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ARTICLE INFO ABSTRACT
Keywords: The reuse and recycling of construction and demolition waste is becoming an advisable choice to
Eco-friendly production system reduce the consumption of key raw materials and the environmental impact generated by the
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Recycled aggregates

Cement mortars

Solid waste management

construction of new buildings. This study proposes the introduction of two new stages of recycled
aggregate processing that allow redesigning the production process of recycled aggregates to-
wards a more sustainable and eco-friendly system: sieving with secondary crushing and washing.
Based on an experimental study, our findings show that the new stages reduce significantly the
content of impurities and the water absorption of recycled aggregates, obtaining a better final
product (i.e. cement mortar) for buildings. Moreover, the new final product made with treated
recycled aggregates also experiences significant improvements in their physical and mechanical
properties (i.e.: increased on average, 5% in flexural strength, 6% in compression strength and
reduced shrinkage by 2%), in turn reducing both the costs associated with the manufacture of the
new product and its environmental impact compared to other products that solely include un-
treated recycled aggregates. The potential economic and solid waste management implications
for firms that choose to deploy the new production system depicted are also discussed.

1. Introduction

Consumption patterns and the growing industrialization over the last few years have accelerated the exploitation of natural re-
sources beyond their ability to replenish themselves. The European Union (EU) is one of the regions leading international efforts to
conserve natural resources and, simultaneously, mitigate climate change. The environmental strategy to be followed is included in the
European Green Deal approved by the European Commission in December 2019 [1]. This European Green Deal emphasizes, for
instance, the need to find new production models for a more sustainable use of resources in the field of building and the importance of
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embracing a circular economy in this industry, by leveraging solid waste as an important source of generation of new resources. This is
important because buildings are responsible for about 75% of current energy consumption [2] and consume a large amount of inputs
during their execution (Sameer and Bringezu, 2019). Construction and demolition waste (CDW) accounts for about 36% of all solid
waste generated in EU countries and about 40% of the world’s carbon dioxide emissions [3]. And, according to estimations by
Transparency Market Research, annual CDW is expected to reach 2.2 billion tons globally by 2025 [4]. This explains why there is
currently a lot of pressure on the building industry to up its sustainable efforts by recovering the majority of its solid waste, as only
20-30% of CDW is currently reused or recycled.

Overall, about 80% of CDW generated is considered as inert solid waste (ceramic waste, masonry or concrete) and about the
remaining 20% as non-hazardous solid waste (wood, metal or plastics), while it is uncommon to find CDW that can be classified as
hazardous' [5]. Pretty much all the experts are currently in agreement in recognizing that one of the main problems that CDW triggers
is its high volume of occupation in landfills, with the subsequent impact that it has on the environment. According to the Construction
& Demolition Recycling Association (CDRA), recycling about 583 million tons of CDW can save 4,300 acres of landfill space. The reuse
of CDW can also reduce both the demand for new resources and the costs related to production and transportation. In addition, the use
of recycled instead of virgin materials can contribute to reducing CO3 emissions by more than 40% in the construction industry [6].

Certainly, to address many of the problems arising from CDW, the more environmentally engaged construction firms are inte-
grating closed-loop supply chains into the design of their buildings, which consider the entire life cycle of the resources used [7]. The
CDW management must be carried out in a controlled manner, taking into account the complete roadmap, from its generation on site to
its subsequent treatment or final disposal in regulated areas [8]. This model of CDW management represented in Fig. 1 allows for
classifying all the solid waste generated from the origin and carrying out a subsequent recovery of them.

A possible choice for the recovery of CDW considered as inert is its transformation/reutilization into aggregates for construction
and its use as suitable substitutes for natural aggregates [9]. The importance of natural aggregates is essential for the industry; for
example, sand is the second most consumed natural resource worldwide after water [10]. The United Nations Environment Programme
(UNEP) estimates that about 50 billion tons of sand and gravel are needed each year to meet global demand. Given our great de-
pendency on sand, it must be viewed as a strategic resource and its use and extraction need to be wisely managed [11].

Recycled aggregates generally have worse physical and mechanical properties than natural ones, mainly as a result of deficiencies
in their manufacturing processes, the heterogeneity of waste from which they come, and the existence of a cementitious layer that
surrounds the natural aggregate [12,13]. In this research, recycled aggregates of two different types are used: first, from concrete solid
waste and, second, from the demolition of masonry factories. The former is the most commonly used for the preparation of mortar and
concrete [14], its use is regulated by current legislation, and it is characterized by having mortar impurities on the surface of the
aggregates, poorer mechanical resistance [15], a high content of fine particles [16] and a higher coefficient of friability compared to
natural aggregates (Moron et al., 2021). Mixed ceramic recycled aggregates usually have a greater heterogeneity in their composition,
exhibiting worse physical and mechanical properties than natural aggregates due to the high water absorption coefficient [17], low
density and worse mechanical resistance [18], high content of fines and a higher content of gypsum impurities that have a negative
effect causing the corrosion of steel reinforcement (Garcia et al., 2017).

The characteristics of the recycled aggregates affect the production of masonry mortars, as they usually have a greater demand for
mixing water compared to traditional mortars [19]. In addition, mortars with the incorporation of recycled aggregates generally have
lower mechanical resistance [20], lower durability [21] and greater shrinkage during setting (Moron et al., 2017). Some authors point
out that the main differences observed between mortars made with recycled sand and natural sand lie in the difference in total po-
rosities and the pore size distribution [22]. In the last few years there has been a strong commitment to the search for more efficient
solutions in the aggregate manufacturing process, with the aim of obtaining a higher quality product for the use of mortars, but that is
simultaneously more environmentally friendly [23]. A possible alternative is to introduce some improvements/innovations in the
recycled aggregate manufacturing process, for example, through the introduction of secondary crushing and sand washing stages.

In recent years, the use of recycled materials in the building sector has attracted increasing interest. Some researchers have
emphasized the potential economic and environmental benefits and the excellent physical and mechanical properties derived from the
use of lightweight artificial aggregates for the production of concrete (e.g., Ref. [24]. However, unlike prior studies, we also evaluate
the properties of the recycled aggregates and the possible innovations in their manufacturing process. To the best of our knowledge,
there are hardly studies that address the improvement in the manufacturing and treatment processes of recycled aggregates for the
preparation of mortars, and simultaneously examine the business impact derived from it.

Therefore, the main purpose of this study is precisely to evaluate the impacts of introducing secondary crushing and washing stages
(i.e. process innovations) for aggregates in the manufacturing process of recycled sands may have on the quality of the final product
obtained. We conduct an experimental study to gain first-hand knowledge of the following: first, how the physical properties of the
recycled aggregates can vary after considering the two stages; and, second, how the use of these treated aggregates influences the
elaboration of masonry mortars, as well as its effects on the physical and mechanical properties. Finally, we conduct a preliminary
economic study on the total direct costs associated with the preparation of the different types of masonry mortars from the different
types of aggregates considered to evaluate which option(s) is (are) preferable from an economic standpoint.

We suggest that it is critical to promote the consumption of recycled aggregates, favoring their use in works execution projects and
carrying out a subsequent follow-up of the products used to also guarantee their future recovery possibilities [25]. We also recognize

1 Some noteworthy exceptions are CDW containing small amounts of hazardous materials such as asbestos and solvents that can not only impede
recycling but also pose specific risks to the environment.
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Fig. 1. Management cycle for CDW.
Source: The authors.

that the management of CDW must be understood as one more operation within the supply chain of firms and that it must have a
positive impact on the final price of the recovered materials [26]. Therefore, it is critical to conduct studies that allow the improvement
of the recovery and recycling process of the CDW generated today, and the present study represents an important advance in this
direction. Ultimately, our study highlights that, apart from the environmental benefits of recycling resources, firms can also improve
their production methods by boosting their business models with more sustainable techniques that can help achieve competitive
advantages.

2. Materials and experimental programme
2.1. Materials

2.1.1. Aggregates

Fig. 2 shows the three different types of aggregates used in our research. On the one hand, we use natural aggregate (NA) as a
benchmark in the physical and mechanical characterization tests of sand and mortar. On the other hand, we also use recycled ag-
gregates from the TEC-REC recycling plant in the Community of Madrid (Spain). This plant has a material processing capacity close to
600 t/h. These recycled aggregates are mainly of two types: first, recycled sand from concrete waste (RA-Con) and, second, mixed
ceramic recycled sand from the demolition of masonry walls (RA-Mix).

To know in detail the qualitative and quantitative percentage composition of the recycled aggregates used in this study, we perform
an X-ray fluorescence test, using a Bruker S2 Puma model spectrometer. For this test the samples were pulverised with an agate mortar
and sieved with a 0.3 mm mesh light sieve. Table 1 shows that RA-Mix has a higher content of alumina, calcium oxide and iron oxide
than RA-Con due to the ceramic origin and clay content of these aggregates [27]. Additionally, RA-Mix has sulfur oxides in its
composition, probably as a consequence of possible gypsum impurities adhered to the aggregate. Finally, RA-Con exhibits a higher
SiO5 content due to the aggregates that made up the original concrete [28].

2.1.2. Cement, water, and additive

Cement is the most widely used binder in the manufacture of masonry mortars, as it is a material that offers good performance. In
this study, we have used CEM II/B-L 32.5-N as it is one of the most commonly used binders on site. This cement has a real density of
3.06 kg/1 according to the UNE 80103 standard. Table 2 shows its elemental composition obtained by X-ray fluorescence. All com-
pounds appearing in this table correspond to the main phases of this type of cement: tricalcium silicate (C3S), belite (C2S), tricalcium
aluminate (C3A), and tetracalcium aluminoferrite (C4AF). On the other hand, the sulfur oxide content denotes the use of gypsum
compounds during the manufacturing process of these raw materials with the intention of eliminating the possible phenomenon of
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Fig. 2. Aggregates used in the study. (a) Natural Sand (NA); (b) Concrete Recycled Sand (RA-Con); (c) Mixed Ceramic Recycled Sand (RA-Mix).
Source: The authors.
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Table 1

Main results of the X-ray fluorescence test for recycled aggregates.
Sample: type of aggregate Al,03 Ca0O Fe,03 K20 MgO SiO, MnO TiO, SO3 P,0s NaO, I.Loss
RA-Con 6.32 10.86 1.45 2.07 0.56 67.32 0.02 0.16 - 0.09 0.32 10.83
RA-Mix 10.07 17.23 2.78 2.21 1.65 44.67 - 0.31 4.27 0.11 0.79 15.91

Source: The authors.

Table 2

Results of the X-ray fluorescence test for CEM II/B-L - 32.5 N
CaO SiO, SO3 Al,O3 Fe,03 K;0 TiO, MgO SrO NaO, MnO P,0s
66.94 19.05 4.23 3.67 3.26 0.37 0.13 1.83 0.08 0.22 0.07 0.13

Source: The authors.

instantaneous setting [29].

Meanwhile, drinking water from the Canal de Isabel II of the Community of Madrid has been used for mixing the mortars produced
in our trials, because it does not contain chemical compounds that alter the final properties of the mortars, such as chlorides or sulfates
(Gonzalez et al., 2019). Additionally, for the mixing of mortars made with recycled aggregates, the superplasticizer Glenium Sky 604
has been used to obtain a plastic consistency of the mixes without the need to excessively increase the mixing water. The raw material
that makes up this additive is formaldehyde-p-naphthalenesulfonate condensates. It is a compound made up of surface-active mole-
cules capable of neutralizing the electrical charges of the cement grains and their ability to flocculate. This type of additive has also
been used successfully in past research.

2.2. Experimental programme

2.2.1. Redesign of the production system of recycled aggregates

To improve the physical properties of recycled aggregates, a redesign of their manufacturing system has been carried out, as shown
in Fig. 3. Specifically, this redesign has been carried out taking as a benchmark the current production scheme used by the TEC-REC of
the Community of Madrid, the supplier of the raw materials used in our empirical study.

As noted in Fig. 3, two stages are added: secondary crushing and washing. The former stage is introduced with the intention of
reusing the aggregate fraction greater than 4 mm, as it has been proven that the amount of particles between the 4 and 8 mm mesh size
sieves exceeds the limits allowed in the UNE-EN 13139 standard for mortar aggregates. The introduction of a washing stage aims to
eliminate possible impurities adhered to the sands during crushing and reduce the fines content [30]. To check the beneficial effect of
adding both stages, we test independent samples from different construction and demolition works. In total, the number of samples
collected for each of the recycled sands used in this study is 30. The list of trials used in this part of the study is the following:

e Sieving 30 independent samples of 1 kg mass for each type of sand using an IBERTEST reciprocating mechanical sieve shaker. The
aim is to determine the amount of sand with a grain size greater than 4 mm that should be recirculated through the secondary
crushing process for better use of the material. We have followed the recommendations of the UNE-EN 933-1 standard and the
series of standardized sieves according to the UNE-EN 933-2 standard has also been used.

e Washing of the sieved recycled aggregates and determination of their most relevant physical properties: fines content, friability,
relative density, bulk density, fineness modulus, and water absorption. Three samples of each type of sand are checked in each trial.

Crane and
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Fig. 3. Redesign of the manufacturing system of recycled aggregates after introducing the secondary crushing and sand washing stages.
Source: The authors.
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For the diagnosis of the model used, we have corroborated that the residuals meet the conditions of independence, homo-
skedasticity, and normality in each of the variables analyzed.

o In those properties where statistically significant differences are found, the trial is replicated with 30 independent samples of each
type of sand.

2.2.2. Application of recycled aggregates in the manufacture of masonry mortars

We also examine the differences between the physical and mechanical properties of cement mortars made with natural aggregate,
those made with untreated recycled aggregate and those made with treated recycled aggregate (sieved and washed). The notation used
to name the mortars is as follows: sand — dosage - treatment, where sand (aggregate) can be natural (NA), recycled concrete (RA-Con),
or recycled mixed ceramics (RA-Mix); dosage refers to the cement/sand ratio, which can be 1:3 or 1:4, and, finally, the aggregate can
have been washed/treated (T) or unwashed/untreated (NT) depending on the manufacturing process followed. The distribution of the
trials conducted is as follows:

Determination of dosages for each type of mortar depending on the aggregate that they incorporate in their composition, with the
aim of obtaining a workable consistency for the mass in the fresh state according to the UNE-EN 1015-2:2007 standard.
Mechanical characterization trials: resistance to bending and compression of the hardened mortar samples, trials series of three
specimens of each type with standardized dimensions of 40 x 40 x 160 mm, according to the UNE-EN 1015-11:2000/A1:2007
standard.

Complementary trials for masonry mortars: surface hardness, apparent density, water absorption by capillarity (UNE-EN
1015-18:2003), and resistance to adhesion (UNE-EN 1015-12:2016).

Complementary trials to determine shrinkage during setting, following the adoption of the UNE 80-112-89 standard, in 25 x 25 x
287 mm specimens up to 120 days.

e Summary of the results achieved using the multiple range test in each of the physical and mechanical properties tested.

All the specimens tested (except those used for the shrinkage trial) were cured in a humid chamber under the same conditions of
relative humidity (90%) and temperature (24 + 1 °C) until 28 days had elapsed.

2.2.3. Business and economic impact of the new manufacturing system

To check the viability of the redesign of the new manufacturing system for aggregates, we conduct an economic valuation for the
price of a cubic meter of cement mortar containing the composition of the different dosages used in the study. The following guidelines
have been followed:

e Evaluation of possible production costs and determination of the average market prices of the different materials that make up the
masonry mortars used in the empirical study.

e Calculation of the price per cubic meter of mortar placed on site. We make two estimates on the price of the treated recycled
aggregate (sieving and washing), increasing the price of these sands by 25% and 50% to analyze two possible scenarios; the second
being the most unfavorable case.

e Comparison between the prices of different mortars and search for potential sources of competitive advantage for the
manufacturing process of aggregates. This would allow construction companies that commit to this type of recycled material to
differentiate themselves from their competitors.

16 4 . | ' |
| ; i | ~e-RAMix —e-RACon |

14
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Fig. 4. Percentage of sand greater than 4 mm obtained during the sieving of 30 independent samples for each type of aggregate.
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3. Results and discussion
3.1. Results related to the improvement in the manufacturing system of recycled aggregates

3.1.1. Sieving, secondary crushing, and recirculation of the aggregate greater than 4 mm

Fig. 4 shows the results obtained during the sieving of 30 independent samples of 1 kg mass each, obtained from the same recycling
center at time intervals of one month and for both types of recycled aggregates considered in this study. This figure illustrates the
percentage fraction of sand retained in the 4 mm sieve, which should be subjected to a new grinding and recirculation process in order
to improve the quality of the product obtained and achieve greater reuse of it. This figure shows that the recycled concrete aggregate
has a better initial granulometry, with a lower content of grains greater than 4 mm compared to the mixed ceramic recycled aggregate.
The results of the statistical analysis performed are shown in Table 3. In light of these results, it can be pointed out with 95% confidence
that in the current manufacturing process of mixed ceramic recycled aggregates more than 118 g per 1000 g of material exceeds the
maximum recommended size in the sands that are going to be used in the manufacture of masonry mortars. This amount is consid-
erably lower in the case of recycled concrete aggregates, i.e., 48.3 g per 1000 g of material; but even so, it is still highly recommended
to include a stage of sieving, crushing, and recirculation prior to the output of the final material. These results are in line with those
reached by other researchers who highlight the importance of introducing a secondary crushing stage as it would help to improve the
quality of the recycled aggregates [31,32].

3.1.2. Consequences of aggregate washing for its physical properties

Table 4 provides the main results linked to the physical properties determined for both recycled aggregate samples used in this
study. The results obtained for natural aggregate samples have also been added as a benchmark.

Table 4 reveals that recycled aggregates have worse physical and mechanical properties than natural aggregates, in line with prior
studies (Moron et al., 2021). The lower density of the recycled aggregates stands out, and will result in a decrease in the mechanical
resistance of the materials made from these aggregates. Moreover, the density of the mixed ceramic recycled aggregates is lower
compared to the recycled concrete aggregates. The friability or degradation capacity of the aggregates due to shock effects is also lower
in natural aggregates compared to recycled ones.

However, an important finding reported in Table 4 is the decrease in the fines content and water absorption coefficient in the
samples of recycled aggregates as a direct consequence of the washing stage introduced in their manufacturing process. These
properties of recycled aggregates, which are generally superior to those of natural aggregates, have some negative effects, as they
require a greater amount of mixing water and the use of plasticizers in the manufacture of mortar and concrete, in addition to reducing
their mechanical resistance [33]. Accordingly, the final product can become more expensive and the lifetime of the materials made
with recycled aggregate decreases, so the washing (i.e. treatment) of the recycled aggregates has a positive effect on its final properties.

To check which factors influence each of the properties examined, an ANOVA test is conducted. All p-values for the aggregate type
factor have a significance level lower than 5%, so we can argue that the recycled concrete aggregates have better physical and me-
chanical properties than the mixed ceramic recycled aggregate for the preparation of mortars. As expected, the sand washing affects
only the physical properties of the fines (F-ratio = 104.90; p-value = 0.0000) and water absorption (F-ratio = 84.63; p-value =
0.0000), and these are two of the properties that mostly influence the final sand quality [34]. Table 5 shows the results of the multiple
range test for the physical properties of the recycled aggregates, considering the treatment factor in the manufacturing process (treated
= T vs. not treated = NT).

Because only statistically significant differences are observed by taking the treatment factor for the properties of the fines and water
absorption, we have replicated these tests on 30 independent samples of 1 kg mass each. These samples have been obtained from the
same recycling center at time intervals of one week and for each type of aggregate from CDW considered in this work. The main
findings are shown in Fig. 5a and b.

Both figures illustrate the presence of a little variability between the samples of the different types of recycled aggregates analyzed
in the trials of fines and water absorption. In all cases, an improvement in properties with the incorporation of the washing stage is
observed. This effect is statistically quantified in Table 6. This table shows the 95% confidence intervals for the difference in means
between the treated (T) and untreated aggregates (NT).

Table 6 reveals that in all cases the confidence intervals for the difference in means between treated and untreated aggregates for
both types of CDW are positive at their extremes. Thus, we can argue that the amount of fines for the samples of recycled concrete
aggregate and untreated mixed ceramic recycled aggregate will be greater by an amount equal to that collected in the interval at 95%
of confidence, compared to recycled aggregates of the same type that were treated. A similar logic can be applied to the water ab-
sorption coefficient for sands. The two stages incorporated in the manufacturing process significantly improve the quality of the
recycled sands. These results are of vital importance today, where the role of innovation in firms has become highly relevant as a result
of growing globalization that makes it difficult to compete on prices. In this sense, building on such research, innovation in more

Table 3

Confidence intervals for the material retained on a 4 mm sieve for the 30 independent samples of each type of recycled aggregate.
Type of aggregate Mean (%) Standard deviation (%) Confidence Interval (%)
RA-Con 5.272 0.967 [4.830; 5.494]
RA-Mix 12.159 0.934 [11.830; 12.472]
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Table 4
Physical characterization trials of the recycled aggregates.
Main physical characteristics ) NA RA-Con RA-Con-W RA-Mix RA-Mix-NW
Fine particle content (%) 1.52 3.04 1.39 5.15 3.13
(UNE-EN 933-1)
Module of fineness (UNE-EN 13139) 4.21 4.36 4.44 5.25 5.15
Friability (%) 20.43 24.57 24.39 27.48 27.72
(UNE-EN 146404)
Bulk density (kg/m>) 1582.3 1316.0 1293.4 1241.0 1234.3
(UNE-EN 1097-3)
Relative density (kg/m3) 2513.1 2216.7 2203.1 2129.3 2117.4
(UNE-EN 1097-6)
Water absorption (%) 0.91 6.43 3.65 7.18 4.50

(UNE-EN 1097-6)

) In the particle shape test carried out according to UNE-EN 13139, a classification not relevant for this property was obtained.

Table 5
Multiple range test for the physical properties of recycled aggregates considering the introduction of the washing stage.
Property Treatment Mean Standard deviation Homogeneous groups
Fines content (%) T 2.25667 0.127033 X
NT 4.09667 0.127033 X
Fineness module (%) T 4.79667 0.210165 X
NT 4.80333 0.210165 X
Friability (%) T 26.0250 0.223209 X
NT 26.0583 0.223209 X
Bulk density (kg/m®) T 1263.83 15.19140 X
NT 1278.50 15.19140 X
Relative density (kg/m>) T 2160.00 6.89102 X
NT 2173.00 6.89102 X
Water absorption (%) T 4.07667 0.20958 X
NT 6.80333 0.20958 X
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Fig. 5a. Percentage of fines content obtained during the sieving of 30 independent samples of each type of recycled aggregate considered.

sustainable manufacturing processes and the development of new products responds to the need of firms to adequately respond to
consumers’ demands [35].

3.2. The impact of aggregate treatment on the manufacture of masonry mortars

This section shows the results of the tests performed on masonry mortars. These materials usually require a large amount of
recycled aggregates and are especially indicated for rehabilitation works and industrial prefabricated construction [36]. Thus, we
analyze the improvement in the properties of these materials as a direct consequence of the introduction of the stages of sieving and
secondary titration and washing and drying of the sand, as well as to compare them with the results for mortars made with natural
aggregates.
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Fig. 5b. Water absorption according to the standardized test UNE-EN 1097-6 in the 30 independent samples of each type of aggregate considered.

Table 6

Confidence intervals at 95% for the difference in means in the properties of fines and water absorption in the aggregates.
Type of aggregate Mean (%) Standard deviation (%) Coefficient of variation (%) Confidence interval at 95 (%)
Fines
RA-Con 3.3873 0.41149 12.1479 [1.70455; 2.04345]
RA-Con-T 1.5133 0.20588 13.6047
RA-Mix 5.2967 0.42778 8.0764 [2.01516; 2.44751]
RA-Mix-T 3.0653 0.40852 13.3271
Water absorption
RA-Con 6.2993 0.43549 6.9133 [2.21207; 2.72126]
RA-Con-T 3.8177 0.49006 12.8366
RA-Mix 7.1257 0.56670 7.9529 [2.11499; 2.62701]
RA-Mix-T 4.7547 0.41178 8.6606

3.2.1. Main consequences of the dosage of mortars

In the experimentation process with masonry mortars, two cement/aggregate dosages commonly used on site have been used: 1:3
and 1:4 [27]. In addition, during the process of preparing the samples, the recommendations of the UNE-EN 196-1 standard have been
strictly followed, using the same techniques and methods for the different mixtures, under laboratory conditions of 22 + 1 °C and 60%
relative humidity. Table 7 shows the main findings of this trial.

Table 7 reveals that those mortars including previously treated recycled aggregates in their composition reduce the demand for
mixing water as a result of the lower absorption capacity of these aggregates. In addition, it is important to note that for none of the
mixtures made with treated recycled aggregate was it necessary to use a plasticizer to achieve adequate workability of the mortar
material, and, in all of them, the aggregates presented a continuous granulometry in line with the UNE-EN 933-2 standard. With regard
to the content of mixing water used in the different dosages made, it has been set experimentally following the criteria of the UNE-EN
1015-2 standard. In all cases, a plastic and workable consistency is obtained according to the shake table method, which corresponds to
a mortar paste diameter of 175 + 10 mm.

On the other hand, environmental responsibility requires that firms integrate concern for the environment into their decision-

Table 7
Dosages used for the preparation of masonry mortars. Proportions for RILEM standard mold of 4 x 4 x 16 cm® and consistency according to UNE-EN
1015-2:2007.

Type of aggregate Cement (g) Aggregate (g) Water (g) Additive (g) G Consistency (mm)
NA-1:3 450.0 1350 247.5 - 174
NA-1:4 337.5 1350 199.1 - 172
RA-Con-1:3 450.0 1350 351.0 4.5 176
RA-Con-1:4 337.5 1350 283.5 3.8 171
RA-Mix-1:3 450.0 1350 373.5 4.5 173
RA-Mix-1:4 337.5 1350 297.0 3.8 169
RA-Con-1:3-T 450.0 1350 301.5 - 175
RA-Con-1:4-T 337.5 1350 239.6 - 172
RA-Mix-1:3-T 450.0 1350 324.0 - 173
RA-Mix-1:4-T 337.5 1350 253.1 - 170

) Glenium Sky 604 additive was added in a proportion of 1% of the weight of cement, following the manufacturer’s recommendations.



D. Ferrandez et al. Heliyon 9 (2023) e16641

making and daily operations. In this vein, firms moving to the use of the recycled aggregates obtained through the proposed
manufacturing process will be eliminating a major chemical contaminating agent, namely the plasticizer, in the cement mortar
manufacturing process. Thus, the mortars produced in the way followed in this study are more likely to favor the adaptation by firms to
the requirements set out in the current environmental quality standards.

3.2.2. Analysis of the impact on the physical-mechanical properties of mortars with recycled aggregates

In the vast majority of building applications, mortars act jointly with the construction element of which they are a part (Yedra et al.,
2020a). Accordingly, it is of the utmost importance to know the mechanical resistance to flexural and compression of these materials,
as these will determine the subsequent application of the mortars. Fig. 6a and b shows the results obtained for the flexural and
compressive strenght carried out on sets of three specimens of each batch.

Fig. 6a shows that the mortars with recycled aggregate have lower flexural strength than those obtained from the mortars made
with natural aggregate (Rodriguez et al., 2016). In turn, the mortars with mixed ceramic recycled aggregate showed lower resistance
than mortars with recycled concrete aggregate. Regarding the effect of washing the aggregates and the elimination of the fines during
their manufacture, the beneficial effects can be seen as in all the mixtures that incorporate treated recycled aggregate, higher re-
sistances were obtained, although without reaching those obtained in mortars with natural sand. On the other hand, the more cement-
enriched mortars with a binder/aggregate ratio of 1:3 by weight have greater resistance (although this could lead to a higher economic
cost).

Fig. 6b shows that for the compressive strength the mortars with natural aggregate also present the best results. In the case of
recycled aggregate mortars, those with recycled concrete aggregate were the ones that presented the highest resistance, while mortars
with treated recycled aggregate also obtained better results. Mortars with a cement/aggregate weight ratio of 1:3 also showed higher
resistance for this property. In addition, all the samples analyzed exceed the resistant class M7.5 typified in accordance with the UNE-
EN 998-2:2012 standard, which suggests their potential application for the manufacture of masonry walls and rehabilitation works,
where recycled materials are increasingly required [37].

Additionally, some images have been obtained by scanning electron microscopy (SEM), to observe the correct setting of the samples
and the microstructure of the mortar matrix. These images show the formation of ettringite crystals in the mortar matrix (Fig. 7a),
which supports the correct setting and hydration of the cement in a random sample with washed recycled aggregate [38]. A good
cohesion between the treated recycled aggregate and the binder matrix is also reflected, such that the sand grains are covered by the
cement and their segregation is difficult (Fig. 7b). In addition, it should be noted that cleaning the aggregates with water improves the
interfacial transition zone of the recycled aggregate, enabling better aggregate-matrix bonding. This good microscopic behavior is
further evidence of the positive effect that the mentioned treatment has on the recycled aggregates during the manufacturing process.

Table 8 shows the results related to the mechanical resistances through an ANOVA test that allows the statistical examination of the
impact of the treatment of the aggregates on the mechanical properties of the masonry mortars.

Table 8 reveals that all the individual factors included in the study are significant for the final mechanical properties of the
hardened mortar. Accordingly, we suggest that mortars incorporating aggregates that have been subjected to the process of sieving,
secondary crushing, and washing show statistically significant differences, obtaining higher mechanical resistance than mortars with
unprocessed recycled aggregates. In addition, the combination of the aggregate type and cement/aggregate ratio is significant in both
mechanical strengths, with the samples made with RA-Con and those with cement/sand ratios of 1:3 by weight presenting the best
results.

At the business level, the improvement in the mechanical resistance of the mortars with the treated recycled aggregate can be used
as a competitive advantage in differentiation, with the consequent positive impact on their profitability. Because a more versatile and
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Fig. 6a. Results of the flexural strength tests for different dosages.
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Fig. 7. Scanning electron microscopy on sample RA-Con-1:3-T. (a) Ettringite crystals; (b) Conglomerate/aggregate interface.

Source: The authors.

Table 8
Factors and levels used for the analysis of variance (ANOVA).
Factor Word Levels
Type of aggregate A Recycled Concrete Aggregate (RA-Con) or Mixed (RA-Mix)
Dosage B Cement/aggregate ratio by weight, either 1:3 or 1:4
Treatment C Depending on whether the aggregate includes a washing stage (T) or not (NT)
Property Statistics Factors Interactions
A B C AB AC BC
Flexural Strenght (MPa) F-ratio 21.19 482.55 8.66 9.42 0.43 0.31
p-value 0.0003 0.0000 0.0091 0.0070 0.5219 0.5872
Compressive Strenght (MPa) F-ratio 229.71 2293.05 38.20 108.32 0.20 0.08
p-value 0.0000 0.0000 0.0000 0.0000 0.6566 0.7743

better quality product is achieved, the use of this type of material can have a positive impact on the final result of buildings made with
these materials, as well as contributing to the fight against the depletion of natural resources and the reduction of CDW. Additionally,
this improvement in the properties of the aggregates can have economic and environmental impacts, reducing the amount of cement
necessary to manufacture mortars with mechanical resistance in accordance with those recommended in the different regulations,
which is a frequent problem when working with recycled aggregates [39].
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The complementary physical characterization tests carried out on the mortars included in this study are listed below. Firstly,
Table 9 shows the results obtained for the Shore D surface hardness tests, resistance to adhesion, water absorption by capillarity, and
apparent density of the hardened mortar.

Table 10 reveals some important differences between mortars with natural aggregates and those with recycled aggregates in all the
properties examined. First, the surface hardness of the recycled aggregates mortars is lower compared to traditional mortars, this
hardness being lower for cement/aggregate ratios of 1:4 by weight and lower when mixed recycled aggregates are incorporated. Of all
the samples with recycled aggregates, the one that is closest to the results of the traditional mortar is RA-Con-1:3-T, generally pre-
senting better results for surface hardness in the samples that incorporate treated recycled aggregates. These results are very positive
because surface hardness is a property linked to the wear of mortars and therefore to their durability, which in economic terms is
important to enhance their application [40].

Second, the traditional mortars are the ones that present the best results with respect to resistance to adhesion on ceramic facings.
For this property, the results improve as we prepare more cement-rich mortars with a binder/aggregate ratio of 1:3, as we use recycled
concrete aggregate and treat the aggregate. This property based on the tensile strength at the joint between mortar and substrate is
especially suitable for its application in plasters and coatings in rehabilitation works (Garcia Lopez de la Osa, 2020), which extends the
field of application of these materials beyond prefabricated construction.

Third, in relation to the absorption of water by capillarity, this property affects all mortars that are going to be directly exposed to
rainwater and can lead to problems related to humidity by filtration [41]. Again, the mortars with natural aggregates present better
results. The treatment of the aggregates reduces their water absorption capacity by capillarity, which is in accordance with the lower
absorption capacity of these recycled aggregates. In addition, the mortars with mixed ceramic recycled aggregates have a higher
absorption due to the incorporation of ceramic particles in their composition, and this capillary absorption increases in the more
porous samples that have a cement/aggregate ratio of 1:4 (Moron et al., 2019).

Finally, mortars with natural aggregates have a higher density and, thus, greater compactness, which has been shown in the higher
mechanical resistance to compression of these materials. There are no major differences between the treated recycled aggregates and
the original ones extracted from the production plant, and higher apparent densities were obtained for the mortars with recycled
concrete aggregate and with a cement/aggregate dosage of 1:3 by weight.

Fig. 8a and b shows the results related to the evaluation of the plastic shrinkage in the mortars during setting. These figures show
that the shrinkage is greater in mortars with recycled aggregates than in traditional ones, in line with prior studies [42]. Shrinkage is
closely linked to the dimensional stability of mortars and is caused when the material contracts because it is not capable of with-
standing the stresses caused by rapid evaporation of the mixing water [43]. This phenomenon brings with it problems that are difficult
to correct, causing superficial fissures and flaking of the mortars, which entails carrying out costly interventions to correct this defect.
Mortars with mixed ceramic recycled aggregates have greater shrinkage than mortars with recycled concrete aggregates. In addition,
mortars incorporating the treated recycled aggregates decrease their shrinkage. This decrease is greater for cement/aggregate ratios of
1:4 in weight, which seems reasonable due to the lower amount of binder included in these mixtures.

Finally, to summarize all the results obtained about the effect of the aggregate treatment on the physical properties of masonry
mortars, Table 10 shows the statistical values obtained with the multiple range test in each of the mechanical and physical properties
considered.

In sum, as expected, the treatment of aggregates in their manufacturing process through the introduction of a phase of secondary
crushing and prior washing leads to significant improvements in all the properties of the hardened mortars with the exception of the
bulk density, which remains similar. Thus, the manufacturing process proposed is capable of expanding the application possibilities of
recycled aggregates and improving their physical and mechanical characteristics, providing a potential source of competitive
advantage for firms in the sector.

3.3. The economic impact of the introduction of new manufacturing phases of aggregates

It seems obvious that, as a consequence of the redesign of the production process proposed in this study, a set of additional costs
would be added to those already existing for obtaining recycled aggregates. In this section, an economic evaluation of the different
types of mortars used in our trials is conducted. To do this, the price of producing one cubic meter of each type of mortar has been
calculated, without adding the execution price, as it can be assumed to be constant for all materials. The following considerations have
been taken into account in our estimations:

In the case of cement type CEM II/B-L 32.5-N and natural aggregate, we have considered the average price of a pallet of each raw
material supplied on site.

For mixing water, we have considered the price of drinking water from the Canal de Isabel II of the Community of Madrid.

For the superplasticizer additive Glenium Sky 604, prices have been obtained from the supplier company BASF.

For recycled aggregates, we have considered the price set by the company TEC-REC of the Community of Madrid (supplier of
aggregates used in this research).

In turn, two possible scenarios that take into account the increase in the cost of the production process derived from the incor-
poration of the secondary crushing and sand washing stages have been evaluated. Thus, two increases have been made in the price of
the treated sands of 25% and 50%, respectively, as the most unfavorable possible scenarios. Table 11 shows the results of the price per
cubic meter for each type of mortar considered in the trials of our research. This table reveals that the prices of mortars with recycled

11



D. Ferrandez et al.

Table 9

Complementary tests on samples of hardened mortar.
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Dosage Surface hardness (Ud. Shore D) Adhesion (MPa) Water absorption by capillarity (kg/m?min®®) Apparent density (kg/m>)
NA-1-3 81 0.53 0.54 2086.0
NA-1:4 77 0.48 0.61 1988.0
RA-Con-1-3 74 0.42 0.66 1833.3
RA-Con-1:4 71 0.37 0.77 1785.0
RA-Mix-1-3 72 0.44 0.67 1793.7
RA-Mix-1:4 70 0.39 0.81 1741.2
RA-Con-1-3-T 76 0.47 0.60 1822.7
RA-Con-1:4-T 74 0.41 0.71 1771.7
RA-Mix-1-3-T 72 0.46 0.62 1784.4
RA-Mix-1:4-T 71 0.41 0.72 1727.3
Table 10

Multiple range test for the mechanical and physical properties of recycled aggregates considering the stages of secondary crushing and washing.

G

Property Treatment Mean Standard deviation Homogeneous groups
Flexural strength (MPa) NT 3.86417 0.04685 X
T 4.05917 0.04685 X
Compressive strength (MPa) NT 12.9625 0.09506 X
T 13.7933 0.09506 X
Surface hardness (Shore D) NT 71.6667 0.24421 X
T 73.5000 0.24421 X
Adhesion (MPa) NT 0.40417 0.00424 X
T 0.43417 0.00424 X
Water absorption by capillarity (kg/m?min®®) T 0.66417 0.00408 X
NT 0.72583 0.00408 X
Apparent density (kg/m>) T 1776.50 5.44 X
NT 1788.33 5.44 X
Shrinkage (mm/m) T 0.49273 0.0042 X
NT 0.50637 0.0042 X
) Each value for the mean is made up of a total of 12 samples.
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Fig. 8a. Results of the shrinkage test for samples with a cement/aggregate ratio of 1:3 by weight.

aggregates are considerably lower than those obtained for traditional mortars. This price is further reduced in dosages with a cement/
sand ratio of 1:4. However, the most relevant finding is that mortars including treated recycled aggregates are cheaper than mortars
with untreated aggregates. Thus, the treatment proposed for aggregates in this research not only improves their physical properties and
increases the physical and mechanical properties of masonry mortars, but is also more profitable for the manufacture of mortars. Even
in the most unfavorable scenario in which the aggregate becomes 50% more expensive as a result of improvements in the production
process, the final price per cubic meter of mortar put on site is lower (€76.20).

3.4. Benefits evaluation for firms in the construction industry

There is practically unanimous agreement that construction firms today must opt for business models that take into account social
and environmental considerations. In fact, evidence reveals that more and more firms in the building industry are interested in
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Fig. 8b. Results of the shrinkage test for samples with a cement/aggregate ratio of 1:3 by weight.

Table 11

Calculation of the price per m® for the different mortars used.
Type of mortar Cement Sand Water Additive Total (€)

(kg) (€/kg) (kg) (€/kg) (kg) (€/kg) (kg) (€/kg)

NA-1:3 695 0.1143 2086 0.00960 382 0.0016 - - 100.08
NA-1:4 663 0.1143 1988 0.00960 391 0.0016 - - 95.49
RA-Con-1:3 611 0.1143 1833 0.00558 477 0.0016 6.11 1.10 87.55
RA-Con-1:4 595 0.1143 1785 0.00558 500 0.0016 5.95 1.10 85.32
RA-Con-1:3-T (25%) 608 0.1143 1823 0.00698 407 0.0016 - - 82.86
RA-Con-1:4-T (25%) 591 0.1143 1772 0.00698 420 0.0016 - - 80.56
RA-Con-1:3-T (50%) 608 0.1143 1823 0.00837 407 0.0016 — — 85.40
RA-Con-1:4-T (50%) 591 0.1143 1772 0.00837 420 0.0016 - - 83.05
RA-Mix-1:3 598 0.1143 1794 0.00373 496 0.0016 5.98 1.10 82.41
RA-Mix-1:4 580 0.1143 1741 0.00373 510 0.0016 5.80 1.10 79.98
RA-Mix-1:3-T (25%) 595 0.1143 1784 0.00466 428 0.0016 - - 77.00
RA-Mix-1:4-T (25%) 576 0.1143 1727 0.00466 432 0.0016 - - 74.58
RA-Mix-1:3-T (50%) 595 0.1143 1784 0.00560 428 0.0016 - - 78.68
RA-Mix-1:4-T (50%) 576 0.1143 1727 0.00560 432 0.0016 - — 76.20

establishing good practices in a direction toward a more eco-friendliness activity. Thus, it is essential to identify which parts of the
processes generate solid waste, as well as the best options for reutilizing and recycling materials that can interfere less with daily
processes. This study’s proposed introduction of two new stages in the supply chain for aggregates during their manufacturing process
opens the door to the adoption of new feasible business models in the construction industry, where the use of quality recycled materials
is considered as a clear commitment.

Importantly, as noted above, according to the economic estimations made in our study, the mortars with the treated recycled
aggregates are cheaper, mainly as a result of not needing the incorporation of a superplasticizer additive in their composition to obtain
a good consistency and the subsequent reduction in the content of mixing water. Therefore, we suggest that the main competitive
advantages that can be achieved from the adoption of the new proposed model in this study might be the following: On the one hand, a
competitive advantage in costs could be achieved thanks to the redesign of the production process of recycled aggregates, as it
significantly reduces the content of mixing water and eliminates the plasticizer in the manufacture of masonry mortars. These costs are
perfectly scalable with production. Moreover, firms could also benefit from significant tax advantages associated with the introduction
of a new innovation in their production process that is more environmentally friendly.

On the other hand, a competitive advantage in differentiation could also be achieved because, although the material for the
manufacture of the aggregates is similar, the treatment by sieving and washing gives the aggregates certain attributes that improve
their physical properties compared to those recycled aggregates without such treatment, therefore leading to a higher product (ma-
terial) quality. In addition, it is expected that firms using treated aggregates and eliminating plasticizers and other chemical com-
pounds from the composition of mortars will improve their image and brand positioning, as they convey greater confidence to a
growing number of consumers who are demanding safer and more eco-friendly products.

4. Conclusions

Today, the high consumption of raw materials by the construction industry, with the subsequent environmental damage and
potential negative economic externalities caused by inefficient management of CDW, is forcing most firms in the sector to evolve
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towards production and consumption models that are more environmentally friendly. This research analyzes the benefits obtained as a
direct result of improving the manufacturing process of recycled aggregates for their use in masonry mortars.

We have proposed a redesign of the manufacturing process for recycled concrete and mixed ceramic recycled aggregates,
respectively, adding two new stages: washing and secondary grinding. The experimentation conducted at laboratory level with these
recycled aggregates has revealed the potential beneficial effects of including both stages, in such a way that the final properties of the
aggregates processed have been significantly improved.

The introduction of a previous sieving stage enables to standardize the granulometry of the aggregates and separate the fraction of
sand greater than 4 mm to reuse it in a secondary crushing process. This stage enables to take greater advantage of the material
obtained from the CDW for the manufacture of recycled aggregates; otherwise, more than 5% in the case of RA-Con and 12% in the case
of RA-Mix would be wasted.

The introduction of a washing stage during the sand manufacturing process improves its physical and mechanical properties as a
material for the manufacture of mortar. Specifically, this treatment enables to significantly reduce the fines content of recycled ag-
gregates and their water absorption coefficient. For both properties, the tests have been replicated up to a number of 30 samples with
the aim of conducting a statistical study that allows reliable conclusions to be drawn. These tests confirm that treated recycled ag-
gregates are better than untreated recycled ones.

Recycled aggregates subjected to the new manufacturing process (i.e. considering both stages) present good technical feasibility for
their use in the production of cement mortars. In all cases, we find that traditional mortars with natural aggregates perform better than
mortars with treated or untreated recycled aggregates. We have tested that the mortars that incorporate treated recycled aggregates
(sieving and washing) produce better results in the physical and mechanical characterization tests, compared to mortars incorporating
untreated recycled aggregates.

We also find that dosages with a cement/aggregate ratio of 1:3 perform better than dosages with a ratio of 1:4 by mass, although the
latter are cheaper. In addition, recycled concrete aggregates are better than mixed ceramic recycled aggregates for the manufacture of
masonry mortars, because they are associated with greater resistance, greater density, less shrinkage, greater surface hardness and less
water absorption by capillarity.

We also report in the economic valuation performed that treated recycled aggregates reduce the price per cubic meter of mortar put
on site, being much cheaper than traditional mortars and mortars with recycled aggregate without considering the proposed
manufacturing process. In addition, mortars adding treated recycled aggregates eliminate the superplasticizer as a potential pollutant
chemical agent in their composition and reduce the consumption of water.

Finally, we are completely aware that the introduction of both stages will require the adoption of appropriate quality controls to
guarantee the quality of the final product. In any case, it seems obvious that the costs related to these quality controls will be offset by
the important benefits they may bring. However, the main limitation of this work is that no comparison has been made in terms of costs
and quality of the raw material obtained between the production system proposed in this research and other existing treatments in the
literature. In this way, a future line of research is the comparison between the method proposed and other techniques that have proven
to be highly effective, such as the pozzolans slurry impregnation, acid immersion and carbonation curing [44,45].

Author contribution statement

Daniel Ferrandez Vega: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data;
Contributed reagents, materials, analysis tools or data; Wrote the paper.

Pablo Saiz: Analyzed and interpreted the data.

Alicia Zaragoza Benzal: Performed the experiments; Wrote the paper.

José Angel Zuniga-Vicente: Conceived and designed the experiments; Contributed reagents, materials, analysis tools or data; Wrote
the paper.

Data availability statement

The authors do not have permission to share data.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
This paper has been supported by Project PID2021-124641NB-100 of the Ministry of Science and Innovation (Spain).
References
[1] European Green Deal, 2019. European Commission. Bruselas, December 1 llh‘ 2019, COM, 2019, p. 640 (final).

14


http://refhub.elsevier.com/S2405-8440(23)03848-3/sref1

D. Ferrandez et al. Heliyon 9 (2023) e16641

[2]
[3]
[4]

[5]

[6]

[71
[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]

C. Pina, M. del Rio, C. Vinas, A. Vidales, P.B. Aguilera, Durability of cement mortars reinforced with insulation waste from the construction industry, J. Build.
Eng. 40 (2021), https://doi.org/10.1016/j.jobe.2021.102719.

Eurostat, Waste Statistics. Total Waste Generation, Avaible in:, 2018 https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_
statistics#Total waste_generation. (Accessed 14 October 2021).

Transparency Market Research, Construction Waste Market - Global Industry Analysis and Forecast 2017 - 2025 | TMR, 2017. www.
transparencymarketresearch.com. https://www.transparencymarketresearch.com/construction-waste-market.html.

P. Villoria, C. Porras, M. del Rio, Estimation of Construction and Demolition Waste. Advances in Construction and Demolition Waste Recycling, Management,
Processing and Environmental Assessment, Woodhead Publishing Series in Civil and Structural Engineering, 2020, pp. 13-30, https://doi.org/10.1016/B978-0-
12-819055-5.00002-4.

Ellen Macarthur Foundation, Building a World Free from Waste and Pollution, 2022. https://ellenmacarthurfoundation.org/articles/building-a-world-free-
from-waste-and-pollution.

C. Rodrigo Illera, M.P. Alberca Oliver, Direccién de la Produccion, Sanz y Torres, Madrid, Espana, 2015.

N.G. Akhimien, E.L. Shan, S. Hou, Application of circular economy principles in buildings: a systematic review, J. Build. Eng. 38 (2021), https://doi.org/
10.1016/j.jobe.2020.102041.

S. Vaishnavi, D.R. Gausikan, S. Chithambaranathan, J.W. Jeffrey, Utilization of recycled aggregate of construction and demolition waste as a sustainable
material, Mater. Today: Proc. 45 (7) (2021) 6649-6654, https://doi.org/10.1016/j.matpr.2020.12.013.

E. Yedra, D. Ferrandez, C. Moron, E. Gémez, New system to determine the evolution of the dynamic young’s modulus from early ages in masonry mortars, Appl.
Sci. 10 (22) (2020) 8129, https://doi.org/10.3390/app10228129.

UNEP, Sand and Sustainability: 10 Strategic Recommendations to Avert a Crisis, GRID-Geneva, United Nations Environment Programme, Geneva, Switzerland,
2022. Available at: https ://unepgrid.ch/en/resource/2022SAND.

E. Khourya, W. Ambros, B. Cazacliu, C.H. Sampaio, S. Remond, Heterogeneity of recycled concrete aggregates, an intrinsic variability, Construct. Build. Mater.
175 (2018) 705-713, https://doi.org/10.1016/j.conbuildmat.2018.04.163.

K.P. Veriana, W. Ashraf, Y. Cao, Properties of recycled concrete aggregate and their influence in new concrete production, Resour. Conserv. Recycl. 133 (2018)
30-49, https://doi.org/10.1016/j.resconrec.2018.02.005.

E.H. Ohemeng, S.O. Ekolu, Comparative analysis on costs and benefits of producing natural and recycled concrete aggregates: a South African case study, Case
Stud. Constr. Mater. 13 (2020), https://doi.org/10.1016/j.cscm.2020.e00450.

M. Chaitanya, G. Ramakrishna, Enhancing the mechanical properties of pervious recycled aggregate concrete using silicafumes, Mater. Today: Proc. 46 (1)
(2021) 634-637, https://doi.org/10.1016/j.matpr.2020.11.549.

M. Nedeljkovié, J. Visser, B. Savija, S. Valcke, E. Schlangen, Use of fine recycled concrete aggregates in concrete: a critical review, J. Build. Eng. 38 (2021),
https://doi.org/10.1016/j.jobe.2021.102196.

A. Gonzalez-Corominas, M. Etxeberria, Properties of high-performance concrete made with recycled fine ceramic and coarse mixed aggregates, Construct. Build.
Mater. 65 (2014) 618-626, https://doi.org/10.1016/j.conbuildmat.2014.07.016.

F.L. Gayarre, J.S. Gonzalez, M.A. Serrano, C.L. Colina, P.J. Ferndndez, Mechanical properties of prestressed joists made using recycled ceramic aggregates,
Construct. Build. Mater. 149 (2019) 132-142, https://doi.org/10.1016/j.conbuildmat.2018.11.004.

M. Nedeljkovi¢, A. Mylonas, V. Wiktor, E. Schlangen, J. Visser, Influence of sand drying and mixing sequence on the performance of mortars with fine recycled
concrete aggregates, Construct. Build. Mater. 315 (2022), https://doi.org/10.1016/j.conbuildmat.2021.125750.

G.S. Kumar, Influence of fluidity on mechanical and permeation performances of recycled aggregate mortar, Construct. Build. Mater. 213 (2019) 404-412.
T. Gongalves, R.V. Silva, J. de Brito, J.M. Fernandez, A.R. Esquinas, Mechanical and durability performance of mortars with fine recycled concrete aggregates
and reactive magnesium oxide as partial cement replacement, Cement Concr. Compos. 105 (2020), https://doi.org/10.1016/j.cemconcomp.2019.103420.

E. Ghorbel, G. Wardeh, H. Gomar, P. Matar, Formulation parameters effects on the performances of concrete equivalent mortars incorporating different ratios of
recycled sand, J. Build. Phys. 43 (6) (2020) 545-572, https://doi.org/10.1177/174425911989609.

1. Hyun-Song, J. Suk-Ryou, Hybrid techniques for quality improvement of recycled fine aggregate, Construct. Build. Mater. 72 (2014) 56-64, https://doi.org/
10.1016/j.conbuildmat.2014.08.041.

A. Petrillo, F. Colangelo, I. Farina, M. Travaglioni, C. Salzano, R. Cioffi, Multi-criteria analysis for Life Cycle Assessment and Life Cycle Costing of lightweight
artificial aggregates from industrial waste by double-step cold bonding palletization, J. Clean. Prod. 351 (2022), https://doi.org/10.1016/j.
jclepro.2022.131395.

R.V. Silva, J. de Brito, R.K. Dhir, Use of recycled aggregates arising from construction and demolition waste in new construction applications, J. Clean. Prod. 236
(2019), https://doi.org/10.1016/j.jclepro.2019.117629.

S. Prakash, M. Wijayasundara, P.N. Pathirana, K. Law, De-risking resource recovery value chains for a circular economy — accounting for supply and demand
variations in recycled aggregate concrete, Resour. Conserv. Recycl. 168 (2021), https://doi.org/10.1016/j.resconrec.2020.105312.

P. Saiz, M. Gonzalez, F. Fernandez, A. Rodriguez, Comparative study of three types of fine recycled aggregates from construction and demolition waste (CDW),
and their use in masonry mortar fabrication, J. Clean. Prod. 118 (2016) 162-169, https://doi.org/10.1016/j.jclepro.2016.01.059.

T. Ye, J. Xiao, W. Zhao, Z. Duan, Y. Xu, Combined use of recycled concrete aggregate and glass cullet in mortar: strength, alkali expansion and chemical
compositions, J. Build. Eng. 55 (2022), 104721, https://doi.org/10.1016/j.jobe.2022.104721.

C. Pina, E. Atanes Sanchez, M. del Rio, C. Vinas, A. Vidales, Feasibility of the use of mineral wool fibres recovered from CDW for the reinforcement of
conglomerates by study of their porosity, Construct. Build. Mater. 191 (2018) 460-468, https://doi.org/10.1016/j.conbuildmat.2018.10.026.

T. Noguchi, W.J. Park, R. Kitagaki, Risk evaluation for recycled aggregate according to deleterious impurity content considering deconstruction scenarios and
production methods, Resour. Conserv. Recycl. 104 (2015) 405-416, https://doi.org/10.1016/j.resconrec.2015.08.002.

S.S. Park, S.J. Kim, K. Chen, Y. Lee, S. Lee, Crushing characteristics of a recycled aggregate from waste concrete, Construct. Build. Mater. 160 (2018) 100-105,
https://doi.org/10.1016/j.conbuildmat.2017.11.036.

C. Ulsen, E. Tseng, S. Cirelli, M. Landmann, R. Contessotto, J. Tadeu, H. Khan, Concrete aggregates properties crushed by jaw and impact secondary crushing,
J. Mater. Res. Technol. 8 (1) (2019) 494-502, https://doi.org/10.1016/j.jmrt.2018.04.008.

V. Revilla-Cuesta, L. Evangelista, J. de Brito, V. Ortega, J.M. Manso, Effect of the maturity of recycled aggregates on the mechanical properties and autogenous
and drying shrinkage of high-performance concrete, Construct. Build. Mater. 299 (2021), https://doi.org/10.1016/j.conbuildmat.2021.124001.

F. Théréné, E. Keita, J. Nael, P. Boustingorry, L. Bonafus, N. Roussel, Water absorption of recycled aggregates: measurements, influence of temperature and
practical consequences, Cement Concr. Res. 137 (2020), https://doi.org/10.1016/j.cemconres.2020.106196.

J. Li, M. Saberian, B. Thach Nguyen, Effect of crumb rubber on the mechanical properties of crushed recycled pavement materials, J. Environ. Manag. 218
(2018) 291-299, https://doi.org/10.1016/j.jenvman.2018.04.062.

K. Robalo, H. Costa, R. Carmo, E. Jilio, Experimental development of low cement content and recycled construction and demolition waste aggregates concrete,
Construct. Build. Mater. 273 (2021), https://doi.org/10.1016/j.conbuildmat.2020.121680.

C. Thibodeau, A. Bataille, M. Sié, Building rehabilitation life cycle assessment methodology-state of the art, Renew. Sustain. Energy Rev. 103 (2019) 408-422,
https://doi.org/10.1016/j.rser.2018.12.037.

J.K. Chen, M.Q. Jiang, Long-term evolution of delayed ettringite and gypsum in Portland cement mortars under sulfate erosion, Construct. Build. Mater. 23 (2)
(2009) 801-816, https://doi.org/10.1016/j.conbuildmat.2008.03.002.

1. Martinez-Lage, P. Vazquez-Burgo, M. Velay-Lizancos, Sustainability evaluation of concretes with mixed recycled aggregate based on holistic approach:
technical, economic and environmental analysis, Waste Manag. 104 (2020) 9-19, https://doi.org/10.1016/j.wasman.2019.12.044.

A. Enfedaque Diaz, Resistencia a impacto de morteros de cemento reforzados con fibra de vidrio (GRC). Doctoral Thesis, E.T.S.I. Caminos, Canales y Puertos,
Universidad Politécnica de Madrid, Spain, 2008.

15


https://doi.org/10.1016/j.jobe.2021.102719
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics#Total_waste_generation
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics#Total_waste_generation
http://www.transparencymarketresearch.com
http://www.transparencymarketresearch.com
https://www.transparencymarketresearch.com/construction-waste-market.html
https://doi.org/10.1016/B978-0-12-819055-5.00002-4
https://doi.org/10.1016/B978-0-12-819055-5.00002-4
https://ellenmacarthurfoundation.org/articles/building-a-world-free-from-waste-and-pollution
https://ellenmacarthurfoundation.org/articles/building-a-world-free-from-waste-and-pollution
http://refhub.elsevier.com/S2405-8440(23)03848-3/sref7
https://doi.org/10.1016/j.jobe.2020.102041
https://doi.org/10.1016/j.jobe.2020.102041
https://doi.org/10.1016/j.matpr.2020.12.013
https://doi.org/10.3390/app10228129
https://unepgrid.ch/en/resource/2022SAND
https://doi.org/10.1016/j.conbuildmat.2018.04.163
https://doi.org/10.1016/j.resconrec.2018.02.005
https://doi.org/10.1016/j.cscm.2020.e00450
https://doi.org/10.1016/j.matpr.2020.11.549
https://doi.org/10.1016/j.jobe.2021.102196
https://doi.org/10.1016/j.conbuildmat.2014.07.016
https://doi.org/10.1016/j.conbuildmat.2018.11.004
https://doi.org/10.1016/j.conbuildmat.2021.125750
http://refhub.elsevier.com/S2405-8440(23)03848-3/sref20
https://doi.org/10.1016/j.cemconcomp.2019.103420
https://doi.org/10.1177/174425911989609
https://doi.org/10.1016/j.conbuildmat.2014.08.041
https://doi.org/10.1016/j.conbuildmat.2014.08.041
https://doi.org/10.1016/j.jclepro.2022.131395
https://doi.org/10.1016/j.jclepro.2022.131395
https://doi.org/10.1016/j.jclepro.2019.117629
https://doi.org/10.1016/j.resconrec.2020.105312
https://doi.org/10.1016/j.jclepro.2016.01.059
https://doi.org/10.1016/j.jobe.2022.104721
https://doi.org/10.1016/j.conbuildmat.2018.10.026
https://doi.org/10.1016/j.resconrec.2015.08.002
https://doi.org/10.1016/j.conbuildmat.2017.11.036
https://doi.org/10.1016/j.jmrt.2018.04.008
https://doi.org/10.1016/j.conbuildmat.2021.124001
https://doi.org/10.1016/j.cemconres.2020.106196
https://doi.org/10.1016/j.jenvman.2018.04.062
https://doi.org/10.1016/j.conbuildmat.2020.121680
https://doi.org/10.1016/j.rser.2018.12.037
https://doi.org/10.1016/j.conbuildmat.2008.03.002
https://doi.org/10.1016/j.wasman.2019.12.044
http://refhub.elsevier.com/S2405-8440(23)03848-3/sref40
http://refhub.elsevier.com/S2405-8440(23)03848-3/sref40

D. Ferrandez et al. Heliyon 9 (2023) e16641

[41] P. Saiz, D. Ferrandez, C. Mor6n, D. Fernandez, Behaviour of masonry mortars fabricated with recycled aggregate towards moisture, Dyna 94 (2019) 492-496,
https://doi.org/10.6036,/9023.

[42] C. Mordn, P. Saiz, D. Ferrandez, L. Garcia-Fuentevilla, New system of shrinkage measurement through cement mortars drying, Sensors 17 (3) (2017) 522,
https://doi.org/10.3390/s17030522.

[43] Q. Liu, J. Xiao, A. Singh, Quantification of plastic shrinkage and cracking in mortars containing different recycled powders using digital image correlation
technique, Construct. Build. Mater. 293 (2021), https://doi.org/10.1016/j.conbuildmat.2021.123509.

[44] M.J. Ashraf, M. Idrees, A. Akbar, Performance of silica fume slurry treated recycled aggregate concrete reinforced with carbon fibers, J. Build. Eng. 66 (2023) 1
105892, https://doi.org/10.1016/j.jobe.2023.105892.

[45] X.Peng, F. Shi, J. Yang, Q. Yang, H. Wang, J. Zhang, Modification of construction waste derived recycled aggregate via CO2 curing to enhance corrosive freeze-
thaw durability of concrete, J. Clean. Prod. 405 (2023), 137016, https://doi.org/10.1016/j.jclepro.2023.137016.

16


https://doi.org/10.6036/9023
https://doi.org/10.3390/s17030522
https://doi.org/10.1016/j.conbuildmat.2021.123509
https://doi.org/10.1016/j.jobe.2023.105892
https://doi.org/10.1016/j.jclepro.2023.137016

	Towards a more sustainable environmentally production system for the treatment of recycled aggregates in the construction i ...
	1 Introduction
	2 Materials and experimental programme
	2.1 Materials
	2.1.1 Aggregates
	2.1.2 Cement, water, and additive

	2.2 Experimental programme
	2.2.1 Redesign of the production system of recycled aggregates
	2.2.2 Application of recycled aggregates in the manufacture of masonry mortars
	2.2.3 Business and economic impact of the new manufacturing system


	3 Results and discussion
	3.1 Results related to the improvement in the manufacturing system of recycled aggregates
	3.1.1 Sieving, secondary crushing, and recirculation of the aggregate greater than 4 ​mm
	3.1.2 Consequences of aggregate washing for its physical properties

	3.2 The impact of aggregate treatment on the manufacture of masonry mortars
	3.2.1 Main consequences of the dosage of mortars
	3.2.2 Analysis of the impact on the physical-mechanical properties of mortars with recycled aggregates

	3.3 The economic impact of the introduction of new manufacturing phases of aggregates
	3.4 Benefits evaluation for firms in the construction industry

	4 Conclusions
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	References


