as recycled mixed aggregates in non-589 
structural concrete precast pieces, Journal of Cleaner Production. 127 (2016) 152–161. 590 
https://doi.org/10.1016/j.jclepro.2016.03.137. 591 

[13] B. Mas, A. Cladera, T. del Olmo, F. Pitarch, Influence of the amount of mixed recycled 592 
aggregates on the properties of concrete for non-structural use, Construction and Building 593 
Materials. 27 (2012) 612–622. https://doi.org/10.1016/j.conbuildmat.2011.06.073. 594 

[14] P.B. Cachim, Mechanical properties of brick aggregate concrete, Construction and Building 595 
Materials. 23 (2009) 1292–1297. https://doi.org/10.1016/j.conbuildmat.2008.07.023. 596 

[15] F. Pacheco-Torgal, S. Jalali, Reusing ceramic wastes in concrete, Construction and Building 597 
Materials. 24 (2010) 832–838. https://doi.org/10.1016/j.conbuildmat.2009.10.023. 598 

[16] C. Medina, M.I. Sánchez de Rojas, C. Thomas, J.A. Polanco, M. Frías, Durability of recycled 599 
concrete made with recycled ceramic sanitary ware aggregate. Inter-indicator 600 
relationships, Construction and Building Materials. 105 (2016) 480–486. 601 
https://doi.org/10.1016/j.conbuildmat.2015.12.176. 602 

[17] C. Medina, M. Frías, M.I. Sánchez de Rojas, Microstructure and properties of recycled 603 
concretes using ceramic sanitary ware industry waste as coarse aggregate, Construction 604 
and Building Materials. 31 (2012) 112–118. 605 
https://doi.org/10.1016/j.conbuildmat.2011.12.075. 606 

[18] A. Gonzalez-Corominas, M. Etxeberria, Effects of using recycled concrete aggregates on 607 
the shrinkage of high performance concrete, Construction and Building Materials. 115 608 
(2016) 32–41. https://doi.org/10.1016/j.conbuildmat.2016.04.031. 609 

[19] P.O. Awoyera, J.O. Akinmusuru, J.M. Ndambuki, Green concrete production with ceramic 610 
wastes and laterite, Construction and Building Materials. 117 (2016) 29–36. 611 
https://doi.org/10.1016/j.conbuildmat.2016.04.108. 612 

[20] P.O. Awoyera, A.R. Dawson, N.H. Thom, J.O. Akinmusuru, Suitability of mortars produced 613 
using laterite and ceramic wastes: Mechanical and microscale analysis, Construction and 614 
Building Materials. 148 (2017) 195–203. 615 
https://doi.org/10.1016/j.conbuildmat.2017.05.031. 616 

[21] P.O. Awoyera, J.O. Akinmusuru, A.R. Dawson, J.M. Ndambuki, N.H. Thom, Microstructural 617 
characteristics, porosity and strength development in ceramic-laterized concrete, Cement 618 
and Concrete Composites. 86 (2018) 224–237. 619 
https://doi.org/10.1016/j.cemconcomp.2017.11.017. 620 

[22] M. Bravo, J. de Brito, J. Pontes, L. Evangelista, Mechanical performance of concrete made 621 
with aggregates from construction and demolition waste recycling plants, Journal of 622 
Cleaner Production. (2015). https://doi.org/10.1016/j.jclepro.2015.03.012. 623 

[23] C. Medina, W. Zhu, T. Howind, M. Frías, M.I. Sánchez de Rojas, Effect of the constituents 624 
(asphalt, clay materials, floating particles and fines) of construction and demolition waste 625 
on the properties of recycled concretes, Construction and Building Materials. 79 (2015) 626 
22–33. https://doi.org/10.1016/j.conbuildmat.2014.12.070. 627 

[24] M. Etxeberria, E. Vázquez, A. Marí, M. Barra, Influence of amount of recycled coarse 628 
aggregates and production process on properties of recycled aggregate concrete, Cement 629 
and Concrete Research. 37 (2007) 735–742. 630 
https://doi.org/10.1016/j.cemconres.2007.02.002. 631 

[25] M.I. Sánchez de Rojas, F. Frías, J. Rivera, M.J. Escorihuela, F.P. Marín, Investigación sobre 632 
la actividad puzolánica de materiales de desecho procedentes de arcilla cocida, Materiales 633 
de Construcción. 51 (2001) 45–52. https://doi.org/10.3989/mc.2001.v51.i261.379. 634 

[26] R.D. Toledo Filho, J.P. Gonçalves, B.B. Americano, E.M.R. Fairbairn, Potential for use of 635 
crushed waste calcined-clay brick as a supplementary cementitious material in Brazil, 636 
Cement and Concrete Research. 37 (2007) 1357–1365. 637 
https://doi.org/10.1016/j.cemconres.2007.06.005. 638 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[27] M.I. Sánchez De Rojas, F.P. Marín, M. Frías, J. Rivera, Properties and Performances of 639 
Concrete Tiles Containing Waste Fired Clay Materials, Journal of the American Ceramic 640 
Society. 90 (2007) 3559–3565. https://doi.org/10.1111/j.1551-2916.2007.01944.x. 641 

[28] K. Kartini, M.N. Rohaidah, Z. Zuraini, Performance of Ground Clay Bricks as Partial Cement 642 
Replacement in Grade 30 Concrete, International Journal of Civil and Environmental 643 
Engineering. 6 (2012) 4. 644 

[29] A. Naceri, M.C. Hamina, Use of waste brick as a partial replacement of cement in mortar, 645 
Waste Management. 29 (2009) 2378–2384. 646 
https://doi.org/10.1016/j.wasman.2009.03.026. 647 

[30] A. Heidari, B. Hasanpour, Effects of waste bricks powder of gachsaran company as a 648 
pozzolanic material in concrete, Asian Journal of Civil Engineering. 14 (2013) 755–763. 649 

[31] Z. Ge, Y. Wang, R. Sun, X. Wu, Y. Guan, Influence of ground waste clay brick on properties 650 
of fresh and hardened concrete, Construction and Building Materials. 98 (2015) 128–136. 651 
https://doi.org/10.1016/j.conbuildmat.2015.08.100. 652 

[32] O.M. Olofinnade, A.N. Ede, J.M. Ndambuki, G.O. Bamigboye, Structural properties of 653 
concrete containing ground waste clay brick powder as partial substitute for cement, in: 654 
Materials Science Forum, Trans Tech Publ, 2016: pp. 63–67. 655 

[33] S. Liu, R. Dai, K. Cao, Z. Gao, The Role of Sintered Clay Brick Powder During the Hydration 656 
Process of Cement Pastes, Iranian Journal of Science and Technology, Transactions of Civil 657 
Engineering. 41 (2017) 159–165. https://doi.org/10.1007/s40996-017-0049-0. 658 

[34] J.P. Gonçalves, L.M. Tavares, R.D. Toledo Filho, E.M.R. Fairbairn, Performance evaluation 659 
of cement mortars modified with metakaolin or ground brick, Construction and Building 660 
Materials. 23 (2009) 1971–1979. https://doi.org/10.1016/j.conbuildmat.2008.08.027. 661 

[35] F. Bektas, K. Wang, H. Ceylan, Use of ground clay brick as a pozzolanic material in concrete, 662 
Journal of ASTM International. 5 (2008) 1–10. 663 

[36] T. Kulovaná, E. Vejmelková, M. Keppert, P. Rovnaníková, Z. Keršner, R. Černý, Mechanical, 664 
durability and hygrothermal properties of concrete produced using Portland cement-665 
ceramic powder blends, Structural Concrete. 17 (2016) 105–115. 666 
https://doi.org/10.1002/suco.201500029. 667 

[37] A.E. Lavat, M.A. Trezza, M. Poggi, Characterization of ceramic roof tile wastes as pozzolanic 668 
admixture, Waste Manag. 29 (2009) 1666–1674. 669 
https://doi.org/10.1016/j.wasman.2008.10.019. 670 

[38] C.S.G. Penteado, E. Viviani de Carvalho, R.C.C. Lintz, Reusing ceramic tile polishing waste 671 
in paving block manufacturing, Journal of Cleaner Production. 112 (2016) 514–520. 672 
https://doi.org/10.1016/j.jclepro.2015.06.142. 673 

[39] M.A. Mas, J. Monzó, J. Payá, L. Reig, M.V. Borrachero, Ceramic tiles waste as replacement 674 
material in Portland cement, Advances in Cement Research. 28 (2016) 221–232. 675 
https://doi.org/10.1680/jadcr.15.00021. 676 

[40] M.I. Sánchez de Rojas, F. Marín, J. Rivera, M. Frías, Morphology and Properties in Blended 677 
Cements with Ceramic Wastes as a Pozzolanic Material, Journal of the American Ceramic 678 
Society. 89 (2006) 3701–3705. https://doi.org/10.1111/j.1551-2916.2006.01279.x. 679 

[41] M.I.S. de Rojas, M. Frías, O. Rodríguez, J. Rivera, Durability of Blended Cement Pastes 680 
Containing Ceramic Waste as a Pozzolanic Addition, Journal of the American Ceramic 681 
Society. 97 (2014) 1543–1551. https://doi.org/10.1111/jace.12882. 682 

[42] A.S. El-Dieb, D.M. Kanaan, Ceramic waste powder an alternative cement replacement – 683 
Characterization and evaluation, Sustainable Materials and Technologies. 17 (2018) 684 
e00063. https://doi.org/10.1016/j.susmat.2018.e00063. 685 

[43] C. Medina, I.F. Sáez del Bosque, E. Asensio, M. Frías, M.I. Sánchez de Rojas, Mineralogy 686 
and Microstructure of Hydrated Phases During the Pozzolanic Reaction in the Sanitary 687 
Ware Waste/Ca(OH) 2 System, Journal of the American Ceramic Society. 99 (2016) 340–688 
348. https://doi.org/10.1111/jace.13939. 689 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[44] E. Asensio, C. Medina, M. Frías, M.I.S. de Rojas, Characterization of Ceramic-Based 690 
Construction and Demolition Waste: Use as Pozzolan in Cements, Journal of the American 691 
Ceramic Society. 99 (2016) 4121–4127. https://doi.org/10.1111/jace.14437. 692 

[45] J. Shao, J. Gao, Y. Zhao, X. Chen, Study on the pozzolanic reaction of clay brick powder in 693 
blended cement pastes, Construction and Building Materials. 213 (2019) 209–215. 694 
https://doi.org/10.1016/j.conbuildmat.2019.03.307. 695 

[46] A.A. Aliabdo, A.-E.M. Abd-Elmoaty, H.H. Hassan, Utilization of crushed clay brick in 696 
concrete industry, Alexandria Engineering Journal. 53 (2014) 151–168. 697 
https://doi.org/10.1016/j.aej.2013.12.003. 698 

[47] Z. Ge, Z. Gao, R. Sun, L. Zheng, Mix design of concrete with recycled clay-brick-powder 699 
using the orthogonal design method, Construction and Building Materials. 31 (2012) 289–700 
293. https://doi.org/10.1016/j.conbuildmat.2012.01.002. 701 

[48] M. O’Farrell, S. Wild, B.B. Sabir, Pore size distribution and compressive strength of waste 702 
clay brick mortar, Cement and Concrete Composites. 23 (2001) 81–91. 703 
https://doi.org/10.1016/S0958-9465(00)00070-6. 704 

[49] V. Letelier, E. Tarela, G. Moriconi, Mechanical Properties of Concretes with Recycled 705 
Aggregates and Waste Brick Powder as Cement Replacement, Procedia Engineering. 171 706 
(2017) 627–632. https://doi.org/10.1016/j.proeng.2017.01.396. 707 

[50] B. Cantero, I.F. Sáez del Bosque, A. Matías, M.I. Sánchez de Rojas, C. Medina, Inclusion of 708 
construction and demolition waste as a coarse aggregate and a cement addition in 709 
structural concrete design, Archives of Civil and Mechanical Engineering. 19 (2019) 1338–710 
1352. https://doi.org/10.1016/j.acme.2019.08.004. 711 

[51] EN 197-1, Cement - Part 1: Composition, specifications and conformity criteria for common 712 
cements, CEN, Belgium, Brussels, 2011. 713 

[52] E. Asensio de Lucas, Valorisation of construction and demolition waste as an alternative 714 
pozzolan in eco-efficient cements [Valorización de residuos de construcción y demolición 715 
como puzolanas alternativas para cementos eco-eficientes], Universidad Complutense de 716 
Madrid, 2015. 717 

[53] E. Asensio, C. Medina, M. Frías, M.I. Sánchez de Rojas, Use of clay-based construction and 718 
demolition waste as additions in the design of new low and very low heat of hydration 719 
cements, Mater Struct. 51 (2018) 101. https://doi.org/10.1617/s11527-018-1226-8. 720 

[54] E. Asensio de Lucas, C. Medina, M. Frías, M.I. Sánchez de Rojas, Clay-based construction 721 
and demolition waste as a pozzolanic addition in blended cements. Effect on sulfate 722 
resistance, Construction and Building Materials. 127 (2016) 950–958. 723 
https://doi.org/10.1016/j.conbuildmat.2016.10.047. 724 

[55] C. Medina, I.F. Sáez del Bosque, E. Asensio, M. Frías, M.I. Sánchez de Rojas, New additions 725 
for eco-efficient cement design. Impact on calorimetric behaviour and comparison of test 726 
methods, Mater Struct. 49 (2016) 4595–4607. https://doi.org/10.1617/s11527-016-0809-727 
5. 728 

[56] EN 933-11, Tests for geometrical properties of aggregates - Part 11: Classification test for 729 
the constituents of coarse recycled aggregate, CEN, Belgium, Brussels, 2009. 730 

[57] EN 196-2, Method of testing cement - Part 2: Chemical analysis of cement, CEN, Belgium, 731 
Brussels, 2013. 732 

[58] EN 196-3, Methods of testing cement - Part 3: Determination of setting times and 733 
soundness, CEN, Belgium, Brussels, 2016. 734 

[59] EN 12620+A1, Aggregates for concrete, CEN, Belgium, Brussels, 2008. 735 
[60] EN 933-1, Tests for geometrical properties of aggregates - Part 1: Determination of particle 736 

size distribution - Sieving method, CEN, Belgium, Brussels, 2012. 737 
[61] UNE 146406, Determination of content, maximum size and thick aggregate granulometric 738 

modulus in fresh concrete., AENOR, Madrid, Spain, 2018. 739 
[62] EHE-08, Code on Structural Concrete (EHE-08), Spanish Ministry of Public Works, Madrid, 740 

2008. 741 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[63] UNE 146121, Aggregates for concrete. Specifications for aggregates for concrete for 742 
structural concrete elements., AENOR, Madrid, Spain, 2000. 743 

[64] EN 1097-6, Tests for mechanical and physical properties of aggregates - Part 6: 744 
Determination of particle density and water absorption, CEN, Belgium, Brussels, 2013. 745 

[65] EN 933-3, Tests for geometrical properties of aggregates - Part 3: Determination of particle 746 
shape - Flakiness index, CEN, Belgium, Brussels, 2012. 747 

[66] EN 1097-2, Tests for mechanical and physical properties of aggregates - Part 2: Methods 748 
for the determination of resistance to fragmentation, CEN, Belgium, Brussels, 2010. 749 

[67] N.K. Bui, T. Satomi, H. Takahashi, Improvement of mechanical properties of recycled 750 
aggregate concrete basing on a new combination method between recycled aggregate and 751 
natural aggregate, Construction and Building Materials. 148 (2017) 376–385. 752 
https://doi.org/10.1016/j.conbuildmat.2017.05.084. 753 

[68] K. Liu, J. Yan, X. Meng, C. Zou, Bond behavior between deformed steel bars and recycled 754 
aggregate concrete after freeze-thaw cycles, Construction and Building Materials. 232 755 
(2020) 117236. https://doi.org/10.1016/j.conbuildmat.2019.117236. 756 

[69] EN-12350-2, Testing Fresh Concrete. Part 2: Slump-test, CEN, Belgium, Brussels, 2009. 757 
[70] EN-12350-3, Testing fresh concrete - Part 3: Vebe test, CEN, Belgium, Brussels, 2009. 758 
[71] EN 12390-7, Testing hardened concrete - Part 7: Density of hardened concrete, CEN, 759 

Belgium, Brussels, 2009. 760 
[72] EN 12390-1, Testing hardened concrete. Part 1: Shape, dimensions and other 761 

requirements for specimens and moulds., CEN, Belgium, Brussels, 2000. 762 
[73] EN, En 12390-4:2000. Testing hardened concrete - Part 4: Compressive strength - 763 

specification for testing machines, En 12390-4:2000. (2000) 1–18. 764 
[74] EN, EN 12390-3/AC:2011. Testing hardened concrete - Part 3: Compressive strength of test 765 

specimens, CEN, 2011. 766 
[75] EN, EN 12390-1:2012. Testing hardened concrete - Part 1: Shape, dimensions and other 767 

requirements for specimens and moulds, CEN, 2012. 768 
[76] M.G. Beltrán, A. Barbudo, F. Agrela, A.P. Galvín, J.R. Jiménez, Effect of cement addition on 769 

the properties of recycled concretes to reach control concretes strengths, Journal of 770 
Cleaner Production. 79 (2014) 124–133. https://doi.org/10.1016/j.jclepro.2014.05.053. 771 

[77] F.M. Lea, P.C. Hewlett, M. Liska, Lea’s chemistry of cement and concrete, 2019. 772 
http://search.ebscohost.com/login.aspx?direct=true&scope=site&db=nlebk&db=nlabk&773 
AN=1214615 (accessed July 18, 2019). 774 

[78] EN 1992-1-1:2004/AC, Eurocode 2: Design of concrete structures - Part 1-1: General rules 775 
and rules for buildings, CEN, Brussels, Belgium, 2010. 776 

[79] F. Pacheco-Torgal, S. Jalali, Reusing ceramic wastes in concrete, Construction and Building 777 
Materials. 24 (2010) 832–838. https://doi.org/10.1016/j.conbuildmat.2009.10.023. 778 

[80] M.S. Kirgiz, Strength gain mechanisms of blended-cements containing marble powder and 779 
brick powder, KSCE Journal of Civil Engineering. 19 (2015) 165–172. 780 
https://doi.org/10.1007/s12205-014-0557-4. 781 

[81] J.M.V. Gómez-Soberón, Porosity of recycled concrete with substitution of recycled 782 
concrete aggregate: An experimental study, Cement and Concrete Research. 32 (2002) 783 
1301–1311. https://doi.org/10.1016/S0008-8846(02)00795-0. 784 

[82] R. Kumar, B. Bhattacharjee, Porosity, pore size distribution and in situ strength of concrete, 785 
Cement and Concrete Research. 33 (2003) 155–164. https://doi.org/10.1016/S0008-786 
8846(02)00942-0. 787 

[83] D.M. Kannan, S.H. Aboubakr, A.S. EL-Dieb, M.M. Reda Taha, High performance concrete 788 
incorporating ceramic waste powder as large partial replacement of Portland cement, 789 
Construction and Building Materials. 144 (2017) 35–41. 790 
https://doi.org/10.1016/j.conbuildmat.2017.03.115. 791 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



[84] C.-S. Poon, D. Chan, Effects of contaminants on the properties of concrete paving blocks 792 
prepared with recycled concrete aggregates, Construction and Building Materials. 21 793 
(2007) 164–175. https://doi.org/10.1016/j.conbuildmat.2005.06.031. 794 

[85] Z. Xiao, T.C. Ling, S.C. Kou, Q. Wang, C.S. Poon, Use of wastes derived from earthquakes 795 
for the production of concrete masonry partition wall blocks, Waste Management. 31 796 
(2011) 1859–1866. https://doi.org/10.1016/j.wasman.2011.04.010. 797 

 798 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 




