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Abstract 7 

Materials considered as waste, such as Construction and Demolition Wastes (C&DW) and Biomass 8 

Bottom Ash (BBA) are the subject of this study to implement them in cement-based materials. 9 

After basic and advanced characterization, as well as leaching studies to assess the environmental 10 

impact, they are implemented in mortars as a replacement for standard silica sand. In this way, 11 

their mechanical behaviour, durability and micro-properties in hardened state are tested. The 12 

feasibility of implementing Mixed Recycled Aggregates (MRA) from C&DW and BBA to replace 13 

natural sand in high substitution rates is studied by substituting the wastes alone and in 14 

combination. Mortar mixes in which 50% of the aggregate is replaced, reaching more than 80% of 15 

the standard mortar strength. Mixtures in which 10% of the aggregate is replaced reaching more 16 

than 95% of the standard mortar strength. 17 
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 23 

1. Introduction 24 

Advancement in the generation of new materials such as cement mortars made mainly from waste 25 

as a substitute for traditional raw materials is fundamental towards mitigating excessive energy 26 

consumption, consumption of natural resources, carbon dioxide emissions and environmental 27 

degradation, and therefore leading to a reduction in climate change. 28 

Today, the management of waste generated by human activity is of great interest. This management 29 

is directly related to sustainable development, based on the 17 Sustainable Development Goals. 30 

(SDGs) promoted by The 2030 Agenda for Sustainable Development, adopted by all United 31 

Nations Member States [1], especially goal 11: sustainable cities and communities, and goal 12: 32 

responsible production and consumption, closely related to goal 13: climate action. The waste 33 

derived from the remodelling of buildings (Construction & Demolition Wastes) and the waste 34 

derived from the generation of electric energy through the burning of forest biomass (Olive 35 

Biomass Bottom Ashes) is substantial.  36 
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In Europe, currently, a large amount of construction and demolition waste (CDW) is produced. 37 

This figure amounted to 372 Mt, excluding excavated soils, in 2020 [2], which represents almost 38 

40% of the overall waste generated in Europe [3].The construction sector is responsible for 30% 39 

of total waste in the world [4], and in addition to generating large amounts of waste it is responsible 40 

for high consumption of natural resources and energy. It is a sector that traditionally has a linear 41 

approach, where natural raw materials are used, manufactured and then destroyed at the end of 42 

their useful life and accumulated in landfills. This linear production produces large amounts of 43 

CO2 emissions, with the construction sector being responsible for 23% of carbon dioxide emissions 44 

from global economic activities [5, 6]. 45 

Advancing towards a circular economy and proper management of natural resources includes 46 

obtaining energy through renewable sources as a substitute for fossil fuels. Electricity production 47 

through biomass accounted for 5.1% of total energy consumption in 2018 [7], and the most widely 48 

used biomass is forest biomass, accounting for 85% of that used for energy purposes [8, 9]. 49 

Biomass combustion is considered clean energy, a reason that has led to an increase in the 50 

construction of plants [10]. Biomass combustion generates waste called biomass ash, which 51 

currently has few recycling alternatives [11]. 52 

The use of this waste is focused on the substitution of natural elements for construction related 53 

materials, the main subject of this document. By including such waste in construction elements, 54 

two benefits are achieved. The first is to avoid the accumulation of waste, which has no real use 55 

[12] and the second focuses on avoiding the use of naturally occurring materials. 56 

Within construction and demolition waste, mixed recycled aggregates (MRA) are produced and 57 

accumulated in large quantities.  This material is mainly composed of concrete aggregates and 58 

masonry rubble, obtained in the largest quantities in waste treatment plants [13]. MRA as a 59 

substitute for natural sand has been studied in different previous works and it should be taken into 60 
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account that the workability of the mixes is modified when MRA is introduced, due to the fact that 61 

the absorption of this recycled material is different from the absorption of natural sand [14-16]. On 62 

the other hand, mixes have been found in which the replacement of natural sand with sand from 63 

recycled aggregates have better mechanical behaviour [17, 18], which may be due to the pozzolanic 64 

capabilities of the ultrafine MRA, as the ceramic particles have cementitious properties [19, 20]. 65 

This pozzolanic capacity has also been demonstrated for biomass bottom ash (BBA). The 66 

pozzolanic capacity of BBA depends mainly on its chemical composition, especially on the 67 

Si+Fe+Al and CaO content. In addition to the composition, the organic matter content and 68 

crystalline structure of the phases should be evaluated as a factor influencing the pozzolanicity of 69 

the material [21, 22]. 70 

The substitution of natural aggregates by BBA has been studied for the manufacture of concrete 71 

and mortar. The basic properties of mortars manufactured with BBA include low density and high 72 

porosity materials [23-26]. The high organic matter content of BBA is one of the most restrictive 73 

conditions for it to be used in construction materials [27] as organic matter affects durability and 74 

mechanical behaviour. However, with proper treatment, sieving, crushing, calcination or washing, 75 

the amount of organic matter decreases and the properties of the mortars improve [25]. 76 

Therefore, the combination of MRA and BBA as a substitute aggregate for natural aggregate in the 77 

manufacture of mortar has a high potential, mainly due to the pozzolanic properties of the material 78 

that lead to an increase in mechanical strength [20].  79 

In this study, substitutions between 10-50% of natural aggregate by different combinations of MRA 80 

and BBA subjected to simple screening processes have been carried out, as well as an advanced 81 

characterisation of each of the materials and subsequently a study of the mechanical, durability and 82 

microstructural properties of the mortars manufactured with high substitution percentages. 83 
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2. Materials 84 

2.1. Characterisation properties of materials 85 

2.1.1. Cement 86 

The cement used in this research was CEM I 42.5R, and the physicochemical properties are 87 

summarised in Table 1. 88 

Table 1. Physicochemical properties of Cement CEM I 42.5R  89 

FRX (%) 

UNE-EN 

196-1 [28] 

 

  CaO SiO2 SO3 Al2O3 Fe2O3 MgO K2O Na2O TiO2 LOI 
Density 

(kg/m3) 

CEM I 

42.5R 
67.92 17.57 4.50 3.32 1.81 1.38 1.07 0.36 0.27 1.80 3.14 

 90 

The cement used is a type of cement with high compressive strength, especially suitable for mass 91 

concrete, reinforced concrete, non-prestressed prefabricated concrete and for the manufacture of 92 

mortars in general. 93 

2.1.2. Normalised Sand 94 
Normalised sand according to DIN EN 196-1 [28] is characterised by its particle size distribution. 95 

The grain sizes are in the range of 0.08 and 2.00 millimeters. Their proportions are shown in table 96 

2. The maximum moisture content of the sand is 0.2 per cent, marketed in bags weighing 1.350 (± 97 

5) grammes. 98 

Table 2. Particles size distribution. 99 

Sieve (mm) Lower limit 
Interval 

average 
Upper limit 

2 0 0 0 

1.6 2 7 12 

1 28 33 38 

0.5 62 67 72 

0.16 82 87 92 
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0.08 98 99 100 

Standard sand is produced artificially. For this purpose, natural and quartz-rich sands are screened 100 

in several steps to obtain the respective fractions of the different grain sizes. 101 

2.1.3. Mixed Recycled Aggregates 102 

The recycled aggregate used comes from a recycling plant in Cordoba, Andalusia (Spain). It is a 103 

company dedicated to waste management, with special emphasis on the management of 104 

construction and demolition waste (C&DW). 105 

Table 3 shows the composition of the MRA; the recycled aggregate composition test (performed 106 

according to UNE-EN 933-11 [29] is a test of special importance to classify recycled aggregates 107 

according to their nature, as well as to provide an index of their quality. 108 

Table 3. Composition of MRA. 109 

Composition MRA (0 – 22 mm) UNE-EN 933-11 [29] 

Concrete 

(%) 

Natural 

Aggregate 

(%) 

Ceramic  

(%) 

Bituminous 

(%) 

Others  

(%) 

Glass  

(%) 

Floating 

(cm3/kg) 

43.7 33.8 19.1 2.8 0.6 0 0 

 110 

It can be observed that it is mainly composed of ceramic materials, concrete and natural aggregates. 111 

Depending on the quality of the aggregate, it may also contain certain percentages of impurities 112 

such as glass, metals, wood, gypsum, organic soil, etc. These impurities can have a negative 113 

influence on the reusability properties of the new material and must therefore be limited, but the 114 

MRA used in the study has no relevant impurity percentages. 115 

Table 4 shows the chemical composition of the MRA, in which it can be observed that it is 116 

chemically formed by silica oxide (44.63 %), calcium oxide (34.19 %), aluminium oxide (9.42 %) 117 

followed by other oxides in a smaller proportion (< 4%). The chemical composition varies 118 

according to the place of origin and the type of treatment given at the plant. Previous studies 119 

showed CDW powder with high Al2O3 and Fe2O3 content [30]. The MRAs analysed in this study 120 

resulted in lower values of both components, as shown in the study by Medina et al. [31]. 121 
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It is important to note that the CaO content is higher than that observed in other recycled aggregates 122 

studied [32, 33]. 123 

Table 4. Constituents of MRA (FRX). 124 

Constituents (%) BBA-PG (0 – 4 mm) UNE-EN 933-11 [29] 

CaO SiO2 K2O Al2O3 MgO P2O5 Fe2O3 SO3 Na2O TiO2 MnO2  LOI 

33.62 43.88 2.01 9.26 3.19 0.21 3.11 1.75 0.61 0.53 0.14 1.69 

 125 
Table 5 shows a summary of the physical and chemical properties that were evaluated for the MRA. 126 

The values correspond to the average of three samples taken from the material. 127 

Table 5. Physic-chemical properties of different fractions of MRA. 128 

Properties 
CHARACTERIZATION MRA 

Size Results Test Method 

Density-SSD (kg/m3) 0 - 4 mm 2.35 
UNE-EN 1097-6 [34] 

Water Absortion (%) 0 - 4 mm 9.52 

Friability Ratio (%) 0.1 - 2 mm 23.4 UNE 146404 [35] 

Sand Equivalent (%) 0 - 2 mm 75.87 UNE-EN 933-8 [36] 

Organic Content (%) 0 - 2 mm 0.21 UNE 103204 [37] 

Chlorides (%) 0 - 2 mm 0.08 

UNE-EN 1744-1 [38] Water-soluble sulfates (%) 0 - 2 mm 0.38 

Acid-soluble sulfates (%) 0 - 2 mm 0.38 

According to previous studies, an important property that determines the use of MRA in different 129 

applications is the density and absorption of the aggregate. There are studies [13] in which the 130 

limits of these properties are established according to different standards. According to the most 131 

restrictive standard, the MRA density must be higher than 2.2 kg/m3 and the water absorption 132 

lower than 7%. As shown in Table 5, the MRA analysed presented higher density values; however, 133 

due to the high content of ceramic particles, the absorption of the material was higher. The fine 134 

fraction of the material resulted in higher absorption values, which is similar to the one obtained 135 

in the study [39], showing water absorption values of 8% in the fine fraction and 5% in the coarse 136 

fraction. 137 

Parameters such as friability, Los Angeles coefficient or sand equivalent that evaluate the erosion 138 
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resistance of the material showed values of 23.4, 34.72 and 75.87 respectively. These values 139 

indicate that the MRA studied showed better properties with respect to previous studies in which 140 

the results of friability ratios for different MRA studied [40] were between 24.02% and 27.20%, or 141 

another study [41] in which the friability ratio was 23.94% for recycled aggregates. 142 

In relation to the Los Angeles results, [42] this study gives three different numbers for three 143 

different recycled aggregates. These Los Angeles results are 38%, 29% and 42% for recycled 144 

concrete, ceramics and mixed debris respectively. Other studies [43] present values of Los Angeles 145 

38.1% for recycled concrete aggregates and 44.2% for recycled masonry. Concerning this paper 146 

[44] on the MRA from the pavement of Lisbon International Airport, the results of the Los Angeles 147 

test showed values of between 36% and 45%. 148 

There is a study [45] that includes a characterisation of MRA where Los Angeles is 40.99% and 149 

the constituents are 44.11% for concrete and 33.56% for ceramics. The value of concrete in MRA 150 

is 45.64% and the value of ceramics (clay-based material) is 5.3%. Regarding the quantity of 151 

natural aggregate, this value is 28.06%. [31]  152 

2.1.4. Olive Biomass Bottom Ash from Puente Genil (BBA-PG) 153 

Biomass ash was extracted from a combined cycle cogeneration (13 + 4.4 Megawatt -MW-) and 154 

biomass power generation (9.6 MW) industrial complex located in Puente Genil, Cordoba 155 

(Andalusia, Spain). 156 

The biomass used as fuel for the plant comes mainly from oil cake (waste obtained from the olive 157 

pomace oil extraction process) but also olive pruning residues, almond shells, cotton and sunflower 158 

stubble, forestry residues, etc., from crops in the area. 159 

The chemical composition of the ash samples from Puente Genil was determined by X-ray 160 

fluorescence (XRF) and is presented in Table 6. 161 

Table 6. Constituents of BBA-PG (FRX). 162 
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Constituents (%) BBA-PG (0 – 4 mm) UNE-EN 933-11 [29] 

CaO SiO2 K2O Al2O3 MgO P2O5 Fe2O3 SO3 Na2O TiO2 MnO2  LOI 

46.72 24.38 9.07 4.89 4.19 4.16 5.25 0.38 0.55 0.28 0.09 3.92 

 163 

The main oxides found in the ash were CaO, SiO2, and Al2O3, consistent with other studies [21], 164 

[46], which are in turn the major components in Portland cement [47]. The ash had a 165 

SiO2+Al2O3+Fe2O3 content < 70%. It is a high lime content ash, as its CaO content exceeds 45%, 166 

with possible hydraulic and/or pozzolanic properties. However, it is worth noting the presence of 167 

alkalis in its composition (K2O > 10%) which can negatively affect the durability of the material. 168 

Table 7 shows a summary of the physical and chemical properties that were evaluated for the BBA-169 

PG. 170 

Table 7. Physic-chemical properties of different fractions of BBA-PG 171 

Properties 
CHARACTERIZATION BBA-PG 

Size Results Test Method 

Density-SSD (kg/m3) 0 - 4 mm 2.01 
UNE-EN 1097-6 [34] 

Water Absortion (%) 0 - 4 mm 19.5 

Friability Ratio (%) 0.1 - 2 mm 24.9 UNE 146404 [35] 

Sand Equivalent (%) 0 - 2 mm 69.83 UNE-EN 933-8 [36] 

Organic Content (%) 0 - 2 mm 3.31 UNE 103204 [37] 

Chlorides 0 - 2 mm 0.25 

UNE-EN 1744-1 [38] Water-soluble sulfates (%) 0 - 2 mm 0.19 

Acid-soluble sulfates (%) 0 - 2 mm 0.19 

 172 

Regarding the water absorption of BBA-PG, values close to 20% were observed, due to the fact 173 

that the ash is formed by highly porous and rough textured particles [48], [49]. Organic matter 174 

values below 3.5% were detected, whose value depends mainly on the combustion technology of 175 

each power plant [50]. The resistance to fragmentation, due to its structure, presents high values of 176 

friability compared to natural sand [51], and the soluble sulphate contents are below the limits set 177 

by the regulations for a natural aggregate. 178 
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2.1.1. Olive Biomass Bottom Ash from Linares (BBA-L) 179 

In this work, biomass bottom ash from a Linares biomass combustion power plant has been studied. 180 

This power plant is situated in the Andalusia region (Spain), in which there is a high concentration 181 

of olive orchards. 182 

In relation to chemical composition (Table 8), the BBA-L is composed mainly of SiO2, CaO and 183 

K2O. Similar results were found in previous studies [11, 52].  184 

Table 8. Constituents of BBA-L (FRX). 185 

Constituents (%) BBA-L (0 – 4 mm) UNE-EN 933-11[29] 

CaO SiO2 K2O Al2O3 MgO P2O5 Fe2O3 SO3 Na2O TiO2 MnO2  LOI 

30.63 32.75 14.85 6.40 4.88 2.95 2.92 0.49 0.33 0.25 0.14 3.41 

 186 

Table 9. Physic-chemical properties of different fractions of BBA-L. 187 

Properties 
CHARACTERIZATION BBA-L 

Size Results Test Method 

Density-SSD (kg/m3) 0 - 4 mm 1.89 
UNE-EN 1097-6 [34] 

Water Absortion (%) 0 - 4 mm 19.8 

Friability Ratio (%) 0.1 - 2 mm 36.5 UNE 146404 [35] 

Sand Equivalent (%) 0 - 2 mm 67.42 UNE-EN 933-8 [36] 

Organic Content (%) 0 - 2 mm 2.49 UNE 103204 [37] 

Chlorides (%) 0 - 2 mm 0.22 

UNE-EN 1744-1 [38] Water-soluble sulfates (%) 0 - 2 mm 0.3 

Acid-soluble sulfates (%) 0 - 2 mm 0.3 

 188 

In table 9, it can be observed that BBA-L presents great facility for fragmentation, being able to 189 

obtain powder easily. In addition, once the water absorption tests have been carried out, we find 190 

that the results present significantly higher absorptions than natural aggregate. This parameter is 191 

of great importance for construction because concrete and mortars with excess or insufficient water 192 

behave worse mechanically. Determine the amount of water necessary to saturate the BBA and 193 

thus leave sufficient hydration water for pozzolanic reactions. is a critical point in these additions 194 
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of residues in construction materials [53]. 195 

The density result of the BBA-L showed lower values compared to a natural aggregate, directly 196 

related to the absorption, which resulted in high values. Similar results were obtained in previous 197 

studies, where the characterisation of BBA with different origins showed density values between 198 

1.7 and 2.5 kg/m3 and very high and variable absorptions between 19-28% [23, 25, 54-56]. 199 

Figure 1 shows the granulometry test for MRA, BBA-PG and BBA-L. 200 

 201 

Figure 1. Particle size distribution of MRA, BBA-PG and BBA-L 202 

2.1.2. Determination of the reactivity of aggregates. UNE 146513:2018 [57]. ASR and ACR 203 

The alkali-aggregate reaction involves chemical interactions between the alkaline hydroxides, 204 

which usually, but not always, come from the cement used in the manufacture of concrete, and the 205 

reactive components of the aggregates used [58]. Depending on the nature of the aggregates, two 206 

different types of reaction have been distinguished: if the aggregates are carbonaceous, the so-207 

called alkali-carbonate reaction occurs, while if the aggregates are of a siliceous nature, the alkali-208 

silica reaction occurs. Figure 2 shows the reactivity results of MRA, BBA-PG and BBA-L. 209 
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 210 
 211 

Figure 2. Carbonates test of MRA, BBA-PG and BBA-L 212 

In the figure where Alkali-carbonate reaction (ACR) results are showed, it observes that the three 213 

materials are in potentially reactive zone. 214 

Regarding alkali-silica reactions in recycled aggregates, the presence of residual mortar releases 215 

some alkalis into the pore solution and increases the risk of reaction. The alkali-silica reaction 216 

(ASR) is considered one of the most common degrading agents causing expansion arising from the 217 

formation of a gel that swells on contact with water [59]. In the case of BBA, the alkali-silica 218 

reaction is mainly due to the potassium content present in both samples [60]. 219 

2.2. Environmental leaching study. Compliance Test. UNE-EN 12457-3:2004 [61]. 220 

Conformance testing was performed to determine whether the material complies with a specific 221 

behaviour or with specific reference values. The tests focus on a number of variables and leaching 222 

behaviour previously identified in the basic characterisation tests. 223 

The material was tested in a granular state in contact with deionised water subjected to mechanical 224 

agitation at a liquid/solid (L/S) ratio (10 l/kg) for 24 hours. 225 

The results obtained were compared with the legal limits imposed by the EU Landfill Directive 226 

(Directive 2003/33) and the material was classified as inert, non-hazardous or hazardous waste 227 

(Figure 3). 228 
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 229 

Figure 3. Leaching results. 230 

According to the data presented in Figure 3, the MRA was categorised as inert waste; however, the 231 

BBA-L exceeded the legal limit for inert heavy metals: Cr and Cu, and the BBA-PG for Mo. The 232 

level of Cu in BBA is mainly due to phytosanitary treatments; copper sulphate is commonly used 233 

to combat the fungus Verticillium dahliae which causes the disease commonly known as 234 

Verticillium in olive trees [62], while cupric hydroxide is used to treat olive and/or grape diseases 235 

called Plasmopara viticola [63]. There are three points that exceed the limits of inert classification, 236 

addressing the zone of non-hazardous material. These points are for BBA-L on the elements Cr 237 

and Cu and BBA-PG on the element Mo. Note that, although they enter the non-hazardous material 238 

zone, these leaching points are located almost on the dividing line between the inert material zone 239 

and the non-hazardous material zone. 240 

2.3.Advanced characterisation of the processed materials 241 

This section presents the characterisation of the microcomposition of the waste. Tests such as X-242 

ray diffraction (XRD), thermogravimetric analysis (TGA) and Fourier Transform Infrared 243 
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Spectroscopy (FTIR) provide results on the mineralogy of the residues. Moreover, they provide 244 

information on the existing organic matter or water, either in the form of moisture or as part of the 245 

minerals, called hydrological water. 246 

2.3.1. X-ray diffraction 247 

The study of the x-ray diffraction of each of the materials shows distinct patterns. First, Figure 4 248 

shows the diffractogram of the MRA. This material showed a crystalline structure with marked 249 

peaks of Quartz, Calcite and Dolomite. These results are similar to those obtained in previous 250 

studies [20, 64]. 251 

 252 

Figure 4. XRD of MRA 253 

Regarding the olive biomass ash, a slightly more amorphous structure than that presented by MRA 254 

was observed in both diffractograms (Figure 4 and Figure 5). The BBA showed a composition of 255 

quartz, calcite and dolomite crystals mainly, as did MRA; however, the presence of silicates was 256 

also observed in this material. 257 
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 258 

Figure 5. XRD of BBA-PG and BBA-L 259 

Similar compositions were obtained in previous studies in which olive BBA was analysed [25, 46, 260 

54, 56, 65, 66]. The heating process to which the biomass is subjected in energy production is 261 

responsible for the high amount of quartz and calcite [67]. As shown in previous studies [46, 68], 262 

the presence of silicate crystals in the BBA favours the interaction with the cementitious matrix 263 

during setting, which may improve the mechanical strength of the material. 264 

Both types of ash showed similar diffraction, differing in the higher quartz content present in the 265 

BBA-L. 266 

2.3.2. Fourier-transform infrared spectroscopy (FTIR)  267 

Fourier-transform infrared spectroscopy shows the absorption of infrared rays of different 268 

wavelengths. Thanks to this analysis, we can corroborate the minerals that make up the analysed 269 

material. Figure 6. FTIR spectra for MRA, BBA – PG and BBA - L shows the results. After the 270 

analysing the figure, we find important peaks that provide a comprehensive analysis of the results. 271 

The main peaks are shown in table 10. 272 
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 273 

Figure 6. FTIR spectra for MRA, BBA-PG and BBA-L 274 

Table 10. Principal infrared absorption bands 275 

 276 

For peaks found in MRA in wavenumber between 1000 cm-1 and 1060 cm-1 is related to the 277 

presence of asymmetric stretching of Si-O-Si. For BBA-PG and BBA-L, peaks between 950 cm-1 278 

and 980 cm-1 were found, related with the presence of Si-O-Na, Si-O-K or Si-O-Li stretching since 279 

the presence of K in both materials was determined by X-ray fluorescence (Table. 6 and Table 8). 280 

Wavenumbers cm-1 

MRA 1418 1004 847 795 778 728 712 694 643 519 445 

BBA – PG 1413 962 873 711 686 641 440     

BBA - L 1409 930 872 710 691 442      
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Three materials showed vibrations between 845 cm-1 and 880 cm-1, where it is found Si-O 281 

stretching and OH bending (Si-OH). For MRA, asymmetric stretching of Si-O-Si were found in 282 

700 cm-1 [69]. 283 

2.3.3. Thermogravimetric analysis (TGA) 284 

This test determines the mass volatilised when a temperature is imposed on the material. 285 

Depending on the mass loss at each temperature, we can determine the compound that volatilises, 286 

which is part of the original material. The atmosphere in which the test was carried out is N2. The 287 

results are shown in Figure 7 so that on the left axis is the total mass of the sample and on the right 288 

axis is specified the difference in mass lost with respect to the mass at the previous temperature. 289 

   290 

Figure 7. DTGA MRA, BBA-PG and BBA-L 291 

For the MRA and BBA-L samples, a first mass loss peak is found at 101ºC. This mass loss is due 292 

to the loss of adsorbed water and water from the SiO2-CaO. For MRA, water loss at this 293 
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temperature can be for the presence of ettringite phases [70]. For MRA it found a peak in 294 

temperature of 278ºC determinates a weight loss related with the presence of gibbsite such as 295 

Phlogopite [71] and a peak in temperature of 535ºC it found a weight loss related with the presence 296 

of Fe2O3 and Al2O3 hydrated phases from clay minerals [70]. For three samples studied, there was 297 

a weight loss of CO2 from calcite with peak of temperatures around 690, 760 and 840 °C [72, 73]. 298 

A big loss of weight appears between 600ºC and 850ºC, where dolomite is decomposed [74]. 299 

It can be observed that the mass loss of the biomass bottom ash at 800ºC is more accentuated for 300 

the BBA-PG material from Puente Genil with respect to the BBA-L material from Linares. Mass 301 

losses at this temperature are related to the existence of carbonate content. As there is a higher mass 302 

drop in the bottom ash coming from Puente Genil, this material presents a higher amount of 303 

carbonate content due to unburned organic matter, corroborating the data presented in tables 7 and 304 

9 (characterisation of BBA-PG and BBA-L). The results for the amount of organic matter are 305 

higher in the BBA-PG (3.31%) than in the BBA-L (2.49%). 306 

3. Mixes proportions, manufacturing and workability 307 

To carry out the mechanical behavior and durability study, 10 mortar mixes were made, including 308 

a control mix, with different proportions of natural aggregate replacement by MRA, BBA or a 309 

combination of both. It should be noted that the replacements were carried out maintaining the 310 

initial volume, so that the densities of the waste were taken into account in comparison with the 311 

density of the natural sand. 312 

As observed in the particle size distribution of the material (fig.2), BBA is composed of a large 313 

number of fines, which can affect the properties of the manufactured mortars. For this reason, two 314 

particle sizes were proposed for the application of BBA; a particle size of the complete fraction 315 

(0mm-2mm) named BBA-L and BBA-PG and the removal of particles smaller than 0.125mm by 316 

sieving (fraction 0.125mm-2mm) named BBA-LS and BBA-PGS. 317 
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Table 11. Mortar mixes dosages. 318 

Mixture No 

Mix proportion of the specimen (UNE-EN 196-1 [28])  

Cement 

(g) 

Normalized 

Sand (g) 

BBA-L 

(g) 

BBA-LS 

(g) 

BBA-PG 

(g) 

BBA-PGS 

(g) 

MRA 

(g) 

Water 

(g) 

Saturation 

Water (g) 

Aditive 

(ml) 

Slump  

(cm) 

Control CEM 

I 42.5 
450 1350 0 0 0 0 0 225 0 0 21.1 

20M 450 1080 0 0 0 0 239.73 225 18 2 20.8 

50M 450 675 0 0 0 0 599.32 225 38 4 21.0 

10B-L 450 1215 99.72 0 0 0 0 225 18 3 20.9 

10B-LS 450 1215 0 96.65 0 0 0 225 20 3 21.3 

10B-PG 450 1215 0 0 96.14 0 0 225 17 3 21.1 

10B-PGS 450 1215 0 0 0 92.56 0 225 17 3 21.1 

10M/5B-L 450 1147.5 49.86 0 0 0 119.86 225 20 4 20.4 

10M/5B-PG  450 1147.5 0 0 48.07 0 119.86 225 16 4 19.9 

40M/10B-LS 450 675 0 96.65 0 0 479.45 225 45 8 20.4 

40M/10B-

PGS 
450 675 0 0 0 92.52 479.45 225 40 8 20.1 

 319 

During the preparation of the mortar mixes, the consistency of the control mix with CEM I 42.5R 320 

and standardized natural sand was taken into account. Because the water absorption of the waste 321 

is higher than the absorption of the natural sand, saturation water was included. The saturation 322 

water causes the waste to hydrate, thus allowing sufficient water to hydrate the cement and 323 

complete the hardening reactions. 324 

In addition, to achieve the consistency of control mortar in the mixes with residues without adding 325 

more water than the saturation water, a commercial superplasticiser additive was applied. 326 

4. Methods and Results 327 

After characterising the waste that will replace aggregate in the mortar mixes, this section presents 328 

the mortar mixes made, specifying the manufacturing method, workability, mechanical properties, 329 

dimensional changes, hardened density and porosity and, finally, micro-properties (MIP and SEM) 330 
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of hardened mortars of the mixes with the best mechanical behavior compared to the control mix. 331 

4.1 Mechanical properties- Compressive and flexural strength. UNE-EN 196-1 [28]. 332 

In order to study the mechanical behavior of the mortar mixtures, tests were carried out at 2, 7, 28 333 

and 90 days. Three specimens were evaluated for flexural strength and six specimens were 334 

evaluated for compressive strength. In addition, table 12 shows the percentage increase in 335 

mechanical strength from 28 days to 90 days. 336 

The mechanical strengths of mortars with waste replacing standard natural sand are varied. In the 337 

mixtures with low substitutions between 10% and 20% of replacement, it is observed that the 338 

replacement of 20% by MRA and the replacement of 10% by BBA from Puente Genil eliminating 339 

ultrafine by sieving (10B-PGS) are the ones that present the best mechanical behaviour. The 340 

mechanical compressive strengths of these mortar mixes reach 47MPa at 28 days, while the control 341 

mix reaches 53MPa. In addition, observing the compressive strengths at 90 days, the control mortar 342 

reaches 56MPa when the mortar mix replacing 10% by BBA of Puente Genil (10B-PGS) reaches 343 

53 MPa, this resistance being 95% of the resistance presented by the control mortar. Figure 8 and 344 

figure 9 show the compressive and flexural strength. 345 
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 346 

Figure 8. Compressive strength of mortar mixes. 347 

Other studies value mixed recycled aggregate as a substitute for natural aggregate. Studies such as 348 

Saiz Martínez et al., 2016 [75] reach high substitution rates (50%, 75% and 100%). The results of 349 

this study in 50% substitution rate reach 21 MPa at 28 days. The study carried out by Heidari et 350 

al., 2018 [76] shows a substitution from 0% to 100% of the natural sand by recycled aggregate. 351 

Compared to this study, the drop in compression of a 20% substitution is negligible and the drop 352 

in strength when 50% is substituted is 20% of compression strength performance. 353 
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 354 

Figure 9. Flexural strength of mortar mixes. 355 

In mixtures with a high substitution of 50% of the normalised natural sand, it is observed that the 356 

MRA reaches a strength of 44MPa and 48MPa at 28 days and 90 days, respectively. Both breaks 357 

at both 28 days and 90 days reach 86% of the strength of the conventional mortar mix. As discussed 358 

above, of the low-substitution mixes, the best mechanical behaviour was found to be that of the 359 

10B-PGS mix. The hybrid substitution mix with the best mechanical performance is 40M/10B-360 

PGS, reaching 77% of the compressive strength of the control mix at 28 days and 83% at 90 days. 361 

In figure 10, it can be observed the relative strength of each of the mortar mixes with respect to the 362 

strength of the conventional or control mortar. Other studies evaluating flexural strength show that 363 

there is an increase in flexural strength when recycled aggregates are included. Substitutions of 364 

20% natural sand for recycled aggregate show an increase in flexural strength of 15% and 365 

substitutions of 50% natural sand for recycled aggregate show an increase of 30%. [76]. 366 
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   367 

Figure 10. Relative strength with respect control mortar. 368 

For mechanical flexural strengths, the mixtures with the best mechanical performance are the same 369 

as those for compression. At 90 days, 20MRA reaches 89% and 10B-PGS reaches 96% of the 370 

control mix strength. For mixes that include a high percentage of wastes, the mix with the highest 371 

flexural strength is 50M, reaching 85% with respect to the CEM I 42.5 control at 90 days. The best 372 

combination of waste is 40M/10B-PGS, reaching 75% of the strength of the control mix at 90 days. 373 

It should be noted that the high-substitution hybrid mortar with BBA from Linares (40M/10B-LS) 374 

also has a 74% flexural strength at 90 days. 375 

Table 12. Increasing resistance from 28 days to 90 days. 376 
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Compressive 

Strength 
+4.9 +6.3 +7.8 +15.8 +18.4 +13.8 +11.0 +10.1 +11.6 +16.3 +11.6 

Table 12 shows the growth of mechanical behavior in percentage between 28 days and 90 days. 377 

The mixtures that show a higher growth in this period of time are those that include biomass bottom 378 

ash with the ultrafine material removed. The compressive strength of the 10B-LS mix grows by 379 

18.4%% and the 40M/10B-LS mix grows by 16.3% in the maturation process between 28 and 90 380 
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days. 381 

4.2. Dimensional changes. Dry chamber and under water conditions. 382 

Dimensional changes were measured throughout the curing process of the mortar mixes under 383 

study. With a micrometric precision comparator, measurements were made on the length variations 384 

in square section specimens of side 2cm and length 28.5cm. The measurements were taken at 385 

different stages of maturity, at 2, 7, 14, 28, 56, 72 and 90 days. In addition, to measure dimensional 386 

changes, all the mixtures were subjected to two curing environments. The cure environments are 387 

in the Dry Chamber and Under Water. The results of the dimensional changes are shown in figure 388 

11. 389 

 390 

 391 

Figure 11. Dimensional changes of mortar mixes. 392 
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Figure 11 shows how the mixtures cured in the dry chamber undergo a greater dimensional change, 393 

retracting their size. It should be noted that the size stability of the mixtures cured in the dry 394 

chamber is reached at 28 days compared to those cured under water, which is reached at 56 days. 395 

In the dry chamber curing environment, the mixtures with substituents present shrinkage between 396 

600μm/m and 800μm/m, while the control mix, however, presents a shrinkage of 200μm/m. The 397 

mix with the highest shrinkage is 10B-LS, with 840μm/m at 90 days. 398 

With respect to the mortar mixes that have been cured under water, the long-term dimensional 399 

change is small. The dimensional changes of all the mixes are between 60μm/m swelling and 400 

180μm/m shrinkage. The mortar mix with the highest swelling is 10M/10B-LS and the one with 401 

the highest retraction is 10M/5B-PG. When compared with the control mix, it can be seen that both 402 

the progression of dimensional changes up to the stabilisation value and the shrinkage of the mix 403 

are in the range of 60μm/m swelling and 180μm/m retraction. 404 

4.3. Hardened density and open porosity. UNE 83980:2014 [77]. 405 

Hardening density and accessible porosity tests were carried out for all mortar mixes. Open 406 

porosity is the volumen of air accessible, including cracks or pores. Several factors can influence 407 

the appearance of pores, such as curing, the age of the mix, the water-cement ratio or size, particle 408 

size distribution and nature of the aggregates [78]. The results obtained are presented in figure 12. 409 
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 410 

Figure 12. Open porosity and hardener density 411 

It is observed that mixtures with higher density have a lower number of accessible pores. The 412 

Control CEM I 42.5, 10B-PGS and 10M/5B-PG mixtures have the lowest porosity and the highest 413 

density. It should be noted that, comparing mixtures with the same accessible porosity, the mixtures 414 

with MRA substitutes only have a higher density. BBA-PG and BBA-L materials are less dense 415 

than the MRA applied in this study. It is logical that mixtures containing BBA are less dense than 416 

mixtures containing MRA. 417 

Mixtures containing BBA make the masonry mortars studied lighter. This causes a lower thermal 418 

and acoustic conductivity. [79]. Values of open porosity in façades mortars in other studies are 419 

between 15% and 30% [80]. 420 

4.4. Microproperties of hardened mortars 421 

From all the mortar mixes studied, three of them with acceptable mechanical behaviour and high 422 
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replacement rates have been selected to analyse their microstructural properties. First of all, the 423 

mercury intrusion porosimetry test is presented, followed by a SEM analysis accompanied by XRD 424 

in which the pores and internal structures of the mortar mixes are observed. 425 

4.4.1 Mercury Intrusion Porosimetry. 426 

The Mercury intrusion porosimetry test was carried out on the mixes with 50% replacement of 427 

natural sand by recycled elements with better mechanical behaviour. The 50M, 40M/10BLS and 428 

40M/10BPGS mortar mixes were included in this study. Figure 13 shows the distribution and 429 

specific pore volume of the above mentioned mixes. 430 

 431 

Figure 13. Mercury Intrusión Porosimetry of 50M, 40M/10BLS and 40M/10BPGS mortar mixes. 432 

The mixtures containing BBA have a similar porosimetry, with a peak pore index at 0.1 µm. For 433 

the 50M mixture, a peak is found at 0.9 µm. Other studies using BBA show similar results with 434 

peaks in 0.1 µm in replacement grade of 30% and 50% [81]. Porosity is directly related to two 435 
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parameters, the particle size distribution and the amount of water added [82]. In mortar mixes with 436 

sand substitution rates higher than 10%, the consistency of the fresh mix changes considerably 437 

with respect to the control. To achieve the same workability, it is necessary to add more water to 438 

saturate the recycled element. With absorption rates of 19%-20% for BBA and 10% for MRA the 439 

water required to saturate the recycled materials is substantial and can create pores, and in order to 440 

avoid this the use of additives is necessary. 441 

4.4.2 Scanning Electron Microscopy (SEM) 442 

Mixtures with a 50% substitution of standard natural sand by recycled elements were analysed by 443 

scanning electron microscopy. Thanks to this test, the morphology of the hardened mortar and the 444 

shape and size of the particles within the cementitious matrix can be observed. All figures with 445 

BBA shows a diversity of particle sizes, typical of adding biomass ash to mortar mixes. [83, 84]. 446 

An element distribution analysis was carried out by energy dispersive spectroscopy (EDS), 447 

including phases with elements such as Si, Al, Ca O, or Fe. 448 
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 459 

 460 

 461 

Figure 14. Elemental distribution map of the major elements and XRD of aluminosilicates in 50M mortar mix. 462 
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In the 50M mortar mix, it is observed that the silica and oxygen particles are located in the same 463 

zones of the mortar mix analysed, so that silica phases may be present, probably in the form of 464 

quartz. In addition, there are similar illuminated zones for carbon, oxygen and calcium, probably 465 

due to the presence of CaCO3 phases; the compositions vary mainly in silica and calcium content. 466 

Figure 15. Elemental distribution map of the major elements and XRD of hydrated calcium silicates in 40M/10B-LS 467 
mortar mix. 468 
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The element distribution map shows that the amount of carbon is very localised, likely due to the 469 

presence of unburned elements [85] and the presence of elements with a high degree of alkalinity, 470 

such as potassium or sodium, is limited. The major elements observable in the SEM analysis of the 471 

40M/10B-PGS mortar mix are silicon, oxygen and calcium, main components of calcite and quartz. 472 

Figure 16. Elemental distribution map of the major elements and XRD of aluminosilicates in 40M/10B-PGS mortar 473 
mix. 474 
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It is observed that the presence of potassium is very accentuated in 50M mortar mix comparison 476 

with the analysed mixtures containing BBA, which may be due to the presence of feldspars, both 477 

from the phases contributed by the BBA and the MRA. However, hydration of potassium phases, 478 

which are normally found in the BBA, can produce undesirable internal structures [86]. A previous 479 

washing treatment could eliminate undesired alkaline salts like K2O or MgO that affects directly 480 

durability and hydration process of mortar mixes [65]. 481 

A quantitative elemental analysis of the 50M, 40M/10B-LS and 40M/10B-PGS mortar samples is 482 

shown in table 13, related to figure 18. 483 

Table 13. Quantification of elements via SEM of mortar mixes 484 

% 50M 40M/10B-LS 40M/10B-PGS 

Element 1 2 3 4 5 6 7 8 9 10 11 12 

SiO2 58.67 10.79 14.62 2.83 83.63 94.45 19.65 19.51 59.38 59.26 23.82 23.32 

Al2O3 20.25 1.81 3.30 0.01 1.28 2.35 3.24 3.34 22.19 22.27 2.67 5.28 

CaO 4.99 84.62 78.20 94.60 14.64 0.58 69.63 69.55 0.53 0.59 66.04 63.54 

Fe2O3 4.31 1.38 1.27 0.67 0.09 1.36 2.76 2.78 0.14 0.16 1.70 1.93 

K2O 0.12 0.42 1.67 0.16 0.10 0.97 2.01 1.94 16.97 16.94 0.47 0.31 

Na2O 10.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.78 0.00 0.00 

SO3 0.00 0.60 0.93 1.72 0.20 0.00 2.71 2.64 0.00 0.00 4.16 5.61 

 485 

Figure 17. SEM pictures at 1000x magnification 486 

It is observed that the majority elements in general are SiO2, Al2O3 and CaO. There are also 487 

undesirable elements such as K2O, Na2O and SO3. The existence of K2O, possibly derived from 488 

introducing biomass [11], is more accentuated in points 9, 10 belonging to mortar 40M/10B-PGS. 489 
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There are studies that determine that the washing of the biomass bottom ash before introducing it 490 

into the mortar mixtures can considerably reduce the existence of potassium [87]. In the study by 491 

C. Famy et al. [88] the proportion of each element is related to possible crystals formed. Performing 492 

the analysis provided by this study, the existence of Portlandite occurs in points 2 and 3 of 50M, 7 493 

and 8 of 10M/10B-LS and 11 and 12 of 40M/B-PGS. At the points where aluminum and silicon 494 

phases exist, we find aluminosilicates as points 1 of 50M and 8 and 9 of 40M/10B-PGS. 495 

5. Conclusions 496 

This study investigates the application of two types of processed waste, biomass bottom ash (BBA) 497 

and mixed recycled aggregates (MRA) to replace sand for the manufacture of mortars, and the 498 

most relevant conclusions reached are the following: 499 

1.- When applying BBA and MRA with different processes instead of natural aggregates for the 500 

manufacture of mortars, lower densities are obtained in the final product. In addition, there is a 501 

greater demand for water due to the greater porosity of these materials, which must be adequately 502 

controlled to avoid excess water in the hardening process of the mixes. 503 

2.- Different specific processes have been applied, mainly to the BBA, to eliminate in some cases 504 

the finest particles by sieving, which have thus obtained a very substantial improvement in the 505 

resistant properties of the manufactured mortars by increasing more than 100% of resistance 506 

improvement between the mixture 10P-GS and 10P-G, at the age of 28 days. 507 

3.- Two types of BBA have been applied, since they came from two different origins, and one from 508 

MRA. It is demonstrated that it is possible to apply combinations of both processed residues, for 509 

the manufacture of mortars, applying the adequate contents of water and additives for its adequate 510 

performance. 511 

4.- The increase in resistance achieved in the mixtures with BBA and MRA was much higher 512 
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between 28 and 90 days, compared to that presented by the control, due to the pozzolanic activity 513 

that these processed residues present, as demonstrated in previous works. 514 

5.- Higher drying shrinkage values were obtained in the mortar mixtures in which BBA and MRA 515 

were applied. 516 
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