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Preface to ”Construction and Demolition Waste:
Challenges and Opportunities”

Due to the significant construction material demands for the rising number of buildings and

urban infrastructure, the use of construction and demolition waste (C&DW) in building materials

becomes a crucial issue for the sustainable development of our planet, especially in developing

countries, where construction industry is growing very rapidly. The extraction of natural aggregates

and minerals from mountains and rivers has destroyed vital ecosystems, which had also generated

social conflicts for accessing to clean water, food and others natural resources. Moreover, the

manufacture of building materials releases a significant amount of greenhouse emissions, particulate

matter and solid waste. For example, only for producing 1 ton of Portland cement, approx. 1 ton of

CO2 is released to the atmosphere. Based exclusively on Portland cement, with around 9% of carbon

dioxide emissions, the construction industry is currently an important producer of global warming

gases. Similarly, causing a negative impact on landscape, environment and human health, the

construction and demolition processes are responsible for 30 to 40% of the different world economic

sector’s solid waste.

Although many efforts have been done made by civil society, governments, industries, and

academia to valorize C&DW in building materials, highly articulated efforts are required at global,

national, and local scales to develop truly sustainable construction sectors that facilitate the massive

use of sustainable building materials. Therefore, this e-book is based on the “Special Issue on

Construction and Demolition Waste: Challenges and Opportunities”, which presents at first, several

novel and innovative building materials using C&DW and other residues. Second, management

systems to develop circular economy models (CE) in the construction sector, particularly referred

to applied cases in France, Western Balkans and Colombia. Finally, the e-book includes two

comprehensive reviews on conceptual challenges of C&DW valorization.

First, regarding the novel and innovative building materials using C&DW and other residues,

the following articles are included: (a) Mechanical Properties of Concrete Using Recycled Aggregates

Obtained from Old Paving Stones, (b) Water-Washed Fine and Coarse Recycled Aggregates for Real

Scale Concretes Production in Barcelona, (c) Properties of Concrete with Recycled Aggregates Giving

a Second Life to Municipal Solid Waste Incineration Bottom Ash Concrete, (d) Construction and

Demolition Waste (CDW) Recycling –As Both Binder and Aggregates –In Alkali-Activated Materials:

A Novel Re-Use Concept, and (e) Ecotoxicity of Concrete Containing Fine-Recycled Aggregate: Effect

on Photosynthetic Pigments, Soil Enzymatic Activity and Carbonation Process.

Second, regarding the management systems towards CE, the e-book includes the following

articles: (a) Circular Economy in the Construction Sector: A Case Study of Santiago de Cali

(Colombia), (b) Challenges and Opportunities for Circular Economy Promotion in the Building

Sector, and (c) Circular Economy in Construction and Demolition Waste Management in the Western

Balkans: A Sustainability Assessment Framework.

Finally, the e-book contains two comprehensive reviews on conceptual challenges: (a) Life Cycle

Assessment on Construction and Demolition Waste: A Systematic Literature Review and (b) Some

Remarks towards a Better Understanding of the Use of Concrete Recycled Aggregate: A Review.

ix



From this e-book, it can be concluded that even though a wide variety of novel and innovative

building materials using C&DW has been developed worldwide, more incentives are required (e.g.

through public policies) to really convert the local and national construction sectors in sustainable

businesses which appropriate the circular economy as production and consumption systems that

promote, at least, the efficiency in the use of materials, water and energy. This has not only the

potential to develop new sustainable business models based on research, this also might transform

existing companies into more sustainable businesses, which results very important for the current

economy post-pandemic scenario.

Anibal C. Maury-Ramirez and Jaime A Mesa

Editors
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Abstract: Nowadays, construction, maintenance, reparation, rehabilitation, retrofitting, and demoli-
tion from infrastructure and buildings generate large amounts of urban waste, which usually are
inadequately disposed due to high costs and technical limitations. On the other hand, the increasing
demand for natural aggregates for concrete production seriously affects mountains and rivers as they
are the source of these nonrenewable goods. Consequently, the recycling of aggregates for concrete
is gaining attention worldwide as an alternative to reduce the environmental impacts caused by
the extraction of nonrenewable goods and disposal of construction and demolition waste (C&DW).
Therefore, this article describes the effect on the mechanical properties of new concrete using recycled
aggregates obtained from old paving stones. Results show that replacing 50% by weight of the fine
and coarse aggregate fractions in concrete with recycled aggregate does not meaningfully affect its
mechanical behavior, making the use of recycled aggregates in new precast paving stones possible.
Therefore, the latter can reduce environmental impacts and costs for developing infrastructure and
building projects.

Keywords: paving stones; aggregates; C&DW; sustainability; mechanical properties; concrete

1. Introduction

The consumer society, together with the technological revolution, has led to the most
massive production of waste in humanity’s entire history. This problem has led to most
countries seeking solutions to decrease pollution rates on the planet [1]. According to
John [2], the construction industry produces 40% of the different world economic sectors’
waste. On the other hand, with the pivotal role that the construction industry has in
developing countries, it is convenient to adopt urgent measures to achieve sustainable
development [3].

The construction industry is still one of the largest waste generators today [4–6].
However, historically it has been a necessary pillar for the development of our communities.
In general, the construction sector’s pollution occurs in most stages: from the extraction of
raw materials, the manufacture of materials, to the different activities carried out during
the construction, operation, and end of the life cycle of buildings and infrastructure. This
causes the depletion of various nonrenewable resources, as well as water and air pollution,
in addition to excessive energy consumption [7].

1.1. Global Context

In other industrial sectors, recycled materials are typically competitive when there is
difficulty in obtaining virgin raw materials and suitable locations for storage. Therefore,
the proposal for sustainable concrete is based on the substitution of stone aggregates
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of natural origin for construction and demolition waste (C&DW), and it proves to be
very interesting for infrastructure and buildings, enabling the implementation of circular
economic models [8–10]. The government requirement to mitigate the environmental
impact of the different construction projects through the proper management of the C&DW
potentiates their reincorporation into the construction production chain through recycling.
However, to use this waste in new projects, it is necessary to evaluate the physical, chemical,
mechanical, and durability characteristics of the C&DW [11–13]. The use of C&DW as
aggregates of concrete mixtures without knowing their properties can generate projects
with concrete properties in a fresh and hardened state that are undesirable and unsafe for
its users.

In the construction sector, a large amount of waste of different types is generated, but
only a part of it can be reincorporated in the same sector, either by reusing or recycling it.
C&DW must be inert and uncontaminated. Although there are significant fluctuations in
Colombia, it can be estimated that the usable waste is 80% of the CDW, which is made up
of materials such as bricks or blocks, concrete, rock, excavation material, steel, wood, and
others [14]. The remaining 20% that is not usable in the construction sector (wood, plastics,
packaging, and inert materials with organic matter) should be sent to specific recycling
plants for industrial symbiosis or disposed in landfills [15].

To recycle concrete waste into new building products, intensive research worldwide,
demonstrating that in general, the use of recycled aggregates from concrete in new fabrica-
tion of concrete has resulted in enhanced improvement of mechanical properties [16–19].
Perez-Benedicto et al. [20] studied the mechanical behavior of concrete made with recy-
cled aggregate coming from discarded concrete prefabricated units, demonstrating that
including coarse aggregate replacement can offer excellent quality for structural applica-
tions providing similar compressive strength respect conventional concrete. Cakir and
Dilbas [21] demonstrated that durability of concrete can be increased up to 60% using
recycled aggregate and an optimized ball mill method. The study included comparison of
several aggregates such as natural aggregate, recycled aggregate, silica fume, basalt fiber
and recycled aggregate and optimized ball mill method.

Vedrtnam et al. [22]. studied the response of cement-based composites under di-
rect flame conditions, demonstrating improvement in the residual compressive strength
compared to conventional concrete after the thermal exposure. In addition, it was found
minimum damage in the microstructure of the material when residues of PET bottles are
included in the mixture. Zareei et al. [23]. analyzed the combination of recycled waste
ceramic aggregates and waste carpet fibers to produce high strength concrete. They used
combinations from 20% up to 60% of recycled waste ceramic to replace natural coarse
aggregate. As result it was observed an increase of compressive, splitting tensile, flexural
and tensile strengths by 13%, 15%, 3% and 21% respectively. Zahid-Hossain et al. [24].
also studied the inclusion of recycled material as rubber and polypropylene fibers into
concrete mixtures to evaluate their mechanical behavior. As result it was demonstrated
that compressive strength, splitting tensile strength and flexural strength decreases as the
crumb rubber content increases, and increase with the fiber content. In addition, it was
observed a reduction in the propagation speed of failures in the material, providing a more
gradual failure propagation.

On the other hand, several studies have demonstrated decrease in mechanical proper-
ties when replacing virgin aggregate with recycled aggregate. Alam et al. [25] found that
replacements of 25% using recycled aggregate can reduce compressive strength of con-
crete in 15%. Similarly, Meherier [26] studied the replacement of aggregates using crumb
rubber and obtained reductions of 20% in concrete compressive strength. Limbachiya
et al. [27] found that replacements with recycled concrete higher than 30% affect drastically
compressive strength. However, all previous studies did not follow a standard procedure
and therefore results can vary from region to region and according to environmental and
methodological tasks.

2
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1.2. Colombian Context

In Colombia, large amounts of construction and demolition waste produced by the
construction industry are inadequately disposed (Figure 1a,b). Similarly, large amounts of
nonrenewable resources are converted illegally, by industrial processing, into construction
materials (Figure 2a,b).
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Figure 2. Illegal extraction of raw materials for construction in Colombia. (a) Rock extraction from Pance River [30]; (b) sand
extraction from Cauca River [31].

Based on those above-mentioned environmental and social problems, a circular econ-
omy strategy from the national government has been launched. Particularly for C&DW,
more than 22 million tons generated yearly in major cities should be waste managed [32].
On the other hand, the most widely used materials in the construction industry have
historically been: aggregates, wood, concrete, steel, and glass. Except for aggregates and
wood, the rest are composite materials that are made from nonrenewable raw materials.
They are also the predominant materials in the last hundred years in large, intermediate
cities and, unfortunately, even in the most remote rural areas [33].

So far, the construction of infrastructure and buildings has become one of the country’s
main economic activities. Despite the social benefits that the previous process has brought,
cities and rural environments face significant environmental challenges due to the demand
for nonrenewable resources generated by urban centers. For example, the problem of
consuming nonrenewable natural resources for concrete production in Colombia is growing,
with increases in concrete production of around 6% per year [34]. This generates critical
environmental problems derived from the manufacture of concrete, such as the requirement
of large quantities of stone material used in the natural stage as fine and coarse aggregates,
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and for producing Portland cement [35]. Commonly sand from the riverbed is used as a fine
aggregate, while extraction and crushing of rock from quarries, usually rocky mountains,
is carried out for the coarse aggregate. This situation poses significant technological
challenges such as reduction, reuse, and recycling applied to all the country’s productive
sectors for the genuinely sustainable development of Colombian cities and municipalities.

In the case of Colombia for example, Diosa [36] performed an experimental analysis of
mechanical properties of high-strength concrete from recycled sources, obtaining significant
improvements in terms of mechanical resistance and durability. Hurtado [37] studied the
effect of partial replacement of Portland cement by ash from the paper industry in the
manufacture of mortar samples; results demonstrated that it is possible to obtain better
mortar workability but less mechanical resistance. Moreover, Londoño [38] developed
an analysis to determine the technical and financial suitability of using in situ recycled
aggregates to fabricate prefabricated elements for construction.

In summary, the high demand for concrete, the natural resources for its production,
and the generation of construction and demolition waste motivate the development of
studies in which some waste is used and incorporated into the production of materials
such as concrete [39,40]. Therefore, in this article, the mechanical performance of new
concrete paving stones made with recycled aggregates from old paving stones in the
municipality of Almaguer (Cauca, Colombia) were evaluated to be used for the same
application in the municipality. The novelty of this research is focused in the use of
aggregate to recirculate material within the same application and location, without incur
in additional costs and using conventional crushing and laboratory equipment. The
proposed method provides useful insights to recycle C&DW in the Colombian context
and similar countries to fabricate added value products and lower environmental impact.
The subsequent sections of this paper are organized as follows: Section 2 summarizes
the materials and methods employed to conduct the experimentation and analyze the
mechanical performance of concrete mixtures. Results are presented in Section 3, while
Sections 4 and 5 correspond to discussion and conclusions.

2. Materials and Methods

This section summarizes the materials used to manufacture the paving stones and the
methodology to analyze and compare mechanical properties. Materials mainly consist of
used pavers, cement, coarse and fine aggregates (from natural sources and recycled). The
proposed methodology started performing an aggregate sampling to classify materials,
followed by a characterization of components, mixture design, evaluation of mechanical
properties, and selecting the most suitable mixture concentrations to manufacture new
paving stones.

2.1. Materials

Table 1 shows the materials employed to manufacture and analyze concrete samples.
It included used paving stones converted into recycled aggregates, natural aggregates,
and Portland cement. Such materials are processed and converted into new concrete
samples, which are later analyzed and tested to measure and compare conventional values
of mechanical properties (flexural and compressive strength).

2.2. Method

The proposed methodology for this study consisted of five phases, which are ori-
ented to generate and establish suitable concrete mixtures. Figure 3 shows the overall
methodology followed in this article.

4
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Table 1. Description of components involved in the manufacturing of paving stones.

Component Sample Picture Description

Used Pavers:
Initial form—before grinding and

transformation into recycled aggregate

Used pavers present cracks, voids, flaking,
damage of edges, and require replacement.
The study employed 200 used pavers for

analyzing and generate new ones (converting
used pavers into recycled aggregates) and

compare pavers manufactured using
natural aggregates.

Aggregates:
From natural source (quarry) and used paving

stones (recycled)

Detailed characterization can be found in
further sections.

Portland Cement:
Obtained from a local supplier

Ordinary Portland cement (OPC) Density of
3.1 g/cm3

Consistency of 26.4% (Portland type I)
Detailed characterization can be found in

further sections.

Figure 3. Methodology followed during this research project.

5
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As a first stage, the process started with collecting used paving stones, which corre-
sponded later to recycled aggregates (coarse and fine). Such components were triturated
until obtaining the desired granulometry according to the NTC 174 standard [41]. In a
parallel process, natural aggregates were also obtained from a quarry to compare and
create different concrete mixtures, varying the percentage of recycled material. The second
stage was denominated characterization of components, and it aimed to determine the
most relevant properties of all materials used during the experimentation process; such
materials comprise cement and aggregates. Here, physical characterization was performed
analyzing granulometry, specific weight and absorption, the unitary mass of CDW and
natural materials, shape, elongation, compressive indexes, and density and consistency of
Portland cement. Besides, a chemical characterization that included sulfide resistance and
organic material analysis. Later, mechanical characterization covered the response under
wear conditions. The third state covers the mixture design, the manufacturing of concrete
specimens for mechanical tests after curing processes. Evaluation of mechanical properties
was performed as the fourth stage, and it included experimental tests for compression and
flexural strength of concrete specimens. Lastly, step five concludes the proposed methodol-
ogy by manufacturing the paving stones using the most suitable mixture obtained from
tests and analysis of previous phases. Table 2 summarizes the overall composition of the
nine concrete samples selected for analyzing and performing mechanical tests.

Table 2. Composition of concrete samples for evaluating mechanical properties of concrete.

Mixture
Type of Aggregate Number of Samples (28 Days of Age)

Coarse Fine Flexural Compressive

M1 100% NAT + 0% RC 100% NAT + 0% RF 3 3
M2 100% NAT + 0% RC 50% NAT + 50% RF 3 3
M3 100% NAT + 0% RC 0% NAT + 100% RF 3 3
M4 50% RC + 50% NAT 100% NAT + 0% RF 3 3
M5 50% RC + 50% NAT 50% RF + 50% NAT 3 3
M6 50% RC + 50% NAT 0% NAT + 100% RF 3 3
M7 0% NAT + 100% RC 100% NAT + 0% RF 3 3
M8 0% NAT + 100% RC 50% RF + 50% NAT 3 3
M9 0% NAT + 100% RC 0% NAT + 100% RF 3 3

Total samples 27 27
M: mix, NAT: natural aggregate, RC: coarse recycled aggregate, RF: fine recycled aggregate.

To develop the five phases previously shown in Figure 3 it was necessary to perform
several task and analysis activities to obtain a proper mixture of concrete including recycled
aggregates. Such phases were performed using as reference the Colombian normative
(NTC standards), and national road standards (INVIAS) which are adaptations of American
Society for Testing and Materials (ASTM) standards (Appendix A). A brief description of
each phase is presented as follows:

Phase 1 consisted of obtaining the samples of recycled and natural aggregates and
classifying them according to the standard NTC-174 /INV E-500. Later, phase II included
physical, chemical and mechanical characterization of aggregates and cement. Density
and consistency of cement were determined using the INV-E-307/310 standards; physical
characterization of aggregates comprised granulometry (NTC 7707, INV-E 213), density
(NTC 237, INV E-222), water absorption (NTC 176, INV E-223), unitary mass and shape
(NTC 92, INV E-217 and INV E-230); chemical characterization covered solid analysis (NTC
126, INV E-220) and organic matter (NTC 127, INV E-213); and, wear behavior (NTC 98,
INV E-219) as mechanical characterization.

Phase 3 included mixture design, which is performed using the American Concrete
Institute ACI 211 method (also equivalent to NTC 2017 standard). This method consists
of selecting amounts of cement, aggregates, water and additives to produce cost-effective
concretes able to obtain a desired mechanical strength, durability, stability, unitary mass,
and appearance. In this case nine mixtures were proposed varying the percentage of natural
and recycled aggregates. Phase 3 also comprised the curing process of concrete specimens
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following the standard INV E-402. Then, when specimens were fabricated, it is necessary
to perform mechanical tests to validate and compare flexural and compressive strength
(NTC 673 / INV E-414) respect to conventional concrete mixtures in Phase 4. Lastly, Phase
5 consisted of selecting the best performance mixtures in terms of mechanical properties to
fabricate new paving stones. Such fabrication was developed using the standard NTC 2017.

3. Results

This section comprises the results of five phases previously mentioned in the method-
ology. Section 4 is later presented to elucidate findings and interesting topics identified
from the obtained results.

3.1. Aggregate Sampling

Natural aggregate samples were obtained from the company Canteras de Ingeocc S.A.
(Yumbo, Colombia). On the other hand, used paving stones for recycled aggregates were
obtained from the Almaguer’s municipality (Cauca, Colombia). One hundred used paving
stones were processed three times using a jaw crusher until acceptable sizes were obtained
for an aggregate. The natural and recycled aggregates were classified into coarse and fine
according to standard NTC 174 related to prefabricated paving stones. Approximately
530 kg of both natural and recycled aggregates were used during this study.

3.2. Characterization of Components

Physical and chemical attributes of interest were analyzed to determine the suitability
of components to manufacture new concrete mixes. This subsection includes physical,
chemical, and mechanical characterization. Physical characterization included several
measurements and tests in determining key parameters in aggregates and cement em-
ployed: granulometric analysis, specific weight, water absorption, unitary mass, flattening,
and elongation indexes for aggregates. In the case of cement, we determined density and
consistency. Secondly, chemical characterization was dedicated to analyzing the chemical
response of aggregates to sulfides (solidness) and analyzing the organic matter. Lastly,
mechanical characterization was the first stage and consisted of a wear analysis for natural
and recycled aggregates. Each characterization result is described in detail, as follows in
Table 3. Additional properties of materials are summarized in Appendix B.

Table 3. Physical, chemical, and mechanical characterization of aggregates and cement.

Type of Characterization Parameter Component Results

Physical Granulometric analysis Aggregate

Natural:
Maximum size of 12.50 mm (coarse) and 9.50 mm (fine).
Fineness module of 2.96 mm (coarse) and 2.97 mm (fine).

Recycled:
Maximum size of 12.50 mm (coarse) and 4.76 mm (fine).

Fineness module of 5.44 mm (coarse) and 3.06 mm (fine).

Specific weight Aggregate Natural: 2.8 g/cm3 for fine and 2.93 g/cm3 for coarse
Recycled: 1.98 g/cm3 for fine and 1.89 g/cm3 for coarse

% absorption Aggregate Natural: 1.6 for fine and 1.4 for coarse
Recycled: 14 for fine and 15 for coarse

Unitary mass Aggregate

Natural:
1460 g/cm3 for fine (l) and 1530 g/cm3 for fine (c)

1600 g/cm3 for coarse (l) and 1710 g/cm3 for coarse (c)
Recycled:

1250 g/cm3 for fine (l) and 1422 g/cm3 for fine (c)
1123 g/cm3 for coarse (l) and 1232 g/cm3 for coarse (c)

Flattening and elongation
Indexes Aggregate

Natural:
% flattening index: 26 and % elongation index: 20

Recycled:
% flattening index: 9.51 and % elongation index: 3.27

Density Cement 3.1 ± 0.1 g/cm3

Consistency Cement 26.4%
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Table 3. Cont.

Type of Characterization Parameter Component Results

Chemical Solidness: resistance to
sulfide Aggregate

Natural
% material loss: 1.4 (fine) and 3 (coarse)

Recycled:
% material loss: 86 (fine) and 66 (coarse)

Organic Matter Aggregate
Natural: 2 (number of organic reference)

Recycled: 1 (number of organic reference)
Both values below 3, which is the limit value for use in concrete

Mechanical Wear Aggregate

Natural
% wear: 23
Recycled

% wear: 64

l: loose; c: compact.

3.3. Mixture Design

This phase consisted of nine steps, which are summarized as follows in Table 4.
According to Sánchez de Guzmán [42], calculations and analysis during this phase were
performed meeting the requirements of the standard NTC 2017 [43], which implies a
compressive strength of 50 MPa and flextraction of 5 MPa. The mixture design did not
consider severe conditions (e.g., freeze-thaw cycles).

Table 4. Steps and their outputs during the mixture design phase.

Task Results and Outputs

(i) Settling selection
An average value of 10 mm was selected. A very dry consistency is recommended for paving
stones and implies the use of extreme vibration and possible pressure for achieving the desired

compaction (recommended settlement: 0–20 mm).

(ii) Selection of maximum aggregate size According to granulometry analysis, the maximum and maximum nominal size of aggregates
corresponded to 12.5 mm (1/2”) and 9.51 mm (3/8”), respectively.

(iii) Air content estimation Since paving stones are not exposed to extreme conditions (freeze-thaw cycles), the concrete’s
air content is zero.

(iv) Estimation of mixing water content

This was performed using a linear regression between values provided, and using a value of
settlement of 10 mm, which establishes that for settlement of 0 mm and 25 mm are required
201 kg and 208 kg of mixing water content respectively per 1 m3 of concrete. The resulting

value of mixing water content was 203.8 kg per 1 m3.

(v) Determination of design resistance

According to standard NTC 2017, a paving stone unit must provide a minimum modulus of
rupture of 4.2 MPa after 28 days. Such modulus of rupture commonly varies between 10% and

20% of the compressive resistance. Therefore, as an indirect measurement, minimum
compressive resistance of the mixture of 42 MPa is required. To compensate for possible
fluctuations, it is desirable to include a safety factor. Following the standard NTC 2017,

100 kg/cm2 were added to the compressive resistance, thus an approximate compressive
resistance of 50 MPa (520 kg/cm2).

(vi) Selection of water/cement ratio This was established according to the water/cement ratio values provided by. This establishes
that for a value of 520 kg/cm2 the corresponding water/cement ratio is equal to 0.36.

(vii) Calculation of cement content This was calculated using the value of mixing water content and the water/cement ratio. Thus,
it was required 565 kg per m3 of concrete.

(viii) Estimation of aggregate proportions They were determined using a graphical method. The recommended value is 52% for fine
aggregate and 48% for coarse aggregate.

(ix) Adjustment of water content
Due to aggregate moisture, this was performed assuming a volume of the concrete mixture of
0.033 m3 to perform a test for one slump and two beams. Moisture was determined for both

coarse and fine aggregates.

3.4. Evaluation of Mechanical Properties

Flexural and compression resistance tests were carried out at 28 days of the age
of beams and cylinders with different contents of recycled aggregates to evaluate the
concrete’s mechanical properties (Tables 5 and 6). In terms of flexural strength, it was
observed that compared to the reference sample (M1), made with aggregates of natural
origin and considering the minimum strength required for paving stones (5 MPa), the
mixtures M2, M3 and M4 met with established mechanical requirements. However, given
the high deviation found for the M3 mixture and the low average compressive strength, it
was not considered suitable in this project. Considering the above, M2 and M4 mixtures,
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which replace 50% of the fine natural aggregates and 50% of the natural coarse aggregates,
respectively, were the only viable options in terms of flexural strength. On the other hand,
in terms of compressive strength, mixtures M2 and M4 met with the established design
resistance (50MPa) and are comparable to the reference mixture (M1) resistance that used
fine and coarse aggregates of natural origin.

Table 5. Summary of results for flexural and compressive strength (after 28 days). Three samples for each mixture.

Mixture Samples Flexural Strength MPa (28 Days) Samples Compressive Strength MPa (28 Days)
S1 S2 S3 Average Std Deviation S1 S2 S3 Average Std Deviation

M1 5.76 5.95 5.33 5.68 0.32 63.51 60.42 58.73 60.89 2.42
M2 4.00 4.60 5.11 4.57 0.56 57.43 53.68 53.34 54.82 2.27
M3 2.64 4.53 4.69 3.95 1.14 48.34 48.39 46.35 47.69 1.16
M4 5.53 4.70 4.95 5.06 0.43 55.33 56.16 56.83 56.10 0.75
M5 4.28 3.95 3.71 3.98 0.29 42.60 42.00 43.24 42.61 0.62
M6 3.16 3.84 4.41 3.80 0.63 39.69 39.25 38.77 39.24 0.46
M7 4.74 3.96 3.82 4.17 0.50 42.26 44.30 42.57 43.04 1.10
M8 4.04 4.47 3.99 4.17 0.26 37.41 42.51 42.01 40.64 2.81
M9 2.79 3.56 3.29 3.21 0.39 39.08 37.71 35.96 37.58 1.56

Table 6. Summary of results by coarse and fine aggregate combination.

Avg Flexural Strength MPa Avg Compressive Strength MPa

Fine Aggregate Replacement Fine Aggregate Replacement

0% 50% 100% 0% 50% 100%

Coarse
aggregate

replacement

0% 5.68 4.57 3.95 0% 60.89 54.82 47.69
50% 5.06 3.98 3.80 50% 56.10 42.61 39.24
100% 4.17 4.17 3.21 100% 43.04 40.64 37.58

Figure 4 summarizes the results obtained for flexural and compressive tests, while
Figure 5 shows the relationship between flexural and compressive strengths obtained from
mechanical tests for all nine specimens.

Finally, when analyzing the correlation between compressive and flexural strength of
the results (Figure 5), it was observed that flexural strength represented between 8 and 10%
of the compressive strength, such output is similar to the relationship that conventional
concrete offers (using natural aggregates).

Figure 4. Mechanical properties of concrete mixtures: flexural strength, compressive strength.
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Figure 5. Compressive and flexural strength of concrete mixtures.

3.5. Performance-Based Selection of Mixture

The M2 (50% replacement of fine natural aggregate) and M4 (50% replacement of
natural coarse aggregate by recycling) mixtures were selected based on results for flexural
(modulus of rupture) and compressive strengths of the concrete mixtures concerning the
behavior of the reference mixture and the established design strengths. Figure 6 shows
the new paving stones from the M2 mixture, and Table 7 summarizes the most relevant
parameters for selected mixtures (M2 and M4) compared to the reference sample M1.

Figure 6. Paving stones made from M2 concrete mix using recycled aggregates.

Table 7. Parameters for selected mixtures (M1, M2, and M4).

Parameters (Avg Values)
Mix

M1 M2 M4

Dimensions (cm)
Length 20.45 20.35 20.3
Width 15.35 15.25 15.25
Height 10.20 10.05 10.05

% of absorption 3.9 8.6 8.6
Std deviation 0.67 0.87 0.73
Wear (mm) 13.9 12.3 19.2

Std deviation 0.28 0.14 0.99
Flexural strength (MPa) 9.4 4.45 4.2
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4. Discussion
4.1. Physical, Chemical and Mechanical Characterization

According to granulometric measurements, coarse and fine aggregates did not fully
satisfy the reference standard (NTC 174). However, these aggregates were used in this
study due to their high quality and commercial acceptance (mechanical properties and
durability). For recycled aggregates, these satisfy acceptance ranges according to the
reference standard (NTC 174). Except for the finest fraction of coarse aggregates (fringe
sieve between #200 and #10). Thus, fine recycled aggregate is higher than the fine aggregate
while maintaining the same maximum size regarding fineness modulus.

It is observed from the fineness modules that the recycled fine aggregate is higher than
the natural one, while the maximum sizes for both types of aggregates are equal. This indi-
cates that concrete with recycled aggregates may require higher water content to achieve
workabilities, similar to conventional concrete. Regarding other interest parameters, it was
possible to identify several important differences between recycled and virgin aggregates.
In the case of absorption and density, recycled aggregates provided values 9 to 11 times
higher and 32 to 35% lower than natural ones. Recycled aggregates have a lower density or
specific gravity concerning the densities of natural aggregates. Thus, commonly the water
content required for a concrete mix with the same workability is higher when recycled
aggregates are used and may also be worsened; this is because although in this case the
standards are met, the elongation and flattening index of recycled coarse aggregates is
relatively low compared to natural ones [44].

Another interesting difference is related to mechanical properties, demonstrating
that recycled aggregates proved three times less resistant to wear than natural aggregates
(64% of loss). Lastly, unitary mass for both recycled and natural aggregates presented
conventional values for concretes (950 to 1950 kg/m3). Thus, both aggregate materials
can reduce cement consumption, plastic deformation and contribute to concrete density
once it is solidified. In terms of chemical properties, it was found that despite organic
material not affecting the hydration of Portland cement, virgin fine aggregates (sand)
provide a higher content compared to recycled ones. This can be explained by the fact
that natural aggregates come directly from the mineral quarry. Regarding wear resistance
under exposition to sodium sulfate, values of 68% and 86% were registered for recycled
coarse and fine aggregates, respectively.

4.2. Mechanical Evaluation

According to Figure 4, when 50% fine aggregate is replaced, the flexural strength is
reduced by approximately 20%. In contrast, with the replacement of the coarse aggregate,
a reduction of 10% is presented concerning the reference mixture, noting that it gets better
bending behavior of the mix when replacing coarse aggregates. Regarding mixtures with a
100% replacement in both fine and coarse, the resistance decreased by approximately 30%
and did not satisfy the NTC 2017 standard (4.2 MPa). On the other hand, it is observed
that when replacing 50% of the coarse aggregate, the resistance to compression is reduced
by approximately 8%. It is a concrete that met the established mechanical requirements;
by replacing 100% of the coarse aggregate, the compressive strength is decreased by
approximately 30%. Therefore, this replacement was not considered viable due to its high
reduction in mechanical performance.

When combining the recycled aggregate replacements between fine and coarse, a
decrease of more than 30% and 25% of the mechanical resistance to compression and
flexion, respectively, values that do not meet the initial requirement. Reductions of this
concrete’s mechanical properties are mainly since recycled materials from paving stones
provided high absorptions greater than 14%, indirectly indicating that the aggregates
also offered high porosity, which implied a considerable volume of voids in the internal
structure of the aggregates. In addition, the pores of recycled material include small cracks
that, within the concrete, reduce the mechanical properties of mixtures. Although there
are different improvement techniques for the mechanical response (e.g., coatings and
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mineral fillers), the most economical and straightforward way is balancing the mechanical
properties with the partial use of natural aggregates. In addition to the environmental
benefits of using recycled aggregates, these have better adherence to the matrix, low
content of organic matter, and typically low cost. Finally, by replacing 50% of fine natural
aggregate with recycled aggregate, it was possible to observe a reduction in compressive
strength by approximately 10%, a similar value to replacing 50% of coarse aggregate in the
mix. One hundred percent replacement of the fine aggregate content decreases resistance
by approximately 20%, which was an admissible value according to the requirement.
Nevertheless, mechanical behavior in terms of flexure was less than 4.2 MPa. Therefore,
the M7 mixture was not considered for the manufacture of paving stones.

According to Figure 4, mixes M2, M3, and M4 met the mechanical requirements
established regarding flexural strength. However, given the high deviation found for the
M3 mixture and the low average compressive strength, this study was not considered.
Therefore, the M2 and M4 mixtures, which replace 50% of the fine natural aggregates and
50% natural coarse aggregates, respectively, were the two only viable options for flexural
strength fulfillment.

4.3. Properties of Selected Mixes

Average values for absorption mixtures M2 and M4 are higher than 7%, while the
M1 mixture is within the parameter according to the NTC 176 standard [45], which is to
be expected taking into account that M2 and M4 mixtures contain recycled material from
old paving stones, which are more porous and less dense. In terms of wear, it must be less
than 23 mm, according to the NTC 5147 standard [46]. Tested mixtures showed satisfactory
results since all of them satisfy that reference parameter. However, it is noteworthy that
new paving stones with M2 concrete presented lower wear than M1, contrary to the M4
sample that presented higher wear. Fifty percent replacement of fine aggregates in M2
did not affect the wear of the new paving stone, which indicates that the manufacture of
paving stones with such a mixture will promote durability by friction over time. New
paving stones made with recycled material decreased their resistance by approximately
50% compared to M1. This decrease due to the recycled material used is highly porous and
has possible microcracks derived from the crushing process.

To summarize, it is observed that new paving stones manufactured with a 50% re-
placement of natural fine and coarse aggregates by recycled aggregates (M2 and M4)
satisfactorily comply with the minimum mechanical resistance (4.2 MPa according to the
NTC 2017 standard). However, the results in absorption and wear are above the permitted
values for these applications. It is recommended to quantify in future research the practical
impact on the lifecycle of paving stones, including the interaction between these high
percentages of absorption and wear. The results obtained demonstrated that it is possible
to fabricate paving stones with similar properties to those fabricated using 100% virgin
material. Possible applications of concrete with recycled aggregates include structural
applications and buildings, however, it is necessary to perform specific experiments to
validate its suitability in such applications. The study summarized in this article did not
consider extreme conditions such as exposure to fire or freezing environment.

4.4. Limitations of the Study

The experimentation and examination processes followed in this study involved
several characterization, physical and chemical analysis, and laboratory tests. Therefore it
is relevant to address several limitations regarding the methodology, materials and results
obtained:

• Properties of raw material for aggregates (old paving stones) can vary depending
on the age, degree of wear and typical use conditions. Hence, it is possible to find
differences in results for mechanical properties considering another paving stone with
different age and use regime.
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• Results of mechanical properties obtained are valid for the aggregate sizes considered
in this study. The use of high-technology jaw crushers can play an important role to
analyze smaller sizes of aggregate and their influence on mechanical properties and
durability of the new recycled material.

• Environmental conditions (humidity and temperature) were not controlled or mea-
sured during the development of experiments. Possible differences in results can be
observed in regions with colder or hotter weather. Mechanical test were performed in
cold conditions only. Therefore, results can vary under other conditions not considered
in this study (i.e., mechanical behavior after exposition to fire).

• Characterization processes (density, consistency, absorption, chemical properties, and
mechanical wear) followed NTC (Colombian technical standards). Such standards are
conventional based on ASTM standards, although methodological differences are not
ruled out compared to another standard or newest versions of the ASTM standards.

5. Conclusions

This article described first the evaluation of the mechanical properties of concrete
using recycled aggregates obtained from old paving stones, and second the development
of two suitable concrete mixtures for manufacturing new paving stones with important
replacements of the fraction of natural coarse and fine aggregate. Based on the technical
standards, the two concrete mixes with the replacement of 50% by weight of the fine and
coarse fraction of natural origin presented adequate flexural strength when evaluated as
new paving stones. These results are entirely satisfactory concerning the replacements
found in the literature where recycled aggregates are typically used in fractions less than
50% by weight of the natural coarse or fine aggregates of a concrete mix. This is fundamen-
tally due to the high quality and processing of the recycled aggregates used in this project.
It is remarkable that the selected recycled aggregates were fundamentally constituted of
concrete and did not present significant contamination.

On the other hand, in terms of the relative high absorption and low resistance to wear
of the paving stones developed, future research is proposed to improve recycled aggregates
against these variables, particularly wear caused by pedestrian. The correlation of existing
standardized wear tests with actual applications still demands better approaches that open
the possibility of using recycled aggregates without affecting construction safety. Finally,
this study demonstrated that use of recycled aggregates has the potential to reduce the
environmental impact and, when applied correctly, it can significantly reduce the costs of
a construction project. Therefore, results from this project, together with more research
results about recycling technology in building materials are the base of a circular economic
model proposed for one of the major cities from Colombia, Santiago de Cali (Figure 7). In
particular, the Circular Economy Model, a tool led by the municipal planning department
of the mayor’s office of Santiago de Cali for the construction sector, is composed of four
stages that are: (I) production of construction materials, (II) construction, (III) use and
operation and (IV) termination of the life cycle of buildings and infrastructure. It also
includes the articulation with other productive sectors that generate waste of interest to the
construction chain, a strategy known as industrial symbiosis. Furthermore, in the Circular
Economy Model, it is very important to connect at all stages with the Environmental
and Technological Park (Parque Ambiental y Tecnológico) of Santiago de Cali, a place
conceived as a physical space that has infrastructure and shared human capital that reserves
investment for sustainable construction companies. As they are inserted in flexible groups,
they find support (in situ and in the park) to transform C&DW and other waste into
sustainable materials for construction.
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Figure 7. Circular Economy Model for the construction sector of Santiago de Cali which is composed
of the phases of production of construction materials, construction, use and operation, and completion
of the life cycle of buildings and infrastructure.

Author Contributions: Conceptualization, methodology, and editing, A.M.-R. and J.A.M.; compo-
nents, classification, and mechanical evaluation, A.M.B.-G. and I.D.B.-G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank to Pontificia Universidad Javeriana Cali (Colombia) for the
technical support given during the experiments reported in this article.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

Appendix A. Equivalence between NTC, INV and ASTM Standards

Table A1. Equivalence between NTC, INV and ASTM standards.

NTC/INV Standard (Colombia) Equivalent International Standard

NTC 174 ASTM C1231

INV E-500 –

INV E-307 –

INV E-310 –

NTC 7707 ASTM C136

INV E-213 –

NTC 237 ASTM C128

INV E-222 –

NTC 176 ASTM C127

INV E-223 –

NTC 92 ASTM C29
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Table A1. Cont.

NTC/INV Standard (Colombia) Equivalent International Standard

INV E-217 –

INV E-230 –

NTC 126-206 ASTM C88

INV 3-220 –

NTC 127 ASTM C40

NTC 98 ASTM C131

INV E-219 –

NTC 2017 –

INV E-402 –

NTC 673 ASTM C42

INV E-414 –

Appendix B. Additional Properties of Aggregates and Quantities for
Experimental Mixtures

Table A2. Granulometry of recycled aggregate samples (using sieve).

Sizes Weight and Grade of Samples

Passing Size Detained Size A B C D E F G

3” 2 1/2” 2500
2 1/2” 2” 2500

2” 1 1/2” 5000 5000 5000
1 1/2” 1” 1250 5000 5000

1” 3/4” 1250
3/4” 1/2” 1250 2500
1/2” 3/8” 1250 2500

3/8” 1/4 2500
1/4” N◦4 2500
N◦4 N◦8 5000

Number of balls 12 11 8 6 12 12 12
Angular speed (RPM) 500 500 500 500 1000 1000 1000

Table A3. Dry weight and absolute volume of components per cubic meter of concrete.

Component Dry Weight
Kg/m3

Apparent Density
g/cm3

Absolute Volume
L/m3 Proportion

Cement 565 3.1 182 1
Water 203.8 1 203.8 0.36

Air content – – 0 0
Coarse aggregate 809.44 2.81 288 1.43

Fine aggregate 876.89 2.68 326.2 1.55
Total 2455 1000

Table A4. Moisture content for natural aggregates.

Parameter Fine Aggregate Coarse Aggregate

Initial weight (g) 381.9 327.7
Dry weight (g) 349.2 315.9

Water content (g) 32.7 11.8
Moisture (%) 8.57 3.60
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Table A5. Density and absorption for natural aggregates.

Parameter Fine Aggregate Coarse Aggregate

Nominal density (g/cm3) at 23 ◦C 2.80 2.93
Apparent density (g/cm3) at 23 ◦C 2.68 2.81
Relative density (g/cm3) at 23 ◦C 2.72 2.85

Absorption (%) 1.6% 1.4%
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Abstract: The use of recycled aggregate to reduce the over-exploitation of raw aggregates is necessary.
This study analysed and categorised the properties of water-washed, fine and coarse, recycled aggre-
gates following European Normalization (EN) specification. Because of their adequate properties,
zero impurities and chemical soluble salts, plain recycled concrete was produced using 100% recycled
concrete aggregates. Two experimental phases were conducted. Firstly, a laboratory phase, and
secondly, an on-site work consisting of a real-scale pavement-base layer. The workability of the
produced concretes was validated using two types of admixtures. In addition, the compressive and
flexural strength, physical properties, drying shrinkage and depth of penetration of water under
pressure validated the concrete design. The authors concluded that the worksite-produced concrete
properties were similar to those obtained in the laboratory. Consequently, the laboratory results could
be validated for large-scale production. An extended slump value was achieved using 2.5–3% of a
multifunctional admixture plus 1–1.2% of superplasticiser in concrete production. In addition, all the
produced concretes obtained the required a strength of 20 MPa. Although the pavement-base was
produced using 300 kg of cement, the concrete made with 270 kg of cement per m3 and water/cement
ratio of 0.53 achieved the best properties with the lowest environmental impact.

Keywords: recycled concrete aggregate; recycled aggregate concrete; workability; compressive
strength; pavement

1. Introduction

In 2018, construction and demolition waste was 35.4% of the total waste (2277 mil-
lion tonnes) generated in the European Union (EU) by all economic activities including
households, of which only 54.2% was recovered [1,2]. Consequently, the demolition of
concrete structures causes a considerable volume of waste that terminates in landfills. The
guidelines of the European Commission [3] are designed to encourage a change in produc-
tion procedures to embrace a circular, more sustainable and eco-respectful model in which
waste is re-introduced into production processes, reducing raw material over-exploitation
and maximising material life cycles. Plaza et al. [4] concluded that the benefits of using
recycled coarse and fine aggregates to replace natural aggregate partially lie not only in
CO2 emissions reduction in concrete manufacture but also in the significant mitigation of
the environmental impacts induced by stockpiling the respective waste. Moreover, about
75–80% of the total concrete components materials are aggregates [5]. Today, the production
and use of natural resources such as natural aggregates in concrete production reduce natu-
ral resources and increase the volume of atmospheric pollutants [6]. Therefore, recycling
waste concrete and concretes from damaged or demolished structures are essential for
producing recycled concrete aggregates (RCA), thus mitigating the environmental impacts.

The demand for non-renewable natural resources and industrial products, especially
mineral aggregates from quarry extraction, is high for highway construction and main-
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tenance [7]. Therefore, the most widespread practice to achieve pavement sustainability
is to lower the quantity of virgin aggregates by partially or fully replacing them with
alternative aggregates. In addition, the available literature shows that alternative aggregate,
as recycled concrete aggregate, could be effectively used for concrete pavements [8–11].
The mentioned field investigation results indicate that it is possible to produce pavements
from recycled aggregates that are equivalent in all aspects to pavements made with con-
ventional aggregates when up to 40% of coarse RCA are used to replace natural aggregates.
Gress et al. [12] described that the pavement produced with up to 25% of fine recycled
concrete aggregates also achieved adequate properties although with a slight increase of
shrinkage value with respect to that in concrete produced only employing coarse RCA.
Moreover, recycled concrete made with coarse RCA aggregates have been employed in
certain, although few, real structural concrete projects [13]. In Hong Kong [14], from 2022
to 2005, the acceptable behaviour of structural concretes grades C20 and C25 were verified,
producing concretes with recycled coarse aggregate replacement levels of 100 and 20%,
respectively. Zhang and Zhao [15] also proved 50% coarse RCA in structural concrete
production. However, for the structural elements studied by Xiao et al. [16], up to 30% of
coarse RCA were used in concrete production. The use of RCA is still limited. However, as
mentioned previously, coarse recycled aggregates (C-RCA) have been proven to be suitable
for concrete production [17]. Moreover, their use in concrete production as a structural
material has been widely analysed and validated in many applications [13,18,19]. However,
the use of fine recycled concrete aggregates (F-RCA) is less widespread due to their more
negative effect on concrete properties [20].

RCA aggregates have a lower quality than the natural aggregate (NA) because of
attached mortar to the stone particles in RCA. In contrast to NA, RCA has the following
properties: more water absorption, less bulk density, more abrasion loss and more crusha-
bility [21,22]. In particular, fine RCA could also have more dust particles, more organic
impurities and also harmful chemicals because of earth mixing with concrete after building
demolition [23]. Despite these weaknesses, the un-hydrated cement of the original concrete
available in the RCA may play a positive role in its use in structural concrete. In addition, in
the case of the use RCA, the specific surface of the aggregates improves the binder/recycled
aggregate interface [24].

Coarse and fine RCA in concrete production affects workability and hardened-state
(mechanical, physical and durability) properties. Recycled aggregate concrete (RAC) is
typically associated with lower workability than natural aggregate concrete (NAC) of the
same composition [25]. This is attributed to the poor shaping properties of crushed RCA
when compared to NA. If there is proper compensation for water absorption, workability
is essentially affected by the shape of the aggregates [26,27]. The reduction of workability
is confirmed with the increased replacement of NA with RCA, especially in the finer
fraction [28]. Partial absorption of the superplasticiser by the aggregates also occurs, and
increased fines in the content are due to a partial loss of the aggregates’ mortar during
the mixing process [26]. Tobori et al. [29] found that when superplasticiser is added to
RAC mix, instead of acting on the cement grains, the absorption of its liquid phase occurs
through F-RCA. Evangelista and de Brito [30] found that polymer chains have a larger
contact area with fine recycled aggregates than natural ones. Nedeljkovi’c et al. [27], after
an exhausted review analysis, concluded that researchers had offered many reasonable
explanations on complex flow behaviour of recycled concretes through a combination of
experiments and theories. They described that there is no universal approach to obtain and
maintain satisfactory workability of mortars/concretes with F-RCA.

It is generally believed that concrete compressive strength decreases as the amount of
recycled concrete replacement increases [31], which may be due to the old mortar in fine
RCA that makes concrete more porous and less dense [32]. As a result, the concrete pro-
duced with 100% RCA (coarse plus fine recycled aggregated) obtained a lower compressive
strength [4,27]. However, the tensile strength can improve due to the improvement of the
interface transition zone in concretes containing RCA [4,10].
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According to Zhang et al. [33], both F-RCA and C-RCA significantly influence the
drying shrinkage behaviour of concrete. Total (100%) replacement of natural aggregates
with RCA (including both F-RCA and C-RCA) increased the drying shrinkage by more than
100% (102.0–116.9%). In addition, a higher water absorption ratio and a lower density RCA
resulted in higher shrinkage strains. However, compared with the influence of C-RCA, the
effect of F-RCA is relatively lower. In particular, C-RCA with a 100% replacement ratio
increased the drying shrinkage. Sadati and Khayat [9] also determined that the increasing
the fine RCA content from 0 to 15% had no significant effects on drying shrinkage of
pavement concrete.

Although recycled concrete produced with 100% of recycled aggregate achieves a
lower strength and a higher shrinkage than those of conventional concretes, the washing
of recycled aggregates could guarantee the quality and consequently the durability of
the concrete produced. In order to assure RCA aggregate quality, it is imperative to use
innovative recovery plants to manage construction and demolition waste efficiently [34].

The recycled aggregates used in this study were obtained from an innovative recycling
plant (see Figure 1) located in Barcelona, Spain. Two types of demolition material are
treated separately at the plant: concrete waste (more than 95% is concrete) and mixed waste
(with approximately 30% ceramic material). After crushing these to the desired aggregate
size (usually 0/20 mm), the cleaning and sieving processes of the mixed recycled aggregates
(RMA) and RCA are carried out. Fine (F-) and course (C-) fractions are produced separately,
making them suitable for concrete production. In this study, the F-RCA and C-RCA were
analysed for use in concrete production.
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The production of high-quality plain concrete using 100% water-washed fine and
coarse RCA aggregates without employing natural aggregates can be possible if the recycled
aggregates fulfil the requirements to be used in concrete production. The objective of this
study was to analyse the quality of water-washed C-RCA and F-RCA aggregates produced
in the innovative plant and validate them to be used in plain concrete production by
building a real pavement-base layer. The production of plain concrete was analysed in two
phases: (1) laboratory experiments and (2) on-site pavement-base layer construction. In the
first phase, the suitable concrete mix proportions were tested to see if they accomplish the
minimum required properties of having an adequate workability (6–8 cm of slump test)
30 min after RAC concrete production and a minimum compressive strength of 20 MPa
at 28 days of curing. Moreover, other properties such as the flexural strength, physical
properties, drying shrinkage and depth of penetration of water under pressure were also
validated in the concrete design. The second phase would verify if the worksite-produced
concrete achieved adequate properties similar to those obtained in the laboratory.
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2. Materials and Methods
2.1. Materials
2.1.1. Cement and Chemical Admixtures

The cement CEM II A-L 42.5 R (88% clinker, 12% limestone, excluding the set regulator,
added in 5%) was used. The composition of the cement is shown in Table 1.

Table 1. Composition of cement as the percentage of total weight.

Cement SiO2 CaO Fe2O3 Al2O3 MgO SO3 Na2O K2O LOI

CEM II A-L 42.5 R 19.33 62.71 2.65 3.43 1.36 3.52 0.06 0.8 5.28

Two chemical admixtures were employed for concrete production: a multifunctional
admixture (P) and a superplasticiser (S). The mix recommended by the manufacturer for
the S was 0.3–2.0% and 0.5–1.5% for the P admixtures based on the weight of the cement.

2.1.2. Recycled Concrete Aggregate Production and Its Properties

The production of C-RCA and F-RCA aggregates was conducted in an innovative
washing recycling plant. Once all the polluted components, big pieces of steel, wood or
plastic, are removed from the demolition waste, the clean concrete waste is crushed to
0/20 mm recycled aggregate fractions. At this point, the water-washed treatment process
and different aggregate fraction production starts: (1) the 0/20 mm fractions are transported
to the recovery plant by conveyor belt for the next steps in the process. The recycled
material is passed through a magnetic separator, and under the water spraying process,
the 0/20 mm fractions pass through a 4 mm sieve where the fine and coarse fractions are
separated. (2) The recycled aggregate fractions finer than 4 mm go to the hydro-cyclone
separators. At this point, the material is divided into three recycled fraction sizes: 0/4 mm,
0/2 mm and a fraction finer than 63 µm (filler and clay). (3) After the cleaning process
(with water and brushing), the coarse recycled aggregate fractions (>4 mm) are sieved in
three different fractions, 14/20 mm, 8/14 mm and 4/10 mm.

Although the cleaning procedure is conducted via a water system, the entire volume
of water employed in the treatment process is reused satisfactorily. In addition, rainwater
is also harvested through storage tanks.

Four fractions (0/2 mm, 0/4 mm, 4/10 and 8/20) of RCA, designated FR1, FR2, CR1
and CR2, respectively, were used for concrete production (see Figure 2). The 8/20 mm
fraction was produced mixing the fractions 8/14 mm 50% and 14/20 mm 50%. The recycled
aggregates were characterised following EN 12620 “Aggregates for concrete” specifications.
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Figure 2. The four recycled aggregates (each line in the ruler are 10 mm).

The constituents of C-RCA aggregates (CR1 and CR2) were: Rc (Concrete and mortar)
+ Ru (unbound aggregate) of 96.27%, Rb (Ceramic) 1.94%, Ra (Asphalt) 1.40% and X (other
impurities) 0.4%, determined following the EN 933-11:2009 specifications. According to
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the EN 12,620 specifications, the RCA aggregates composed of more than 95% concrete are
categorised as Type A (Rc90, Rcu95, Rb10, Ra1, FL2 and XRg1).

The grading distribution of the four fractions of recycled aggregates 0/2 (FR1), 0/4 (FR2),
4/10 (CR1) and 8/20 (CR2) are shown in Figure 3. They were determined following EN
933-1 specification. According to the grading distribution, the fine fractions (FR1 and
FR2) were categorised as Gf85. The 4/10 gravel fraction was classified as Gc90/15 and
the 8/20 fraction as Gc85/20, the categories being highlighted by the Spanish concrete
Structural Code [36].
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Figure 3. The grading distribution of all the recycled concrete aggregate fractions (FR1, FR2, CR1
and CR2).

The coarse recycled aggregates (CR1 and CR2) contained less than 1.5% of particles
under 63 µm classified in the maximum category of f1.5. In addition, the FR1 and FR2 had
a filler quantity of less than 3%. Therefore, they were assigned the top category f3.

The density and absorption capacity of all the aggregates fractions, described in Table 2,
were determined following UNE-EN 1097-6 specification. All recycled aggregates met
the requirements of the Structural Code [36] at 7% (established by the concrete Structural
Code). It should be clarified that FR1 0/2 sand was always mixed with FR2 0/4 sand
(using 20% 0/2 and 80% 0/4). Therefore, the mixture fraction met the limit set by the
structural code of 7% absorption capacity. Furthermore, as mentioned above, all the used
recycled aggregates were found to be well within the absorption limitation established
by international regulations for recycled aggregates to be used in non-structural concrete.
For example, 10% in Hong Kong and 20% in The International Union of Laboratories and
Experts in Construction Materials, Systems and Structures (RILEM, Paris, France) German
and Norwegian specifications [37].

Table 2. Dry density and absorption capacity of RCA.

FR1-0/2 Desv FR2-0/4 Desv CR1-4/10 Desv CR2-8/20 Desv

Dry Density (kg/dm3) 2.12 0.06 2.29 0.05 2.24 0.03 2.30 0.01

Absorption (%) 7.8 0.04 5.6 0.46 6.1 0.05 5.6 0.25

The per cent of acid-soluble sulphate and water-soluble chlorides salts were deter-
mined according to the EN 1744-1 specification. The limit established by the Structural
Code for aggregates used in the manufacture of concrete is 0.8% and 0.05% of acid-soluble
sulphates and soluble chlorides, respectively. Table 3 summarises the obtained values. All
recycled aggregates met the standard requirement.
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Table 3. Chemical analysis of recycled aggregates.

FR1-0/2 FR2-0/4 CR1-4/10 CR2-8/20

Acid soluble Sulphate (%) 0.13 0.11 0.23 0.16

Water-Soluble Chloride salts (%) 0.005 0.0014 0.007 0

The shape factor and Los Angeles abrasion coefficient of coarse recycled aggregate
fractions were determined following UNE-EN 933-3 and UNE-EN 1097-2 specifications,
respectively. The shape factor of the recycled concrete aggregate fraction was 6%, below
35% (maximum value allowed by the Structural Code). According to the Los Angeles
coefficient, RCA obtained a maximum of 36%, less than 40%, a limiting value for structural
concrete aggregates. Following the EN 12,620 specification, the shape factor and Los
Angeles abrasion coefficient are classified as Fl15 and LA40, respectively.

As mentioned above, the recycled aggregates were water cleansed. Consequently,
after the washing process, all RCA aggregate fractions had a high moisture content in over-
saturated conditions. Therefore, in order to control de water amount in concrete mixture,
the moisture of aggregates was determined before their use in concrete production. Many
researchers recommend the employment of recycled aggregates in highly humid conditions
to produce concrete. However, it should not be saturated, as this could negatively affect
the interface transition zone [38,39]. Nevertheless, in this case, due to the water wash-
ing process, the recycled aggregates were employed in wet conditions, sometimes even
oversaturated. According to the obtained properties of RCA, the water-washed industrial
treatment process guaranteed high quality RCA, adequate to be used in concrete. Other
recycled aggregates treatments [40], only applied in laboratory scale, achieved also im-
provements in their physical properties. However, recycled aggregates which are required
to be in a dry state or with medium humidity grade have been found up to be difficult to
combine with the industrial water-washed treatment.

2.2. Methods

Two phases of concrete production were conducted. Phase 1 included experimental
laboratory work. For pavement-based layer construction, adequate mix proportions of
concrete with 100% fine and coarse recycled aggregates (RAC concrete) were designed. The
concrete was required to have acceptable workability (6–8 cm of slump test) 30 min after
casting for adequate concrete placement. In addition, the produced concrete should have
a minimum of 20 MPa compressive strength (strength in cylindrical specimens defined
by Structural Code) after 28 days of curing. In phase 2, a RAC concrete pavement-base
layer with a minimum of 20 MPa compressive strength (in cylindrical specimens) was
built in Barcelona’s city centre using an adequate mix proportion; the fresh and hardened
properties were determined.

2.2.1. Laboratory Work, Phase 1: Mix Proportions and Test Procedure

All the concretes were produced employing 100% of fine and coarse RCA. 300 kg,
280 kg and 270 kg of cement were used in different mix proportions (see Table 4) to deter-
mine the minimum amount of cement needed to achieve adequate properties. In addition,
the effective water/cement ratio was defined to establish the concretes’ mix proportions.
While the effective water/cement ratio 0.55 was defined for the concretes produced with
300 kg and 285 kg of cement per m3 of concrete, the value of 0.52–0.53 was defined for
concrete produced with 270 kg of cement. The day before producing each concrete, all
fraction of recycled aggregates were introduced into the oven at 100 ◦C, and the aggregates’
humidity was determined to calculate the water amount to be added for concrete produc-
tion and control its effective water/cement ratio. The average humidity values (and its
standard deviation) of the FR1, FR2, CR1 and CR2 recycled aggregates were 12.2% (0.7%),
6.7% (0.4%), 6.1% (1%) and 4.6% (0.8%), respectively. The fine fractions (FR1 and FR2)
were oversaturated when concretes were produced. Consequently, the water present on
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the surface was considered part of effective water for concrete production. However, the
coarse recycled aggregates (CR1 and CR2) had a high humidity but were not saturated. In
this case, their effective absorption capacity was calculated (determined by submerging
them in water for 20 min), and the determined water amount was added to the concrete to
be absorbed by the CR1 and CR2 in order to maintain a constant effective water/cement
ratio [5]. The multifunctional (P) and superplasticiser (S) chemical admixtures were used
in different percentages to achieve the desired workability of 6–8 cm slump value at 30 min
or later after casting.

Table 4. Mix proportions of concrete mixtures. The values are given as weight (in dry condition) over
the volume of concrete production (kg/m3).

RAC-300 RAC-285-1 RAC-285-2 RAC-270-1 RAC-270-2 RCA-270-3

CEM II A-L 42.5 R 300 285 285 270 270 270

Efective w/c ratio 0.55 0.55 0.55 0.52 0.52 0.53

Total w/c ratio 0.91 0.91 0.90 0.90 0.89 0.94

Water 165 156.75 156.75 140.4 140.4 143.1

CR2 8/20 mm 682.6 694.3 694.3 713.2 713.2 710.8

CR1 4/10 mm 273.6 278.3 278.3 285.9 285.9 284.9

FR2 0/4 mm 589.9 600 600 616.4 616.4 614.3

FR1 0/2 mm 188.9 192.1 192.1 197.4 197.4 196.7

S * (%) 1 1 1 1.2 1 1.3

P * (%) 1.5 2 2.5 2.5 2.7 3

WORKABILITY (slump test in cm)

t = 0 min 21.5 17 20 20 11 22

t = 30 min 7 - 3.5 - 6 18

t = 60 min - - - - - 6.5

* The amount of S and P used in concrete production is defined as per cent of the cement weight.

All the produced concretes’ workability and slump value were determined following
the UNE-EN 123350-2:2020 specifications. The slump values were determined immediately
after concrete casting (t = 0 min) and 30 min or 60 min after concrete casting (t = 30 min
or t = 60 min). Between 0 min (immediately after concrete casting) and 30 min or 60 min,
the concrete mixture was kept in the mixer, which was stopped and covered with a plastic
sheet until the test time elapsed. The concrete was then mixed for one minute before the
slump was again measured.

The concrete specimens were produced and cured following UNE-EN 12,390-2:2001
regulations and manually compacted using a steel rod. The concrete specimens were then
covered with a plastic sheet and air-cured for the first 24 h.

After 24 h of casting, the concrete specimens were demoulded and stored in the
humidity room at 22 ◦C and 95% humidity until tested. In the concretes’ hardened state,
the compressive strength at 7, 28 and 56 days were determined following UNE-EN 12390-
3:2020 specifications using cylindrical specimens of diameter Ø100 × 200 mm in length. In
addition, the physical properties at 28 days were determined following UNE-EN 12390-
7:2020 specifications using cubic specimens of 100 × 100 × 100 mm. Drying shrinkage was
measured using concrete prismatic specimens of 70 × 70 × 285 mm, exposed to 20 ± 2 ◦C
and relative humidity 55 ± 5% for 56 days following UNE-EN 12390-16:2020 specifications.
Each result represented the average of three measurements.
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2.2.2. Pavement-Base Construction

In May 2021, a 500 m long pavement-base layer with a 30-cm thickness (highlighted
in green in Figure 4) in Passeig de Colom (PC) in Barcelona, Spain was constructed. Plain
concrete with a minimum of 20 MPa compressive strength was manufactured using FR1,
FR2, CR1 and CR2 fractions. In addition, more than 815 m3 of washed recycled aggregates
were employed in pavement-base layer construction.
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Table 5 describes the three-mix proportions employed for pavement-base layer con-
struction. The humidity of the aggregates was determined before producing the concretes,
except for the first day RAC-300-PC1 concrete. The humidity was determined after concrete
production and was higher than initially estimated. The average humidity values (and its
standard deviation) of the FR1, FR2, CR1 and CR2 recycled aggregates were 21.5% (1.2%),
9.9% (0.4%), 6.4% (0.2%) and 4.9% (0.5%), respectively. The fine recycled aggregates (FR1
and FR2) had higher-humidity concretes produced in the laboratory. The concrete mixture
used for pavement-base layer construction was designed with 300 kg of cement and an
effective water/cement ratio of 0.52–0.53 to assure the minimum strength of 20 MPa. How-
ever, because the humidity of the aggregates used in RCA-300-PC1 concrete production was
higher than the estimated values, the RAC-300-PC1 concrete was produced with an effective
water/cement ratio of 0.59. The rest of the pavement-base layer production was constructed
using the RCA-300-PC2 and RCA-300-PC3 concretes, with effective water/cement ratios of
0.52 and 0.53, respectively.

Table 5. Mix proportions of the concrete produced. The values are given as weight (in humid
conditions) over the volume of concrete production (kg/m3).

RAC-300-PC1 RAC-300-PC2 RAC-300-PC3

CEM II A-L 42.5 300 300 300

TOTAL water 101.5 88.0 97.4

Efective w/c ratio 0.59 0.52 0.53

FR1 0/2 mm 246.4 253.3 244.8

FR2 0/4 mm 688.8 708.1 702.3

CR1 4/10 mm 274.1 281.8 280.5

CR2 8/20 mm 665.3 683.9 691.5

S ** (%) 1.05 + 0.2 1.05 + 0.2 1.05 + 0.2

P (%) 1 1 1
** S and P: % of admixture for the cement weight. The second quantity of superplasticizer (+0.2) was added
directly to the truck on-site to increase the workability of the concrete for placement in suitable conditions since
the concrete arrived at the site one hour after its manufacture.
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All the concretes’ workability and slump values were determined on-site (see Figure 5a–c).
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The concrete mixtures were placed on-site directly from the truck (see Figure 6a). After
compaction using a needle vibrator (see Figure 6b), the admixture of acrylic resin-based
evaporation reducer, curing improvement admixture, was added to the concrete surface
(see Figure 6c) to guarantee an adequate curing process. Figure 6 summarises the concrete
laying process.
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Concrete specimens were fabricated to characterise the produced concretes. The
concrete samples were manually compacted using a steel rod. The specimens were then
covered with a plastic sheet and air-cured for the first 24 h at the worksite. After 24 h
of casting, the concretes specimens were moved to the university laboratory, demoulded
and stored in the humidity room until the required testing. The mechanical properties of
compressive and flexural strength were determined. The compressive strength at 7, 14, 28
and 56 days was determined for cylindrical specimens of Ø100 mm × 200 mm and cubic
specimens of 150 × 150 × 150 mm for 28 days. In addition, the flexural strength was deter-
mined using prismatic samples of 100 × 100 × 400 mm at 28 days of curing. The physical
properties at 28 days were determined using cubic specimens of 100 × 100 × 100 mm. Fi-
nally, the durability properties of drying shrinkage and depth of penetration of water under
pressure were determined. The drying shrinkage was determined using 70 × 70 × 285 mm
specimens. Cylindrical specimens of Ø100 × 200 mm were used to calculate the penetration
depth, following UNE-EN 12,390−8:2020 specification. Each result was recorded as the
average of three measurements.
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3. Results
3.1. Laboratory Work: Phase 1
3.1.1. Workability of Produced Concrete

Table 4 shows the workability achieved of all the concretes produced. The RCA-300
concrete achieved an initial slump value of 21.5 cm and adequate laying properties with
7 cm of slump value after 30 min of production. It was produced with an effective and total
water/cement ratios of 0.55 and 0.91, respectively. In addition, 1% and 1.5% of admixtures
S and P, respectively, were used for concrete production.

The concrete produced with 285 kg of cement (RCA-285) with S 1% and P 2.5%
achieved an initial slump value of 20 cm. However, after 30 min of casting, the slump
value dropped to 3.5 cm, too dry to lay it on-site under normal conditions. The RCA-285
concrete was also produced with an effective water/cement ratio of 0.55, but with a little
less cement. Consequently, the water amount employed was also lower than that used for
RCA-300 production. Thus, the RCA-285 concrete would initially require a slightly higher
S admixture and a somewhat higher slump value.

The concretes produced with a lower cement amount (RAC-270) were produced with
a lower effective w/c ratio (0.52–0.53). Consequently, they needed more admixtures to
achieve a good slump value. The RCA-270-1 concrete using S 1% and P 2.7% achieved a
slump value of 6 cm at 30 min. The RCA-270-3 concrete with S 1.3% and P 3% achieved a
slump test of 6.5 cm at 60 min. Therefore, an amount slightly higher than 1% S admixture
(reached 1.3%) together with up to 3% P was necessary for an adequate slump value at
30 or 60 min after casting.

3.1.2. Hardened Properties of Concrete

The hardened properties were determined only in concretes with an initial slump
value ≥20 cm. Table 6 shows the mechanical and physical properties obtained by the
produced concretes. All the produced concretes achieved the required compressive strength
of 20 MPa at 28 days, reaching similar values to those obtained by other researchers [41].
While the RCA-300 concrete achieved a strength of 29.7 MPa at 28 days, the RCA-285-
2 concrete achieved a strength value of 30.4 MPa. However, as shown in Table 4, the
RCA-285-2 concrete failed to reach an adequate slump value.

Table 6. The mechanical and physical properties of concretes produced in the laboratory.

Compressive Strength (MPa) Flexural Strength
(MPa)

Dry Density
(kg/dm3)

Absorption
(%)

Accesible
Porosity (%)

Concrete Type 7 Days 28 Days 56 Days 28 Days 28 Days 28 Days 28 Days

RCA-300 25.5 (0.8) 29.7 (0.6) 30.7 (0.5) 3.86 (0.02) 2.10 6.06 12.74

RCA-285-2 25.9 (0.2) 30.4 (1.0) 32.3 (1.0) - 2.11 5.65 11.90

RCA-270-1 22.4 (0.4) 26.0 (0.8) 26.9 (0.9) - 2.06 5.97 12.30

RCA-270-3 19.9 (1.8) 26.4 (0.6) 27.2 (0.6) - 2.09 6.83 14.29

In addition, the RAC-270 concrete, produced with 270 kg of cement, achieved a
compressive strength of 26 MPa at 28 days, with an acceptable slump value (see Table 4),
thus being adequate for the defined application. However, it should be noted that the RCA-
270-3 concrete achieved the lowest strength value at seven days and the highest standard
deviation, probably due to the use of P 3% admixture. Nevertheless, the compressive
strength increase from 7 days to 28 days was 34% (due to effective of 3% P [5]) compared to
the other concrete, which rose to 16.5% during the same period. All the produced concretes
achieved a similar compressive strength increase of 3–6% from 28 to 56 days of curing. In
addition, the standard deviation of compressive strength values was low in all the concretes.
The flexural strength was only determined in RCA-300, guaranteeing that this concrete
would be adequate for a pavement-base application [42].
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A study of the physical properties achieved, showed that all the produced concretes
had a lower dry density and higher absorption capacity than conventional concrete and
concrete using only coarse RCA [43,44]. It was also determined that they achieved similar
densities to those concretes produced with 100% coarse recycled mixed aggregates [45].
In addition, the RCA-270-3 achieved the highest porosity, as it combined the lowest ce-
ment amount of 270 kg, a higher water/cement ratio than RCA-270-1 and the highest P
admixture. However, the obtained values were shown to be similar to values achieved
by various researchers’ concretes, which were produced with 100% coarse and fine aggre-
gates [41]. Consequently, they are acceptable for non-structural plain concrete pavement-
base applications [42].

Figure 7 shows the obtained drying shrinkage values (Figure 7a) and the mass loss
(Figure 7b) of the produced four concretes. The obtained values in the four concretes
were alike as they employed similar amounts of recycled aggregates and total water in
all the produced concretes. The value of all the concretes reached −1000 µε in 56 days.
In addition, according to ACI [46], the typical drying shrinkage values were −200 to
−800 in conventional concrete when a high water/cement ratio was used. The drying
shrinkage of concrete with recycled aggregates is always higher than that produced with
natural aggregates due to the reduced restraint of recycled aggregate and the high water
content [33], reaching to high shrinkage values when 100% of fine and coarse aggregates
are employed [47]. However, most of the research works carried out up to date have only
analysed concretes using recycled coarse aggregates [48]. In addition, Figure 7b shows
that all the concrete mixtures achieved a mass loss % of 4.25% after 56 days of drying
test exposure.
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Figure 7. (a) drying shrinkage (×10−6) and (b) mass loss (%) of the concrete samples.

Figure 8 shows the relationship between weight loss % and shrinkage value of the four
concretes. The concrete RCA-270-1 and RCA-270-3 produced with the highest volume of
recycled aggregates suffered a higher mass loss with very low shrinkage value. In addition
the RCA-270-3, produced with the highest total w/c ratio, suffered more than 3% mass
loss with a shrinkage value of −120 µε. However, all the concretes achieved similar last
shrinkage and total mass loss (%) values.
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3.2. Pavement-Base Construction
3.2.1. Workability of Concrete Produced

Figure 5 shows the slump values for the three concrete mixtures produced. All
concrete included 1% S and 1% P in the production process. The recycling plant and
concrete producer were located 25 km from Barcelona. However, heavy morning traffic at
the entrance to Barcelona caused huge delays. Under those conditions, the trip could take
up to 50 min. When the truck arrived, all the concrete mixtures had a slump lower than
5 cm. Consequently, to increase the concrete workability, it was necessary to add 0.20% S to
the concrete mixture. After mixing the concrete for 10 min, slump values of 15 cm, 8 cm and
10 cm were determined for the RCA-300-PC1, PCA-300-PC2, and RCA-300-PC3 concretes,
respectively (Figure 5). The RCA-300-PC1 was produced with the highest water/cement
ratio, achieving the highest slump. The PCA-300-PC2 and RCA-300-PC3 concretes were
made with a similar effective w/c ratio and reached a similar adequate slump value.

3.2.2. Hardened Properties of Concrete

Table 7 shows the results obtained for the pavement concrete. The RCA-300-PC1
concrete achieved a lower strength due to a higher effective water/cement ratio (see
Table 5) in its production than the RCA-300-PC2 and RCA-300-PC3 concrete. However, all
concretes achieved the minimum required 20 MPa and a low standard deviation value. The
water-washed recycled aggregates had a positive effect, reaching a low standard deviation
for the mechanical results.

Table 7. The mechanical properties of produced pavement-base concrete. The standard deviation of
the obtained results is described between the brackets.

Compressive Strength (MPa) Flexural
Strength (MPa)

7 Days 28 Days * 56 Days 28 Days

RCA-300-PC1 19.0 (0.2) 21.8 (0.2) 23.9 (0.6) 3.6 (0.3)

RCA-300-PC2 21.2 (0.1) 25.7 (0.7) 27.9 (0.7) 3.6 (0.5)

RCA-300-PC3 23.6 (0.4) 30.1 (0.6) 31.5 (1.4) 3.5 (0.2)
* Specimens of different shapes were tested. However, all the results were evaluated as cylindrical specimens.

The flexural strength of the concretes was similar in all concretes produced, with a
value of 3.6 MPa. Other researchers [41] obtained a similar value, which could also be valid
for higher pavement requirements limited to 3.5 MPa [42]. The flexural strength not only
depends on the effective w/c ratio used but also on the effectiveness of the bonding zone
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between the cement paste and the aggregate, on the quality of the aggregate to adhere to
the cement paste [31,32]. In this case, all the concretes were manufactured with the same
quantity and quality of aggregates.

Table 8 describes the physical properties of concrete and the depth of water penetration
under the pressure of the produced concretes. The concretes reached low densities, caused
by the density of the recycled aggregates used in 100% of the aggregate volume in the
mixture [27]. In addition, the water absorption capacity was also high and higher in concrete
produced with a higher water/cement ratio (RCA-300-PC1) [27,41]. It must be noted that
since there was no presence of contaminants in the aggregates, and the aggregates and the
cement used had good compatibility, these properties did not present any disadvantage for
the durability of this plain concrete.

Table 8. The physical properties and depth of water penetration under pressure in produced concrete.

Dry Desity (kg/dm3) Absorption (%)
Depth of Penertation (cm)

Average Max

RCA-300-PC1 2.02 8.37 5.9 6.3

RCA-300-PC2 2.04 7.72 1.6 2.1

RCA-300-PC3 2.07 7.15 1.6 2.1

Structural Code requirement - - 3 5

According to the Structural Code, the maximum and average water penetration
depth under pressure should be 5 cm and 3 cm, respectively. However, the RCA-300-PC1
reached a higher penetration depth than the code required (see Table 8 and Figure 9a–c)
caused by a concrete mixture with a water/cement ratio that was too high. The other two
concretes, RCA-300-PC2 and RCA-300-PC3, employed in all the pavements volume except
the first casting, achieved adequate properties in concretes for structural code requirements.
However, this concrete was designed as a pavement-base layer (non-structural element).
Consequently, it did not need to achieve the requirements of structural concrete.
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Figure 9. Depth of penetration of water under pressure of three mixtures (a–c).

Figure 10 shows the obtained drying shrinkage values (Figure 10a) and the mass loss
(Figure 10b) of the specimens produced in three different mixtures. As described above,
the drying shrinkage was high due to the high water content in the 100% of coarse and fine
recycled aggregate employed, concrete production [33]. In addition, the mass loss was 4%
in concretes. The obtained values were very similar to those of the laboratory.
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Figure 10. (a) drying shrinkage (×10−6) and (b) mass loss (%) of the concrete samples.

The relationship between the mass loss % and shrinkage value of concrete mixtures of
the three concrete mixtures was similar. The three concretes achieved similar total shrinkage
and total mass loss (%) values (see Figure 11).
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Figure 11. Relationship between mass loss (%) and drying shrinkage value of concrete mixtures
of pavement.

4. Discussion
4.1. Workability

The obtained results determined that the workability was difficult to maintain over
a sustained period of time when the concrete was produced using C-RCA and F-RCA
aggregates. Several researchers [49] reached a similar conclusion regarding the packing
effect of recycled sand, surface roughness of the particles and loss of chemical admixtures
efficiency due to mortar adherence.

Laboratory analysis determined that an initial slump >20 cm was needed to achieve a
good (6–8 cm) slump value of 30 or more minutes after concrete production. In addition,
the combination of both admixtures, the high water-reducing superplasticiser (S) and
multifunctional admixture (P), were necessary to achieve adequate workability. The RCA-
300 concrete achieved sufficient but limited workability using 1% S and 1.5% P within the
admixtures producer’s recommendations. However, reducing the amount of cement and
the effective water/cement ratio employed in RCA-285 and RCA270 concretes resulted
in the need for a higher admixture to achieve adequate workability. RCA-270-3 concrete
with S 1.3% and P 3% achieved acceptable slump values of 6.5 cm at 60 min after casting.
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The multifunctional admixture (P) was required for use in a higher volume than that
defined by its manufacturers to achieve adequate workability after 30 min of production.
Tahar et al. [49] found that bad retention rheology was observed when the concrete was
made with 100% F-RCA. In addition, they also used double the volume of admixtures in
recycled concrete than conventional concrete to achieve workability similar to conventional
concrete. However, a high amount of P admixture could retard the setting time in the
winter season and should be validated.

In the pavement-based layer construction (industrial-scale), the concrete producers
used a limited 1% S and 1% P for concrete production. The concrete mixtures had a dry
consistency when the trucks arrived at the worksite. Consequently, a 0.2% S admixture was
added into the ready-mix truck before concrete laying, achieving adequate workability in all
the concretes. However, a higher S plus P was required to offset the concrete mixer driver’s
likelihood of adding water to the concrete to achieve a workable mixture. Gress et al. [12]
also described that the recycled pavement concrete mixtures (using 100% C-RCA and up
to 25% F-RCA) generally exhibited reduced workability due to the inherent angularity,
rough surface texture, and high absorption characteristics of the RCA, being necessary to
use water reducers, or fly ash to improve workability. Sadati and Khayat [9] described that
did not have problem with placement, finishing and tinning at the job site, which included
casting 450 m3 of concrete in a length of 300 mm when the concrete produced with 40% of
C-RCA had a slump value of 35 mm.

4.2. Hardened State Properties

All the concretes produced in the laboratory achieved the required 20 MPa for the
application. Initially, 300 kg of cement/m3 of concrete was used, which reached adequate
compressive and flexural strength with a low standard deviation. Moreover, the concrete
produced with 270 kg of cement per m3 also achieved a higher compressive strength than
the minimum required for the application (20 MP). This concrete is the most acceptable
from an environmental point of view. RCA-270 concrete employed 100% of recycled
aggregates (fine and coarse), achieving circularity by re-introducing the construction and
demolition waste as recycled aggregates into the production process. In addition, the
over-exploitation of raw materials is reduced, maximising material life cycles [3]. Moreover,
the RCA-270 concrete used the lowest amount of cement. Consequently, it also has the
lowest contribution to global warming potential (GWP) by employing a lower amount of
cement than any other concrete [50].

For industrial use, the pavement-base layer was produced using 300 kg of cement
per m3 of concrete. Although the concrete mix proportion was validated in the laboratory
before being used in pavement construction, the first mixture (RCA-300-PC1) was produced
using an effective water/cement ratio of 0.59, which proved to be too high in order to
achieve the minimum strength required. When the recycled aggregates were used under
high humidity, an effective water/cement ratio of 0.53–0.52 was required.

The density and absorption values obtained in laboratory and pavement construction
concretes were comparable. They achieved lower and higher values, respectively, than
those usually achieved by conventional concrete [27] and concrete produced using only
C-RCA or F-RCA [27,33]. However, the depth of water penetration under pressure was
below the maximum limit (except RCA-300-PC1 concrete made with a water/cement
ratio of 0.59). Thomas et al. [51] concluded that permeability depended on the effective
water/cement ratio.

In addition, the drying shrinkage values were high due to the low stiffness of RCA
and high water accumulation by the RCA aggregates due to their high water absorption
capacity [5,33]. The concretes produced in the laboratory and pavement construction
achieved values similar to 950 microstrains drying shrinkage and 4.25% mass loss. As
a consequence of the high strain value obtained, an admixture of acrylic resin-based
evaporation reducer for concrete surfaces was applied (see Figure 6c) to reduce cracking
risk. Sadati and Khayat [9] also described that increasing the w/c ratio increased the
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shrinkage value of pavement concretes. They too sprayed a liquid curing compound on
the finished surfaces after finishing.

The high drying shrinkage limited the use of RAC in structural applications due to
two effects: (1) excessive shrinkage deformation could endanger the safety of the structure
because shrinkage of concrete plays a significant role in the design of the service limit state
of structural members [33,48,52]; and (2) higher shrinkage may cause cracks. This could
affect the overall performance of concrete and enable the ingress of harmful substances,
resulting in the corrosion of structural concrete reinforcement [5]. However, the plain
concrete pavement-base this risk does not occur as it is not reinforced.

5. Conclusions

The following conclusions are based on the results of our study of concrete made with
100% coarse and fine RCA for a pavement-base layer:

• The water-washed RCA achieved type A category, aggregates for concrete, adequate
for pavement-base layer construction. In addition, the coarse and fine RCA frac-
tions achieved an absorption capacity lower than 7%, and their physical and me-
chanical properties and chemical components fulfilled the requirements for use in
structural concrete.

• The properties of the pavement-base layer concrete produced on the worksite were
similar to those obtained in the laboratory. Consequently, the laboratory results were
validated for high-scale production.

• All recycled concrete achieved adequate initial workability. However, to achieve an
extended slump value (minimum for 30 min), a value of 3% multifunctional admixture
plus 1–1.2% superplasticiser must be used in concrete production.

• On the worksite, a lower chemical admixture was employed, causing a dry consistency,
and requiring 0.20% superplasticiser.

• All concretes achieved the required strength of 20 MPa. The concrete produced with
270 kg of cement per m3 and a water/cement ratio of 0.53 resulted in the best properties
with the lowest environmental impact.

• The concretes presented a high absorption capacity. However, the water penetration
depth under pressure value was below the maximum limit established by the struc-
tural code when the recycled concretes were produced with a water/cement ratio of
0.53 independent of the amount of cement used.

• The drying shrinkage was high due to the employment of 100% of recycled aggregate
concrete. Although there was no cracking in the concrete measured in the laboratory
specimens, it is possible that the concrete could suffer high strain in low humidity days.
However, pavement-base case is a non-structural plain concrete and consequently,
problems with deformation and cracking to ingress harmful substances, resulting in
corrosion cannot happen.

The water-washed recycled aggregates do not include filler or any chemical compo-
nents. In addition, they have good physical and mechanical properties for use in structural
concrete production. The employment of 100% coarse and fine RCA in concrete production
causes a considerable increase in drying shrinkage. This could increase deformation, signif-
icantly reducing the service life of structural members and the risk of cracking, enabling
the ingress of harmful substances. However, non-structural elements do not have those
limitations, and they allow the massive volume of recycled aggregates validated in this
case study to be employed. The authors believe it is a straightforward, simple way to
re-circulate construction and demolition waste.
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Abstract: Economic and environmental factors call for increased resource productivity. Partial or full
replacement of Portland cement by wastes and by-products, and natural aggregates by construction
and demolition wastes, are two prominent routes of achieving circular economy in construction
and related industries. Municipal solid waste incineration (MSWI) bottom ashes have been found
to be suitable to be used as a supplementary cementitious material (SCM) after various treatments.
This paper reports a brief literature review on optimum use of recycled aggregates in concrete
and an experimental study using replacement of natural aggregate by demolished concrete having
MSWI bottom ash as partial replacement of Portland cement, and compares its properties to that of
completely natural aggregate concrete. Additional water was added as a compensation for the water
absorption by the recycled aggregate during the first 30 min of water contact during concrete mixing.
Also the fine fraction of crushed concrete (<250 µm) was removed to reduce the ill-effects of using
recycled aggregate. The replacement of aggregates was limited to 23% by weight of natural aggregate.
The results prove environmentally safe and comparable performance of concrete including recycled
aggregate with bottom ash to that of natural aggregate concrete.

Keywords: municipal solid waste incineration bottom ash; recycled concrete aggregate; recycled
aggregate concrete; supplementary cementitious material; circular economy

1. Introduction

Municipal solid waste incineration bottom ash is a residue generated as a result
of incineration of waste that is not feasible or economical to be recycled. In Europe,
around 17.6 million tonnes of MSWI bottom ashes are generated per year [1]. In Denmark,
Netherlands, France and Germany, the utilisation is around 98%, 67%, 72% and 65%
respectively. In Belgium, 15% of bottom ash generated is utilised in Belgium itself, mainly
as aggregate in road construction, 35% is utilised outside Flanders, in the Netherlands and
Germany, and the remaining 50% is landfilled after stabilisation [2–4]. However, it also
has potential to be used in applications with higher value such as cement replacement.
Obstacles for its use are presence of elemental aluminium, heavy metals, salts etc. and
various treatments have been proven to be beneficial to make it suitable as a supplementary
cementitious material [5–7].

The various aspects of effective utilisation of MSWI bottom ash for building materials
were previously reviewed and published in [6]. Furthermore, an elaborate study was
conducted to investigate utilisation of treated MSWI bottom ash as supplementary cemen-
titious material. Pre-treatment methods to reduce ill-effects of MSWI bottom ash while
used in concrete were devised and an optimised concrete mix containing processed MSWI
ashes as 20% of the binder has been designed and its performance in terms of mechanical,
durability and environmental properties was studied and is reported [8,9].
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In order to establish circular economy, it is also important to utilise the concrete after its
service life. The annual demand for aggregates is currently around 50 and 2.7 billion tonnes
worldwide and in Europe respectively [10,11]. Around 450 million tonnes of C&D wastes
are generated annually in EU and only 28% is recycled [12]. Use of recycled aggregates,
reduces mining of natural aggregates and its related environmental problems, and is an
answer partly to the shortage of aggregates. So, to prove that also concrete containing
MSWI bottom ash as a supplementary cementitious material can find a second life as
recycled aggregates at the end of its service life, concrete samples containing MSWI bottom
ash as SCM were crushed and used as recycled aggregate. The mechanical and durability
properties of the recycled aggregate concrete (RAC) were compared to that of natural
aggregate concrete (NAC) and are reported in this paper.

2. Use of Recycled Concrete Aggregates as Replacement for Natural Aggregate

Literature encompasses various studies on use of recycled aggregates (RA) such as
recycled concrete aggregate (RCA), recycled masonry aggregate (RMA) and mixed recycled
aggregate (MRA) as replacement for natural aggregate (NA). However, RCA is focussed
on here. The properties of concrete with recycled aggregate are affected by various factors.
Factors relating to aggregates include water absorption of the aggregate, saturation level of
aggregate at the time of mixing, grading and size of aggregate, constituents of the aggregate
and source and crushing process of the aggregate [13,14]. Factors related to mix design
and mixing of concrete include water-cement ratio, presence of mineral additions, use of
chemical admixtures, curing age, recycled aggregate content and mixing procedure [15,16].

Water absorption of RCA is an indicator of its porosity and will influence the strength
of the RAC. Aggregates with high water absorption partially absorb the mixing water and
reduce workability and effective water-cement ratio, thereby affecting the fresh (mainly
workability) and hardened concrete properties (mainly shrinkage) [17]. RCAs have high
water absorption compared to NA [18], and the resulting decrease of free water in the mix
up to a certain level could increase the strength, however, an excessive decrease in free
water can deteriorate the strength of concrete due to lower hydration of cement particles
and poor workability of the mix compared to conventional concrete.

The volume of voids among coarse aggregate particles is filled up by fine aggregates
and cement paste, which affects the density, the amount of cement mortar and performance
of concrete. Instead of replacing simply a part of natural aggregate by RA, the aggregates
need to be graded according to size fraction. This gives rise to a better packing of the
matrix resulting in better mechanical and durability properties [19]. A study showed that
increasing the maximum size of aggregates increases the strength of resulting concrete.
However, this limits the use of aggregates to large members and mass concreting [20].

The constituents of RA have high impact on its properties. RA sometimes contains
wood, asphalt, plastic, glass etc. The bond between these materials and cement paste
is very low and that affects the mechanical and durability properties of the resulting
concrete [21]. Residual mortar content in RA, and its condition also has an important
effect on its properties [22,23]. Higher content of residual mortar in aggregates increases
porosity, water absorption, and may affect associated properties. Strength and other
hardened concrete properties decrease. Residual mortar content also has an effect on the
shape parameters. It gives more angular shape and rough texture to the recycled concrete
aggregate, and this significantly affects particle packing. Increase in angularity leads to
increase in void content, and thus leads to higher paste demand [24].

The type of aggregate in the original concrete is also found to have an effect. Concrete
with RA originating from concrete with pebbles used as coarse aggregate was found to
have higher compressive strength than that with crushed rock as aggregates [25].

Properties of parent concrete determine the properties of the recycled aggregate to a
great extent. RA generated from high strength concrete has high crushing strength, low
porosity, low water absorption etc. [26,27]. In a study damage sensitivity of aggregates
to recycling processes was assessed [28]. Three levels of crushing processes were con-
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ducted. Level 1 included primary crushing with jaw crusher and impact crusher and then
separation into fine and coarse fraction. Level 2 and Level 3 consisted of an additional
mechanical grinding step. While double crushing of the source concrete (Level 1) consider-
ably reduced the density of the cracks in the coarse aggregate by eliminating the particles
with microdefects and irregular voids, processing up to Level 3 introduced negligible new
cracks. Only a very minor amount of cracking could be detected in adhered mortar or at the
interfacial transition zone. Consequently, the recycled concrete aggregates obtained at each
stage of the recycling process did not show any loss of integrity. Beyond this, extending of
the recycling process up to Level 3 efficiently increased the physical performance of the
concrete aggregate by reducing the adhering mortar [28].

Water to cement ratio of concrete is a major parameter influencing strength and
workability. Actual water-cement ratio should be fixed taking into consideration the
water absorption of aggregates. Use of pre-saturated aggregates affects the structure of
the ITZ, which can be improved by use of mineral additions. Partially replacing fine
aggregates by mineral additions was also found to improve the strength of RAC. Addition
of superplasticizer can compensate for loss of workability and also facilitates reduction of
water-cement ratio to improve the strength. Increase in content of RA usually decreases the
strength of concrete depending on its quality. General agreement is that replacement of less
than 30% does not alter the strength considerably [29].

3. Strategies to Improve Properties of Recycled Aggregate Concrete

Many problems associated with recycled aggregates are caused by cracked and ad-
hered mortar on the surface of old aggregates. It is the presence of this mortar that leads
to the increase in water absorption of the RCA and hence an increased water demand for
the concrete made with RCA to maintain the workability. It leads to reduced strength and
durability of the recycled aggregates and of the resulting concrete made with recycled
aggregate. There are various options to reduce the ill-effects. These methods can be broadly
classified into removal of the cement paste around the aggregates, strengthening the mortar
around aggregate, and others related to mix design and mixing of concrete [30].

Removal of mortar can be done by mechanical grinding and sieving, acid treat-
ment [13,31–33], heat treatment [30,33] or microwaving. Treatment of RCA in a Los Angeles
abrasion machine for 300 revolutions with 12 charges and then sieving on 4.75 mm sieve
decreased water absorption of aggregates by 32.3% [33]. Heating concrete to around 300 ◦C
makes the mortar brittle and easier to remove by mechanical treatment [30]. Heating to
high temperature and then suddenly quenching in water decreases the amount of mortar
adhered to the aggregate and allows it to be removed easily by sieving or mechanical
grinding [33,34]. Microwave heating makes concrete brittle which results in lower frac-
ture energy. This makes it easier for the mortar fraction to be removed by mechanical
grinding [35].

Strengthening of mortar can be done by carbonation, calcite deposition, mixing with
pozzolan, cement slurry or polymer emulsion. Carbonation of Ca(OH)2 which produces
calcium carbonate leads to reduction in porosity and thus improvement in quality of recy-
cled aggregate. However, carbonation for long time at high concentration of CO2 leads to
carbonation of C-S-H which increases the porosity of cement paste. Therefore, the carbona-
tion treatment should be conducted at optimum CO2 concentration [36–38]. Immersion of
RAs in lime water before carbonation can introduce more carbonatable calcium, and it was
proven effective in improving tensile strength of the resulting concrete [39]. Immersion of
recycled aggregates in lime water even without carbonation was shown to improve the
properties [40]. Another recent innovation investigated using recycled fine powder slurry
along with carbonation to treat RCAs and it was found beneficial in reducing the poros-
ity [41]. Various strains of bacteria, especially of the bacillus group, precipitate calcium
carbonate, and can be used to reduce porosity. Sporosarcina pasteurii (Bacillus pasteurii) [42]
and Bacillus sphaericus [43] have been successfully studied for this purpose. Accelerated
calcite precipitation by submerging RCA in water and dissolving CO2 in the water at high
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pressure was also studied [44]. Cement slurry [45], alkali activated binders [46] and various
polymers have been tested to seal the pores and hence to reduce the water absorption of
recycled aggregate. Polyvinyl alcohol (PVA) [47,48], silane or siloxane based polymers [49],
sodium silicate [45], paraffin etc. were used effectively at optimum concentrations [30].
Spraying pozzolan slurry on recycled aggregate strengthens the cracks in the aggregate by
reaction of the pozzolans with Ca(OH)2 in the waste concrete forming C-S-H [30].

A special mixing technique called two stage mixing technique (TSMA) was studied as
well [50]. In TSMA first the recycled aggregates are mixed with cement paste which forms
a coating on the surface of the aggregate and fills up cracks and voids, before the actual
concrete mixing takes place [50]. This mixing procedure was also found to decrease the
creep of resulting concrete [51]. Replacing part of the fine aggregate by mineral addition can
be used as a strategy to increase the compressive strength of recycled aggregate concrete [14].
Addition of basalt fibre in the range of 0.1–0.5% was found to increase flexural and splitting
tensile strength of RAC with marginal increase in compressive strength [32]. Equivalent
mortar volume method is yet another method in which quantity and quality of cement
paste and aggregate in the RA is accounted for, and both the coarse aggregate and fresh
paste content of the mix are adjusted accordingly to achieve the same total mortar volume as
a companion mix with the same specified properties but made entirely with coarse natural
aggregates of similar properties to the coarse natural aggregate contained in RCA [52].

To avoid problems due to high water absorption of RA, the pre-saturation method
or the water compensation method can be used. It was reported that not more than 90%
of the total water absorption of the aggregate is absorbed during the first two hours after
mixing, so not all of the measured water absorption of the aggregates needs to be added
as compensation [24]. In the pre-saturation method, RAs are saturated prior to mixing,
and in the water compensation method, additional water required for absorption by RAs
is supplied during mixing of concrete. A study confirmed that concrete produced by the
pre-saturation method had slightly inferior fresh and hardened properties compared to
that produced by the water compensation method. The authors attributed this observation
to the absence of nailing effect in pre-saturated aggregates, which is the penetration of
cement paste in superficial pores in aggregates [53]. Various other studies reported higher
strength for concrete made with dry RAs [54,55]. A microstructural study of RAC using
microtomography reported that using RCA in dried state during mixing resulted in RCA
absorbing water and releasing air bubbles inside the new concrete matrix as long as the
concrete remained in the fresh state. Consequently, a macropore formed surrounding
the RCA boundaries [56]. No systematic difference in compressive strength and carbon-
ation resistance between concrete produced with dry and pre-saturated aggregates was
observed [17].

These factors need to be incorporated into the quality control of concrete at various
stages and they are summarised in Figure 1. Maximum utilisation of RCA can be made
possible by preserving and improving its quality right from the demolition up to the mixing
of concrete.
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Figure 1. Steps in the quality control of recycled aggregate concrete.

4. Aim of the Study

Although the improvement and application of RCA for use in new concrete has been
extensively studied, as shown in the literature overview given above, the introduction of
novel SCMs in the parent concrete could affect the properties of the RCA and new RAC.
The aim of this study was to show that the application of MSWI bottom ashes as SCM
in concrete, will not affect its suitability to have a second life as RCA after demolition of
the concrete structure. Therefore, RCA were made from parent concrete containing MSWI
bottom ashes as a fraction of the binder. New RAC made with those RCA was tested for
its mechanical properties (strength, modulus of elasticity, creep, shrinkage), durability (air
permeability, carbonation resistance), and possible negative effects on the environment by
leaching of hazardous compounds.
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5. Materials and Methods

The experimental study described in this paper is part of a broader study on effective
utilisation of MSWI bottom ashes in cement and concrete. Previous parts of the study
on pre-treatment of MSWI bottom ashes can be found in our paper by Joseph et al. [5]
and results on mechanical, durability and environmental properties of the bottom ash
concrete can be found in our article by Alderete et al. [8]. Presence of hazardous elements
in the bottom ash is a primary concern for its use in building materials. The bottom ashes
used in the study were first processed at the incineration site to extract valuable metals
and to render them non-hazardous. The processing steps consisted of washing, sieving,
crushing, magnetic and eddy current separation etc. Additionally the ashes were milled
and remaining metals were separated. The fraction of bottom ash between size 2 and 6 mm
was selected (called 2/6NB), and its chemical composition along with that of the cement
CEM I 52.5R used in the parent concrete, determined by XRF, can be found in Table 1.

Table 1. Chemical composition of cement and bottom ash used in the parent concrete and of the
cement used in the RAC. Estimated relative error is ±10%.

Oxides CEM I 52.5N (%) CEM I 52.5R (%) 2/6NB (%)

CaO 67.80 68.80 18.40
SiO2 18.10 18.30 43.90

Al2O3 4.34 3.52 10.20
Fe2O3 2.60 2.97 9.87
SO3 4.06 4.05 2.26

MgO 1.41 1.02 2.49
P2O5 - 0.14 1.43

Cl 0.07 0.03 0.47
Na2O - - 6.92
K2O 0.78 0.89 1.23
ZnO 0.04 0.01 0.85
TiO2 0.24 0.12 0.98
CuO 0.02 0.01 0.27
BaO 0.02 0.01 0.14
PbO 0.01 0.00 0.11
MnO 0.04 0.15

Various mixes were cast as trial to obtain a mix design with optimum replacement
of cement by milled 2/6NB targeting similar strength as that of a mix with only CEM I
52.5N as binder (the chemical composition of this cement is also shown in Table 1). In these
trial mixes, the water to binder ratio ranged from 0.35 to 0.45 and the cement replacement
rate ranged from 10 to 20%. Additionally, CEM I 52.5R was used in the mixes with bottom
ashes, instead of CEM I 52.5N in the Portland cement mix, to compensate for delay in
strength gain when cement replacement is done. Four of these trial mixes were selected to
produce RCA and their composition is shown in Table 2. The compressive strength at 2, 7
and 28 days is shown in Figure 2.

The recycled aggregate was manufactured in the lab by crushing equal amounts of
concrete remnants left from compressive strength testing of the four trial mixes A, B, C and
D, in a laboratory jaw crusher, Matest A092, and sieving out the fraction with size <250 µm
since the fines affect the quality of aggregate the most. The crusher had 16 jaws with
minimum and maximum opening width of 5 and 15 mm respectively. A mix of crushed
particles from the four concretes of the trial mixes was used as recycled aggregate. In
this study, a comparison is made between a reference natural aggregate concrete NAC
(identical to Mix 1 in Alderete et al. [8]) and a recycled aggregate concrete, designated as
RAC. Taking the composition of the NAC and the obtained particle size distribution of the
recycled aggregate as a starting point, the recycled concrete mix design has been made by
replacing part of the natural aggregates 0/4 and 4/16 as such that the overall particle size
distribution remained nearly the same. The particle size distributions of the aggregates
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used in the study are shown in Figure 3. Extra water was provided to the mix to account
for the water absorption of the recycled aggregates during the first 30 min. Total water
absorption of recycled aggregates was determined after soaking for 24 h. However, to
assess the mentioned extra water for pre-wetting of the recycled aggregates, rather the
water absorption during the first 30 min was considered, to avoid the negative effects of
the pre-saturation method as discussed in Section 3. This corresponds to the approximate
time required for mixing, placing and compacting of concrete. The mix compositions of
NAC and RAC are given in Table 3. Overall, 23% (by weight) of the natural aggregates
have been replaced, and 27% in reference to the 0/4 and 4/16 fractions of NAC. To obtain
similar workability, the amount of superplasticiser was slightly increased, as suggested in
the literature (see Section 2).

Table 2. Mix composition of parent concrete.

Mix A Mix B Mix C Mix D

w/b 0.35 0.35 0.4 0.4

% cement replacement 10 15 10 15

Gravel 4/16, kg/m3 1056 1055 1029 1028

Sand 0/4 kg/m3 573 572 556 558

Sand 0/1 kg/m3 287 286 279 279

CEM I 52.5R kg/m3 333 314.5 333 314.5

2/6NB kg/m3 37 55.5 37 55.5

Water kg/m3 129.5 129.5 148 148

Plasticiser—Sika
Viscocrete 1035 kg/m3 8.4 8.4 3.7 3.7

Figure 2. Strength of parent concrete with processed MSWI bottom ash used as cement replacement.
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Figure 3. Sieve analysis of aggregates used in NAC and RAC.

Table 3. Composition of mixes used in the study (kg/m3).

NAC RAC

Sand 0/1 271 271

Sand 0/4 541 378.8

Rolled gravel 4/16 997 698

RA 401.2

CEM I 52.5 N 360 360

Water 173 174 + 18 for pre-wetting

Superplasticiser 7 8

The mixing procedure of NAC was as follows: first cement, fine and coarse aggregates
were dry-mixed for a minute; then the water was added and the mixing continued for
2 more minutes, finally the plasticiser was added and mixed for 1 extra minute. For RAC,
the following procedure was followed. First the aggregates with pre-wetting water were
mixed for 1 min. Then binder (CEM I 52.5N) and remaining water was added, and the
mixing continued for 2 more minutes; finally the plasticiser was added and mixed for
1 extra minute. All the concrete samples were demoulded 1 day after casting and cured in
a climate room at a temperature of (20 ± 2) ◦C and a relative humidity (RH) higher than
95% until 28 or 90 days of age, after which they were cut and subjected to preconditioning
and testing.

Compressive strength tests were carried out on cubes with side length of 150 mm
according to the standard NBN B 15-220 (1990) [57]. Three samples per mix were tested at
2, 7, 28, and 91 days of age. The test for modulus of elasticity of concrete was performed
on cylinders of 150 mm diameter and 300 mm height after 28 days of curing according
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to Belgian standard NBN B 15-203 (1990) [58]. During the test, the concrete sample was
subjected to a pressure of one third of compressive strength for three times, and then up
to failure. While loading, the load and the deformations of the measurement bases of
the specimen were recorded electronically. The value of the modulus of elasticity was
calculated as the slope of the ascending branch of the last loading-unloading cycle.

Creep testing was conducted according to standard NBN 15-228 [59] on four specimens
of size 150 × 150 × 500 mm, two for total creep and two for basic creep. The specimens
were cured until 28 days of age in a wet chamber. Then two specimens for basic creep
were covered with aluminium tape, and mechanical deformeter points (type demec) were
fixed on all four. The other two specimens were tested uncovered. Specimens were
loaded in compression to 30% of their compressive strength; the load was maintained
constant with pressure vessels and the strain was measured regularly during 14 days using
the mechanical deformeter strain gauges of type demec with a base length of 200 mm.
Shrinkage of concrete was measured according to standard NBN 15-216 [60] on four
specimens of size 150 × 150 × 600 mm after a curing period of 24 h in a wet chamber.
After curing, two specimens for basic shrinkage were covered with aluminium tape and
mechanical deformeter points (type demec) were fixed on all four sides, both covered and
uncovered, similar to the creep specimens. Then strain was measured regularly using
the deformeter.

Samples for air permeability tests were cut from slabs of size 400 mm × 400 mm × 100 mm.
Four cylinders of 150 mm diameter were cored out of the slab and the middle part was cut
out. For carbonation, cylinders of diameter 80 mm and 48 mm height were cut out from
cubes of side 100 mm. After the curing period, the samples for air permeability, capillary
imbibition rate and carbonation were cut and immersed in water for 72 h, followed by
drying at 50 ◦C till the mass change measured at 24 h intervals was less than 0.1%. The
lateral surfaces of samples for carbonation were covered with epoxy resin. After drying the
specimens were kept covered in polythene bags for 4 weeks for the moisture to redistribute
in the specimens and to have a homogenous relative humidity in the pores.

Air permeability of the specimens was measured by Torrent permeability tester which
is a non-destructive method to measure air permeability of concrete according to Swiss
standard SIA 262/1:2013. After 4 weeks of homogenisation, the surface moisture content
of the samples was measured using a screed moisture meter PCE PMI-4 that measures
moisture content by calcium carbide method [61]. The air permeability apparatus was
calibrated and the permeability was measured right away. Both pre-conditioning and
measurement were carried out in a temperature and humidity-controlled room at 20 ◦C
and 60% RH.

Specimens for carbonation testing were exposed to 1% CO2 in a conditioned chamber
at 20 ◦C and a RH of 60%. Further, the carbonation depth was measured using phe-
nolphthalein indicator. After different exposure times, specimens were taken out of the
carbonation chamber and were split into two halves longitudinally and sprayed with
1% phenolphthalein solution. The carbonated region remains uncoloured and the uncar-
bonated region turns purple. Carbonation depth is measured at 8 points and its average
is reported.

To further prove that the recycled concrete is safe for use, leaching was tested with the
two-step shake test according to CMA/2/II/A9.4 [62] and the leachate was characterised
using inductively coupled plasma mass spectrometry (ICP-MS). Both NAC and RAC
concrete samples after 90 days were crushed first using a compression testing machine.
Then the pieces were collected and crushed further with a hammer, and the fraction <4 mm
was collected by sieving. In the first step, the sample is shaken at a liquid to solid ratio
(L/S) of 2 L/kg for 6 h, and in the second step at 8 L/kg for 18 h. The cumulative L/S is
10 L/kg. The pH value and the composition of leachate was determined after leaching.
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6. Results and Discussion

The 28 d compressive strength of concrete used for making recycled aggregate ranged
from 67 to 82 MPa as shown in Figure 2. The minimum strength class of this parent concrete
was C35/45. The average water absorption of the recycled aggregates at 24 h was obtained
to be 6.1% (by weight). This order of magnitude is similar to what is typically reported
for various kinds of recycled aggregates. The water absorption of natural aggregates
typically lies below 1%, and that of recycled aggregate ranges between 2–20% depending
on residual mortar content, cracking etc. [14]. The compressive strength of concrete in
which natural aggregates were replaced for about 23% with RA is shown in Figure 4. The
strength of RAC improved slightly with respect to NAC. The increase of strength at 28 days
is around 16% and 9% at 90 days. Medium compressive strength concrete made with
25% of recycled coarse aggregates is reported to achieve the same mechanical properties
as that of conventional concrete employing the same quantity of cement and the equal
effective w/c ratio [16]. Here, the strength increase can be attributed to a combination of
the following factors. The compressive strength of parent concrete used for production of
the RCA ranged from 67 to 82 MPa, similar to or somewhat higher than that of NAC. Also,
the fine part of RA which is less than 250 µm in size was removed by sieving. The grading
of concrete particle sizes was optimised according to Fuller’s curve. Some water absorption
by the recycled aggregates would still occur after 30 min, and hence the w/c effective of
the RAC would still be lower than of NAC. This could also be an important reason for the
higher strength. A major drawback of water absorption of the recycled aggregate is the
reduced workability of concrete. Workability is also affected by the roughness and angular
shape of recycled aggregates. This could lead to higher amount of compaction pores that
could reduce the strength [63]. To mitigate this effect, additional water was added and also
the workability was adjusted by using superplasticizer. The slump value of NAC and RAC
was 188 and 175 mm respectively which belongs to the same slump class. The reduced
effective water to binder ratio combined with similar slump will have resulted in better
compressive strength of RAC.

Figure 4. Compressive strength of NAC and RAC at 2, 7, 28 and 90 days.

The modulus of elasticity value was significantly reduced by addition of recycled
aggregate as shown in Figure 5. The reduction is around 17% which is similar as reported
in literature. In literature, the modulus of elasticity is reported to be greatly reduced by the
use of recycled aggregate; it can reach 45% of the modulus of elasticity of corresponding
conventional concrete. This percentage reduction varies based on the percentage substitu-
tion. The 45% reduction was reported at 100% substitution, and a more moderate reduction
of 15% was mentioned at 30% substitution [64].
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Figure 5. Modulus of elasticity of NAC and RAC.

Total creep and basic creep of NAC and RAC are shown in Figure 6. It can be seen
that both total and basic creep are higher for RAC. This could be attributed to the lower
modulus of elasticity of the RAC. The difference in creep between RAC (with RCA) and
NAC (reference) is more pronounced for the basic creep than for the total creep, meaning
that the drying creep is more favourable. Total creep is highly affected by the permeability
of concrete. Higher permeability results in faster loss of moisture, and this results in faster
rise of strain. The value of air permeability of concrete NAC and RAC determined after
28 days of curing and pre-conditioning is shown in Figure 7. Both these values fall under
the classification of moderate permeability (0.1–1 × 10−16). However, RAC has a lower
value of air permeability compared to NAC, that results in a smaller difference between
total creep and basic creep. The shrinkage values of both NAC and RAC are similar as can
be seen in Figure 8. Shrinkage is highly affected by the binder, and similar shrinkage values
could be attributed to the same binder and water to binder ratio used in both the mixes.

Figure 6. Creep coefficient of NAC and RAC.
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Figure 7. Torrent air permeability values of NAC and RAC after 28 days of curing.

Figure 8. Shrinkage strain of NAC and RAC.

The evolution of carbonation depth with time is shown in Figure 9a, and the carbona-
tion coefficient in Figure 9b. It can be seen that recycled concrete has lower carbonation
depth than conventional concrete, and the carbonation coefficient decreases by around 45%.
Carbonation depth is mainly affected by air permeability and buffer capacity. Residual
mortar content in the RCA which is not carbonated adds to the buffer capacity of RA
concrete. Lower carbonation depth of RAC would be a combined effect of both higher
buffer capacity and lower permeability. In addition to all the above aspects, the better
quality of RAC can partly be attributed to use of recycled aggregate from known parent
concrete with a strength class superior to that of the recycled aggregate concrete at moderate
replacement levels.

The results of the two-step shake test conducted on crushed concrete, and the limits
prescribed by VLAREMA (Decree of the Flemish Government establishing the Flemish
regulation on the sustainable management of material cycles and waste) are shown in
Table 4. VLAREMA limits indicate values for use of bottom ash in unshaped elements
(e.g., road subbase). However, in this application, bottom ash is used in conjunction with
concrete which dilutes the content of heavy metals, and also, the cement hydration process
encapsulates much of the leachable elements which results in negligible amount of leached
heavy metals. Only Cr was detected in concrete mixes, but the concentrations are well

48



Sustainability 2022, 14, 4679

within the limits for use in even unbound applications and the leaching from the RAC is
comparable to that from the NAC.

Figure 9. (a) Evolution of carbonation depth with time and (b) carbonation coefficient of NAC
and RAC.

Table 4. Heavy metal content and pH in eluates from leaching test and VLAREMA limits.

NAC
(mg/kg)

RAC
(mg/kg)

VLAREMA Limits
(mg/kg)

pH 12.5 12.51 -

As 0.00 0.00 0.8

Cd 0.00 0.00 0.03

Cr 0.17 0.20 0.5

Cu 0.00 0.00 0.5

Pb 0.00 0.00 1.3

Ni 0.00 0.00 0.75

Zn 0.00 0.00 2.8

Hg 0.00 0.00

Cl 52.0 47.62 430

SO4 20.3 26.09 540

7. Conclusions and Perspectives

Optimum use of recycled aggregate in concrete can be made possible by taking
various steps that can facilitate its preservation and use. The presence of adhered mortar
on the surface of crushed concrete aggregate generally increases water absorption and
degrades the quality of the recycled aggregate and consequently the fresh and hardened
properties of concrete made from it. Recycled aggregate is generally considered inferior to
natural aggregate in terms of technical properties. However, it can be used in moderate
replacement ratios when proper measures are taken, reducing the environmental footprint
of the final product without affecting the properties. Here, the experimental study showed
that the replacement of 23% of NA by RCA from concrete with MSWI bottom ashes as
SCM, produced concrete with comparable properties. The application of MSWI bottom
ashes as SCM in the parent concrete, did not affect its suitability to have a second life as
RCA. A decrease in properties was mostly noticed in terms of modulus of elasticity of the
concrete. Compressive strength and pore structure improved due to presence of RA. Here,
the recycled aggregate being from a parent concrete of superior strength class improved

49



Sustainability 2022, 14, 4679

many of the properties of concrete. Further to that, removal of the fine fraction <250 µm
in size and addition of water for compensation of water absorption will have added to
improvement of workability and other properties. Proper guidelines regarding demolition
techniques that preserve the quality of aggregates and techniques to improve the quality
of each kind of recycled aggregate can thus increase its utilisation. Life cycle analysis
should be conducted specific to the usage of the RA to better estimate the environmental
benefits, since availability and impact of both natural aggregate and recycled aggregate
varies locally. Production and treatment procedures could add to the environmental load
for recycled aggregate [65,66]. The fines generated from sieving the aggregates could be
used as a raw meal additive for manufacture of Portland cement production, which is
already demonstrated in a previous study (up to ~15%) [67], thus leaving no waste behind
ensuring circular economy.
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Abstract: This article demonstrates the possibility of producing alkali-activated materials (AAM)
from a mixture of mechanically processed concrete, ceramic, masonry, and mortar wastes, as a
sustainable alternative for recycling construction and demolition wastes (CDWs) under real conditions.
The addition of 10% Portland cement allowed the materials to cure at room temperature (25 ◦C).
CDW binder achieved a compressive strength of up to 43.9 MPa and it was classified as a general
use and low heat of hydration cement according to ASTM C1157. The concrete produced with this
cement and the crushed aggregates also from CDW reported a compressive strength of 33.9 MPa at 28
days of curing and it was possible to produce a high-class structural block with 26.1 MPa according
to ASTM C90. These results are considered one option in making full use of CDWs as binder and
aggregates, using alkaline activation technology thereby meeting the zero-waste objective within the
concept of the circular economy.

Keywords: construction and demolition wastes; alkali-activated materials; recycling; binder;
recycled aggregates

1. Introduction

Construction and demolition wastes (CDWs) represent a severe environmental pollution problem
in most countries, especially underdeveloped ones, due to their inadequate management and low rates
of recycling or utilization. Indeed, global CDW generation is alarming, currently representing 25–30%
of total solid waste worldwide [1], exceeding the quantity of 3 trillion tons per year [2]. In response to
this problem, the “2030 Agenda for Sustainable Development of the United Nations General Assembly”,
approved in 2015 by the member countries of the UN, established the “Sustainable Cities” model.
Within this model, it is planned to reduce the negative environmental impact of cities by 2030, paying
special attention to the management and recycling of generated waste [3]. Sustainable cities are thus
required to achieve, through technological innovation, substitution of the “linear economy” for a
“circular economy”, in which waste is incorporated (again and again) in the production processes of
new products and/or materials (towards the “zero-waste” objective) [4].

In relation to CDWs, these can be classified into two categories: usable and non-usable waste.
Non-usable wastes are those that are contaminated with hazardous wastes, so their use is restricted by
environmental regulations. Within the group of usable wastes are mainly concrete, ceramic, masonry,
and mortar waste. Generally, these wastes have been treated to produce fine and coarse aggregates.
These can be incorporated into mortar and concrete mixtures as a replacement (partial or total) for
natural aggregates [5], in addition to being used in geotechnical applications, such as the stabilization
of slopes, shallow and deep foundations, granular bases and sub-bases [6]. However, the production of
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recycled aggregates does not represent a solution for exploiting CDWs globally, mainly due to the low
commercial competitiveness they possess when comparing their economic (non-environmental) cost
with that of natural aggregates in many cities and countries. This disadvantage is compounded by the
lack of policies that control the indiscriminate exploitation of natural quarries, aimed at promoting the
massive use of recycled aggregates as a replacement for natural aggregates. For this reason, the search
for recycling alternatives and/or applications with greater commercial value, which ensure the real use
of CDWs, is a priority worldwide.

One of the newest and most promoted solutions for the use of this type of waste is alkaline
activation technology or “geopolymerization” [7]. This technology is related with the reaction of a
solid aluminosilicate powder (or precursor) with an alkali activator to produce a hardened binder.
There are three types of alkali-activated binders: low-calcium alkali-activated aluminosilicate, high-
calcium alkali-activated aluminosilicate, and hybrid, which is produced mixing the aluminosilicate
precursor with the activator and Portland cement in a proportion lower than 30%. The product of
the reaction is a gel whose structure depends on the type of precursor and activator used. Thus,
with high-calcium precursors such as granulated blast furnace slag, the main product is a hydrated
calcium aluminosilicate gel (C-A-S-H), similar to the gel generated in the hydration of a Portland
cement (gel C-S-H), but with lower proportions of CaO/SiO2. In the case of low-calcium precursors
such as fly ashes or calcined clays, the gel is an amorphous alkaline aluminosilicate (gel N-A-S-H) of
three-dimensional structure.

Using this technology, it is possible to take advantage of most of the aluminosilicate materials
that make up the CDW, i.e., concrete, ceramic, masonry, and mortar wastes, as precursors of new
cementitious materials, from which it is possible to produce mortars, concrete, and manufacture
various structural and non-structural elements (applications of greater commercial value). In this
regard, in recent years the International Union of Laboratories and experts in Construction Materials,
Systems and Structures (RILEM) and ASTM technical committees were formed to work on research
and/or standardization of alkali-activated materials or “geopolymers” with a view to formulating
standards that promote their introduction in different fields of application within the construction
sector [8].

Regarding the use of CDWs as precursors of alkali-activated materials, the few results published
so far, as shown in Table 1 are promising and demonstrate the potential of this type of waste to be
reused by this technology. However, these reports are very recent and are limited in most cases to
obtaining and characterizing pastes, without scaling these results to the level of their application
(mortars, concretes, construction elements, and/or applications). Likewise, in most cases, thermal
curing treatments were applied between 50 and 90 ◦C to achieve adequate mechanical strength, which
limits their technological transfer. It should be noted that these studies start from the use of the
separated residues, that is to say “clean”, without considering mixtures or combinations between these
materials, as can be seen in Table 1.

The need to develop and validate applications based on combinations of these residues is evident,
that allow an integral use and simulate the real conditions in which the CDWs are found (mixed),
especially in those countries with deficiencies in the collection, transport, treatment, and disposal of
these wastes, together with monitoring and regulation of the waste management process.
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Table 1. Articles of alkaline activation of construction and demolition waste (CDW) (database:
Scopus/keywords: “alkali activated materials” or “geopolymers” + “construction and demolition
wastes”). C.S.: compressive strength (max.), OPC: ordinary Portland cement, MK: metakaolin, FA: fly
ash, GBFS: blast furnace slag.

Waste Addition
Optimal Synthesis Conditions Application Ref. Year Country

Activator Cured C.S.

Concrete 20% MK NaOH +
Na2SiO3

60 ◦C
(3d) 33 MPa Paste [9] 2009 UK

Masonry — NaOH +
Na2SiO3

60 ◦C
(7d) 50 MPa PasteMortar [10] 2013 Spain

Concrete
— NaOH +

Na2SiO3

90 ◦C
(7d)

13 MPa

Paste [11] 2015 GreeceMasonry 58 MPa

Tile 50 MPa

Masonry 0% NaOH +
Na2SiO3

25 ◦C 54 MPa
Paste [12] 2016 Colombia

20% OPC 103 MPa

Concrete

0%
NaOH +
Na2SiO3

25 ◦C
26 MPa

Paste [13] 2016 Colombia30% OPC 34 MPa

10% MK 46 MPa

Concrete
— NaOH +

Na2SiO3

80 ◦C
(1d)

8 MPa

Paste [14] 2016 GreeceMasonry 39 MPa

Tile 58 MPa

Masonry — NaOH +
Na2SiO3

50 ◦C
(1d) — Coating [15] 2016 Italy

Ceramic 15% OPC
NaOH +
Na2SiO3

25 ◦C 58 MPa Paste [16] 2017 Colombia
25 MPa Mortar

Ceramic 5% Ca(OH)2
NaOH +
Na2SiO3

65 ◦C
(3d) 43 MPa Mortar [17] 2017 Spain

Masonry

0%
NaOH

25 ◦C

7 MPa

Paste [18] 2017 Colombia

10% OPC 41 MPa

0% NaOH +
Na2SiO3

54 MPa

20% OPC 103 MPa

Concrete

0%
NaOH

7 MPa

30% OPC 10 MPa

0% NaOH +
Na2SiO3

26 MPa

30% OPC 34 MPa

Masonry — NaOH +
Na2SiO3

90 ◦C
(5d) 36 MPa Mortar [19] 2018 Turkey

Masonry — NaOH +
Na2SiO3

25 ◦C 42 MPa Paste [20] 2018 R. Czech

Masonry 30% GBFS
+ 10% FA

NaOH +
Na2SiO3

25 ◦C 70 MPa
Paste [21] 2019 Taiwan

Ceramic 30% GBFS
+ 10% FA

NaOH +
Na2SiO3

25 ◦C 60 MPa

This research demonstrates the possibility of reusing CDW mixtures, as binder and aggregates,
in the production of alkali-activated materials. A real CDW sample, taken from a local dump site
in Cali (Colombia), consisting of concrete, ceramic, masonry, and mortar wastes, was used as a
geopolymer precursor. As an alkaline activator solution, mixtures of hydroxide and sodium silicate
were used. The CDW precursor was added with 10% (by weight) of Portland cement (OPC) to promote
the curing of the mixtures at room temperature (≈25 ◦C), thereby obtaining a hybrid cement (CDW
binder). Evolution of the heat of hydration and compressive strength of the binder was determined
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and compared with that of a paste based on 100% OPC. Fine and coarse recycled aggregates were also
produced from the CDWs, which were characterized according to the provisions of ASTM standards
for use in concrete mixtures. A CDW-based alkaline activated hybrid concrete (AAHC), used as binder
and aggregates, was produced and characterized both mechanically and microstructurally, validating
from the results obtained the possibility of using alkaline activation technology in obtaining concretes
based on high CDW content (binder + aggregates).

Finally, an application of the AAHC was formulated in a precast product—a solid block.
The foregoing demonstrated the potential of this concrete in the manufacture of precast materials
that meet the specifications and technical standards required for their use and application in the
construction sector. It should be noted that this is the first time that results have been reported for
alkali-activated materials based on the mixture of concrete, ceramic, masonry, and mortar wastes, in
addition to the use of these CDWs in obtaining cement (binder) and aggregates in the same application.

2. Materials and Methods

2.1. Construction and Demolition Wastes (CDW)

The CDW sample was collected locally in Cali, Colombia, and used as raw material (binder and
aggregates) for the production of the alkali-activated materials. As seen in Figure 1, the initial CDW
sample was composed mainly of concrete, ceramic, masonry, and mortar wastes, and to a lesser extent
other usable waste such as: asphalt, wood, metals, polymers, glass, Drywall, paper, and cardboard,
all mixed together.

Figure 1. Actual composition of the sample of CDW utilized in this research. Site for final disposal of
waste located in the city of Cali, Colombia.

Concrete, ceramic (red and white), masonry, and mortar wastes were selected and separated from
the initial CDW sample in order to be used. In this study, the waste separation process was carried
out manually. Figure 2 is a schematic representation of the processes and treatments to which the
wastes were subjected to obtain the geopolymeric precursor (CDW precursor) and the aggregates (fine
and coarse). The coarse recycled aggregate (CRA) was obtained from the coarse crushing (≤25.4 mm)
of the concrete waste, while the fine recycled aggregate (FRA) was produced from the fine crushing
(≤4.76 mm) of the ceramic (red and white) and mortar wastes. It should be noted that during these
crushing processes (coarse and fine), a considerable amount (≈20% by weight) of powder (particulate
material less than 150 µm (sieve # 100)) is generated, a by-product that was collected for each type of
waste (concrete, ceramic, and mortar). For its part, the masonry waste was finely ground. The CDW
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precursor was obtained by mixing the masonry waste and the powders generated in the crushing of the
concrete, ceramic, and mortar wastes; each type of material dosed at 25% by weight. Finally, the CDW
precursor was subjected to a grinding process in a ball mill in order to guarantee its homogenization
and achieve a uniform particle size, as showm in Figure 2.

Figure 2. Obtaining the CDW precursor and recycled aggregates (fine and coarse) from the use of
concrete, ceramic, masonry, and mortar wastes.

2.2. Characterization of Raw Materials

The chemical composition of the CDW precursor, determined by X-ray fluorescence (XRF) using a
Philips MagiX-Pro PW-2440 spectrometer, is presented in Table 2. The aluminosilicate nature (SiO2 +

Al2O3 = 58.8%) of the geopolymeric precursor is highlighted, with a SiO2/Al2O3 molar ratio of 7.2.
During the obtaining of the alkali-activated materials, GU type (general use) Portland cement (OPC)
was added, the chemical composition of which is included in Table 2. The particle size analysis of the
CDW precursor, carried out by means of laser granulometry in a Mastersizer-2000 kit from Malvern
Instruments, resulted in a mean particle size D (4; 3) of 92.1 µm, as shown in Figure 3. The mineralogical
composition of the CDW precursor was determined by means of X-ray diffraction using a PANalytical
X’Pert MRD X-ray diffractometer as shown in Figure 4.

Table 2. Chemical composition (FRX) of the raw materials (CDW and OPC).

Material SiO2 Al2O3 CaO Fe2O3 Na2O K2O MgO Others LOI

CDW precursor 47.6 11.2 21.2 5.9 0.6 1.1 1.1 2.3 9.1
OPC 17.9 3.9 62.3 4.8 0.2 0.3 1.8 4.7 4.1

LOI: loss on ignition.
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Figure 3. Particle size distribution of the CDW precursor.

Figure 4. X-ray diffraction of the CDW precursor.

Figure 4 shows the semi-crystalline nature of the CDW precursor, with quartz (SiO2) (code:
01-083-0539) being the main crystalline phase. Other phases, such as calcite (CaCO3) (code: 01-072-1937)
and sodium-calcium feldspars belonging to the plagioclase group (albite-anorthite series) (code:
01-076-0927), were also identified.

As alkaline activator, mixtures of sodium hydroxide (NaOH) and sodium silicate (SS) or
“waterglass” (Na2SiO3: SiO2 = 32.09%, Na2O = 11.92%, H2O = 55.99%) were used, both of
industrial grade.

2.3. Design of Mixture and Production of Alkali-Activated Materials

The procedure followed to obtain the alkali-activated materials from the CDW is summarized in
Figure 5. From the combination of the CDW precursor and a solution composed of the alkaline activator
(NaOH + SS) and the mixing water it was possible to obtain an alkali-activated cement. The addition
of OPC in small proportions (10% by weight with respect to the precursor as a replacement) made it
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possible to obtain a hybrid cement (CDW binder), which hardened and developed strengths at room
temperature (≈25 ◦C). From the optimization of this CDW binder, it was possible to produce a CDW
mortar and an alkali-activated hybrid concrete (AAHC); in both cases the aggregates developed from
the CDW were used.

Figure 5. Schematic summary of the methodology developed to obtain the CDW-based alkali-activated
materials.

2.3.1. Binder Optimization

For the optimization of the CDW binder, the effect of the alkaline activator content (weight
ratios: (NaOH+SS)/(CDW + OPC) and NaOH/SS) on the compressive strength (7 and 28 days of
curing) was evaluated. The pastes were obtained in a Hobart mixer with a total mixing time of 5 min.
The liquid/solid ratio (L/S) was 0.25. The fresh pastes were molded into 20 mm cubes on each side
and vibrated for 30 s on an electric vibrating table to remove trapped air. Subsequently, the molds
were covered with a polyethylene film and remained in the laboratory environment for 24 h. After this
time, the specimens were removed from the mold and taken to a final curing chamber (≈25 ◦C) that
ensures a relative humidity (RH) of over 80% until reaching the test age. The optimal setting time of
the CDW binder was determined according to the procedure described in ASTM C191 (Method B).
The evolution of heat (during alkaline activation) and the total heat of reaction (48 h) were evaluated
by means of an I-Cal 8000 isothermal calorimeter. For the calorimetric analysis of the CDW binder,
a comparison was made with a 100% OPC-based paste (GU type) and a paste based on the mixture
90%CDW+10%OPC+H2O. Once the alkaline activator content was optimized, the evolution of the
compressive strength (1–90 days of curing) was evaluated, using an INSTRON 3369 universal testing
machine, which has a capacity of 50 kN force, at a speed of 1 mm/min. For each mix, a minimum of
three specimens were tested.

Subsequently, in order to classify the CDW binder according to the specifications of ASTM C1157,
the compressive strength was determined at 28 days (≈25 ◦C) of a mortar produced following the
procedure described in the standard ASTM C305. The test specimens were 50.8 mm cubes on each side
(ASTM C109).

2.3.2. Characterization of the Recycled Aggregates

Table 3 presents the main characteristics of the fine and coarse recycled aggregates obtained
from the CDW sample, which were termed FRA and CRA, respectively. It is highlighted that these
aggregates presented high levels of absorption; 12.12% (ASTM C128) for the FRA and 9.17% (ASTM
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C127) for the case of the CRA. The high absorption capacity of recycled aggregates is directly related to
their nature. It should be noted that the recycled aggregates obtained from concrete or mortar waste
contain not only the original aggregates but also hydrated cement paste, which increases its porosity
and absorption. In addition, the bulk density and unit weight of FRA and CRA presented a lower
value compared to that of natural aggregates due to their higher porosity. The maximum CRA size was
25.4 mm (1 in.) and the FRA fineness modulus was 3.04 (coarse sand) (ASTM C136). The resistance
to degradation by abrasion and impact evaluated in the “Los Angeles machine” (ASTM C131) was
33.65% for CRA, being possible to use it in the production of concrete mixtures, taking into account
this value and those stipulated by ASTM C131. The organic matter content (ASTM C40) of the FRA
was the minimum (organic plate No. 1), allowing its use in mortar and/or concrete mixtures.

Table 3. Characteristics of the recycled aggregates (fine and coarse) obtained from the CDW sample.

Characteristics
Fine Recycled Aggregate (FRA) Coarse Recycled Aggregate (CRA)

Standard Result Standard Result

Bulk density (kg/m3) ASTM C128 2029 ASTM C127 2326
Absorption (%) ASTM C128 12.12 ASTM C127 9.17

Unit weight (kg/m3) ASTM C29 1240 ASTM C29 1211
Maximum size (mm) N/A ASTM C136 25.4

Fineness modulus ASTM C136 3.04 N/A
Organic impurities ASTM C40 Organic plate No. 1 N/A

Resistance to degradation (%) N/A ASTM C131 33.65

2.3.3. Concretes and Blocks: Production and Characterization

The CDW-based AAHC (binder and aggregates) was produced according to the mix design
presented in Table 4. The mix design was based on an adaptation of the “absolute volume” method
proposed by ACI 211.1. This method requires knowledge of the volumes occupied by all the components
of the mixture. For this, the density of each component, including the alkaline activator solution,
was determined. The precursor content (500 kg/m3) and the liquid/solid ratio (L/S = 0.37) were set to
achieve a design compressive strength (28 days) greater than 28 MPa (4000 psi).

Table 4. Design of mixtures of alkali-activated hybrid concrete (AAHC) based on CDW.

Material Dry Weight (kg) Density (kg/m3) Volume (m3)

CDW precursor 450 2690 0.167
OPC 50 3100 0.016

Alkaline activator solution * 326 1259 0.259
Coarse recycled aggregate (CRA) 605 2326 0.260

Fine recycled aggregate (FRA) 605 2029 0.298
Total 2036 N/A 1

* Alkaline activator solution: Sodium hydroxide + Sodium silicate (SS) + Mixing water.

AAHC was obtained in a CreteAngle horizontal mixer with a mixing time of 8 min. The slump
of the mixtures was verified (75–100 mm) according to ASTM C143. The mixture was poured into
cylindrical molds (76.2 mm in diameter) and vibrated for 30 s on an electric vibrating table to remove
the trapped air. The cylindrical molds were covered for 24 h with a polyethylene film and after this time
the cylinders were removed from the mold. The AAHC specimens were cured at room temperature
(≈25 ◦C) and at a relative humidity (RH) greater than 80% until reaching the test age.

The compressive strength of the AAHC was evaluated according to the ASTM C39 standard in
a hydraulic press (ELE International) of 1000 kN capacity. Splitting tensile strength was evaluated
according to ASTM C496. The microstructural analysis was performed by a scanning electron
microscopy (SEM) technique using a JEOL JSM-6490LV microscope with an acceleration voltage of
20 kV. The specimens were evaluated in the low-vacuum mode. An Oxford Instruments Link-Isis
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X-ray spectrometer was coupled to the microscope (EDS). The samples corresponded to pieces of
approximately 1 cm3 extracted from the AAHC (28 days of curing) by means of precision cutting.
The samples were encapsulated in epoxy resin and the observation surface was polished.

Finally, from the AAHC, solid concrete blocks were produced which were physically and
mechanically characterized according to the provisions of the ASTM C140 standard. In all cases, the
data reported in the physical and mechanical tests correspond to the average of three test specimens.

3. Results and Discussion

3.1. Characterization of the CDW-Based Hybrid Cement (Binder)

The effect of the NaOH+SS/CDW+OPC and NaOH/SS ratios on the compressive strength of the
CDW binder can be seen in the contour diagrams in Figure 6. The results indicate that the presence of
high NaOH+SS/CDW+OPC (>0.35) ratios cause a decrease in compressive strength, both at 7 and 28
days of curing. This indicates that alkaline activator contents (NaOH+SS) above an optimal value affect
the mechanical performance of CDW hybrid cement. This effect coincides with that reported by Olivia
and Nikraz [22] and Reig et al. [23], who report that the increase in the content of alkaline activator can
cause a decrease in compressive strength in this type of system. The NaOH/SS ratio meanwhile did not
have a significant effect on compressive strength. In this regard, a horizontal orientation of the contour
lines is observed at 28 days of curing, as shown in Figure 6b, which demonstrates the non-significant
effect of the NaOH/SS ratio on the compressive strength of the CDW binder. This phenomenon
agrees with that reported by Puertas et al. [24], who demonstrated that the NaOH content was not an
influential factor in the alkaline activation process of ceramic residues using the NaOH+SS mixture as
an activator solution. It should be noted that the optimal type, content and concentration of alkaline
activator depends on the raw material used as a precursor (FA, GBFS, MK, etc.) and is not a fixed value
for all alkali-activated materials; therefore, the results corresponding to CDW differ from those reported
by other authors using other types of precursors. From this analysis it was obtained that the optimal
NaOH+SS/CDW+OPC and NaOH/SS ratios for the CDW binder were 0.35 and 0.34, respectively;
values that allowed the achievement of compressive strengths of 16 and 31 MPa at 7 and 28 days of
curing, respectively.

Figure 6. Compressive strength (pastes) at 7 (a) and 28 (b) days of curing: effect of alkaline activator
content and optimization of CDW-based hybrid cement (binder).

Figure 7 represents the evolution of the compressive strength of the optimal CDW binder (NaOH
+ SS/CDW + OPC = 0.35 and NaOH/SS = 0.34) as a function of curing time (1–90 days) of paste,
compared to a reference paste based 100% on OPC. It can be seen how both pastes increase their
strength with the evolution of the curing time; noting that, in general, the mechanical performance of
the OPC paste is superior to the CDW paste. However, it should be underlined that this difference
decreases between 7 and 90 days, a period in which the CDW paste showed a higher strength gain
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than the OPC paste. The lower compressive strength of CDW paste at an early age (1 and 7 days) is
attributable to the low reactivity of the precursor due to its highly crystalline character, as shown in
Figure 4. However, from 7 to 28 days, the compressive strength increases significantly (100%), which is
attributed to the addition of OPC (10%) that allowed the hardening of the material at room temperature
and also accelerated the formation of the alkaline reaction products (C–S–H, C–A–S–H or N,C–A–S–H).
The maximum compressive strengths reported by CDW and OPC pastes at 90 days were 43.9 MPa and
49.3 MPa, respectively. These maximum strength values at 90 days (CDW paste = 43.9 MPa vs. OPC
paste = 49.3 MPa) represent an increase of 397% and 138% in relation to the strength reported by CDW
and OPC pastes at 1 day of curing (CDW paste = 8.8 MPa vs. OPC paste = 20.7 MPa), respectively.
This behavior agrees with that reported by Mejia et al. [25], who obtained similar strength increases for
an alkali-activated cement based on an FA–GBFS mixture, among other authors [26,27]. In relation to
the above, the increase in the strength of hybrid cements is related to the densification of the matrix
and the greater formation of “hydrated sodium-calcium aluminum silicates” or (N,C)–A–S–H and
C–A–S–H type gels as the curing time increases [28,29].

Figure 7. Evolution of compressive strength of the CDW-based hybrid cement (optimal mix):
comparison with a 100% OPC-based paste (reference mix).

It should be noted that this is the first time that results have been reported for alkali-activated
materials based on a CDW precursor consisting of the mixture of concrete (25%), ceramic (25%),
masonry (25%) and mortar (25%) wastes. Regarding the results reported in Table 1, which are related
to alkali-activated materials produced from separated or “clean” wastes, it is highlighted that the
maximum compressive strength achieved by the CDW binder (43.9 MPa) in this research exceeds
the performance of most of these reports, as shown in Table 1. Additionally, the curing conditions
of the CDW binder were at room temperature (≈25 ◦C and RH ≈ 80%), that is, no hydrothermal
curing processes (50–90 ◦C) such as those indicated by other authors were necessary, as shown in
Table 1. Likewise, it should be noted that the content of OPC added to the CDW binder was only
10% (by weight), lower than the content (≤40%) of addition or incorporation of calcium-rich materials
(OPC, GBFS or Ca(OH)2) or alumino-silicates (FA or MK) previously reported, as shown in Table 1.

Figure 8 shows the results obtained by the calorimetric analysis of CDW paste (90%CDW +

10%OPC + NaOH-SS) compared to OPC paste (100% OPC + H2O) and a reference paste composed of
the mixture 90%CDW + 10%OPC + H2O. In the case of CDW paste, the maximum peak was identified
in the heat evolution curve, as shown in Figure 8, (left), in a reaction time of less than 10 min, reaching
a maximum of 12.6 J/g of binder. In this regard, the appearance of a single high intensity peak on the
heat evolution curve coincides with that reported by other authors [30–33] for alkali-activated cements
based on MK, FA, GBFS, natural pozzolans, and/or their corresponding mixtures.
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Figure 8. Isothermal calorimetry: reaction kinetics of hybrid cement (binder) based on CDW (optimal
mix). Evolution of heat of hydration (a) and total heat of hydration (48 h) (b).

Likewise, the maximum heat peak reported by the CDW paste (12.6 J/g of cement) was higher
than that shown by the 90%CDW + 10%OPC+ H2O paste (10.4 J/g of cement); behavior that can be
associated with the development of alkaline activation reactions in the CDW binder, in accordance
with what was reported by Garcia-Lodeiro et al. [34]. Indeed, the total heat of reaction, as shown in
Figure 8, (right) of the CDW paste (alkali-activated) and the 90%CDW + 10%OPC + H2O (hydrated)
paste was 31.8 and 23.8 J/h·g, respectively. This shows that the presence of the alkaline activator
(NaOH + SS) in the CDW binder promotes a positive effect on the kinetics of the alkaline activation
reactions for the 90%CDW+10%OPC mixture, exceeding the heat value by 33.6%, the value of total
heat reported by the mixture without alkaline activator (90%CDW + 10%OPC + H2O paste). The OPC
paste, meanwhile, showed the maximum heat peak in the first minutes, as shown in Figure 8, (left),
among the pastes studied, with a value of 14.9 J/h·g of cement. This value coincides with the maximum
heat range (12.6–36.4 J/h·g) reported by other authors for OPC-based pastes [35–37]. Using the total
heat of hydration curve, as shown in Figure 8, (right), it was possible to observe that the CDW paste
released a greater amount of heat during the first hours (≤5 h) compared to the OPC paste. However,
this behavior was reversed after 5 h. In fact, the OPC paste released a total heat of hydration of up
to 211.2 J/h·g of cement; a value that exceeds the total heat reported by the CDW paste by 664.2%
(31.8 J/h·g).

Additionally, the initial and final setting times (ASTM C191) of the optimal CDW binder (NaOH
+ SS/CDW + OPC = 0.35 and NaOH/SS = 0.34) were determined, yielding values of 40 and 52 min,
respectively. Likewise, standard mortars with a CDW/sand ratio of 1:2.75 were manufactured, which
were subjected to the compressive strength test (ASTM C109) after 28 days of curing, reaching a
strength value of 34.6 MPa.

Based on the specifications established by the ASTM C1157 standard, where the compressive
strength is one of the most important parameters for the classification of cements based on their
performance, the CDW-based hybrid cement obtained in this research could be classified as a general-use
cement (GU type), because the mortar made with this binder attained a strength (34.6 MPa) higher
than that required by ASTM C1157 (28 MPa). Additionally, based on the isothermal calorimetry results,
CDW-based hybrid cement could also be classified as a low-heat-of-hydration cement (type LH) with a
total heat of reaction of 31.8 J/g of cement, less than the maximum value required by the standard to
achieve this classification (290 J/g of cement).

3.2. Characterization of CDW-Based Hybrid Concrete (AAHC) (As Both Precursor and Aggregates)

Figure 9 presents the internal appearance of the CDW-based AAHC compared to 100% OPC-based
conventional concrete. This image highlights, in addition to the adequate (homogeneous) distribution

63



Sustainability 2020, 12, 5775

of the CDW aggregates, the brown color of the AAHC. This phenomenon is due to the color of the CDW
precursor, mainly due to ceramic waste (red) and masonry waste (red), as shown in Figure 2. In this
regard, what in principle could be considered a disadvantage (a color other than the conventional
“gray”), becomes an advantage at the application or industrial level. Currently, the demand and
production of colored architectural concrete has shown an increase with the modernization of the
construction industry [38], leaning on a technological level due to a particular interest in alternative
pigments to minerals (waste), of low cost, with greater stability than conventional paints, and even
obtaining colored concrete with reflective or thermally insulating properties (cool colored concretes) [39].

Figure 9. Internal appearance and aggregate distribution of CDW-based hybrid concrete (AAHC) vs.
OPC concrete.

The evolution of the compressive strength of the CDW-based AAHC is presented in Figure 10.
The values of compressive strength at 1, 3, 7, 28, and 90 days were 8.5, 17.4, 20.5, 33.9, and 42.6 MPa,
respectively. A progressive increase in mechanical performance with the course of curing time stands
out; this being an increase of 403% considering the values reported between days 1 (8.5 MPa) and 90
(42.6 MPa). Considering the strength limit (17.5 MPa) established by ACI 318 (red line), the CDW–based
AAHC reaches its structural classification after 7 days of curing; noting that the CDW-based AAHC
curing process was at room temperature (≈25 ◦C) and under humid conditions (relative humidity
(RH) ≈80%) and not under immersion in water as established for OPC-based concretes. Meanwhile,
the splitting tensile strength (ASTM C496) of the CDW-based AAHC at 28 days of curing was 3.0 MPa;
a value that represents 8.9% of its compressive strength (33.9 MPa) at this same age.

It should be noted that, contrary to the studies reported by other authors, as shown in Table 1,
in the field of CDW-based alkali-activated materials (pastes and mortars), the results presented here
correspond to the level of concrete. In this sense, and despite the fact that it is not considered correct to
compare these results with determined values for pastes and mortars, the level of compressive strength
(up to 42.60 MPa at 90 days) reached by the CDW-based AAHC stands out, as shown in Figure 10,
highlighting its curing at room temperature (≈25 ◦C), that is, the non-dependence on additional
hydrothermal curing processes. Likewise, the results of compressive strength (28 days) obtained at the
level of paste (32.9 MPa), mortar (34.6 MPa), and concrete (33.9 MPa) highlight the binding capacity of
the CDW binder, managing to maintain the same resistant level (32–35 MPa) despite the presence of
fine aggregates (FRA) and/or coarse recycled (CRA) in the mixture.
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Figure 10. Evolution of compressive strength (≈25 ◦C) of CDW-based hybrid concrete (AAHC).

Figure 11 represents the SEM-EDS microstructural analysis of the CDW-based AAHC at 28 days
of curing. Through this technique it was possible to study the elemental chemical composition found
for AAHC at the microstructural level and thus obtain a graphic representation in a SiO2-Al2O3-CaO
ternary diagram of the results obtained, as shown in Figure 11.

Figure 11. SEM-EDS microstructural analysis (28 days of curing) of AAHC binder.

This ternary diagram represents a total of 35 EDS points analyzed on the AAHC binder.
The results obtained are grouped into the regions of “low calcium compositions” and “medium-high
calcium compositions”. Some authors have managed to correlate these representative areas of the
SiO2–Al2O3–CaO ternary diagram with (N,C)–A–S–H (poor in Ca2+), C–S–H, and C–A–S–H type (rich
in Ca2+) reaction products for alkali-activated materials and hybrid cements based on other precursors,
such as FA, GBFS, and/or natural pozzolans [29,40–45]. An EDS elementary color mapping performed
on a specific area of the AAHC, as shown in Figure 11, showed the homogeneous distribution of silica
(Si: green), alumina (Al: purple), sodium (Na: yellow), and calcium (Ca: turquoise) in the concrete,
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distinguishing the CDW aggregates (poor areas in Na) from the CDW binder (areas rich in Si, Al, Na,
and Ca).

In addition, the microstructural observation of the AAHC, as shown in Figure 12, demonstrates
the obtaining of a homogeneous interface transition zone between the CDW binder and the fine (FRA)
and coarse (CRA) aggregates based on CDW, which agrees with the high mechanical performance
reported for this material.

Figure 12. SEM microstructural observation (28 days of curing) of CDW-based hybrid concrete (AAHC).

The mechanical and microstructural results validate the possibility of using alkaline activation
technology to obtain structural concretes based on fully utilizing CDW (binder + aggregates).

3.3. Production and Characterization of a Building Element (Solid Block Type) from the AAHC

Solid concrete blocks were produced from the AAHC, which were physically and mechanically
characterized according to the specifications set out by ASTM C140. Table 5 presents the properties and
characteristics of the solid block, which highlights the achievement of a compressive strength at 28 days
of 26.1 MPa; a value that exceeds the established lower limit of strength (13 MPa) by 101%. According
to ASTM C90 (equivalent to NTC 4026) is classified as “high class structural block”. For comparative
purposes, the ASTM C1790 standard establishes, in the case of blocks based on the alkaline activation
of “fly ash”, that the compressive strength must be greater than 24.1 MPa. According to NTC 4026, the
maximum percentage of water absorption allowed for medium-weight blocks (1680–2000 kg/m3) is
15%; a condition that the CDW block meets, with water absorption at 14.4%. It should be noted that
the ASTM C140 standard establishes that these limits of water absorption and compressive strength
must be met within 12 months after the units are produced. The results obtained (28 days) allowed
us to validate the potential use of the CDW-based AAHC in structural precast products suitable for
construction applications.
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Table 5. Properties and characteristics of the solid block made from CDW-based hybrid concrete
(AAHC).

CDW Concrete Block Properties and Characteristics Result

Dimensions (length ×width × height) 200 × 100 × 80 mm
Curing temperature 25 ◦C

Compressive strength (28 days) 26.1 MPa
Rupture modulus (28 days) 3.6 MPa

Density 1926 kg/m3

Water absorption 14.4%

4. Conclusions

The results of this research demonstrate the possibility of producing alkali-activated materials
(pastes, mortars, concrete, and precast building elements) based on the mixture of concrete, ceramic,
masonry and mortar wastes as a sustainable alternative for the recycling of construction and demolition
wastes (CDWs). It should be noted that CDWs were used to obtain both binder and aggregates (fine
and coarse), thus achieving a comprehensive application of CDWs. The following conclusions can be
drawn from the experimental results.

Alkaline activation of the CDW precursor, using mixtures of hydroxide and sodium silicate,
allowed the synthesis of a CDW binder with compressive strengths of up to 43.9 MPa after 90 days of
curing at room temperature. In this context, the addition of only 10% OPC allowed the mixtures to cure
at room temperature (≈25 ◦C). The compressive strength achieved by the CDW binder-based mortar
was 34.6 MPa. The total heat of reaction of this hybrid cement reached maximum values of 31.8 J/h·g.
Based on mechanical performance and total heat of reaction, the CDW binder can be classified as
general-use cement (GU type) and low heat of hydration (LH type), meeting the specifications of
ASTM C1157.

The CDW concrete achieved compressive strength values of up to 42.6 MPa (90 days of curing
(≈25 ◦C)), demonstrating the possibility of obtaining structural classification concretes according to
ACI 318 specifications. The compressive and splitting tensile strengths of CDW concrete were 33.9 and
3.0 MPa, respectively (28 days of curing). Based on the results obtained at the levels of paste (32.9 MPa),
mortar (34.6 MPa) and concrete (33.9 MPa), the binding capacity of the CDW binder was demonstrated,
managing to maintain the same strength level (32–35 MPa) despite the presence of recycled aggregates
(fine and/or coarse). These results further demonstrated that recycled aggregates do not affect the
mechanical performance of alkali-activated materials. The SEM-EDS micro-structural analysis carried
out on the CDW concrete demonstrated the formation, in the binder phase, of (N,C)-A-S-H (poor
in Ca2+), C-S-H, and C-A-S-H (rich in Ca2+) type reaction products, in addition to homogeneous
interfacial transition zones, which taken together is consistent with the high mechanical performances
reported for alkali-activated materials.

The production and physical-mechanical characterization of a solid concrete block demonstrated
the application potential of CDW concrete in the production of precast building elements. This CDW
concrete block (1925.8 kg/m3) reported a compressive strength of 26.1 MPa (28 days), exceeding by
101% the lower strength limit (13 MPa) established by the ASTM C90 standard to be classified as a
“high class structural block”.

The reported results validate the possibility of using alkaline-activation technology in obtaining
alkali-activated materials based on making the fullest use of CDWs (binder + aggregates).
This innovative recycling concept is considered a sustainable alternative for the real-life use of
CDWs in conditions where the separation of concrete, ceramic, masonry, and mortar wastes is not
possible. Furthermore, these results validate the possibility of reusing CDWs to obtain new materials
with greater commercial value (cements and building applications) than recycled aggregates (common
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use;, an advantage that would promote the proper handling and management of this type of waste in
the construction sector, towards the goal of “zero waste”, complying with the basic principles of the
circular economy.
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Abstract: Recycling of materials such as masonry or concrete is one of the suitable ways to reduce
amount of disposed construction and demolition waste (CDW). However, the environmental safety
of products containing recycled materials must be guaranteed. To verify overall environmental
benefits of recycled concrete, this work considers ecotoxicity of recycled concrete, as well as potential
environmental impacts of their life cycle. Moreover, impacts related with carbonation of concrete is
considered in terms of durability and influence of potential CO2 uptake. Concrete containing fine
recycled aggregate from two different sources (masonry and concrete) were examined experimentally
at the biochemical level and compared with reference samples. Leaching experiments are performed
in order to assess physicochemical properties and aquatic ecotoxicity using water flea, freshwater
algae and duckweed. The consequences, such as effects of material on soil enzymatic activity (dehy-
drogenase activity), photosynthetic pigments (chlorophylls and carotenoids), and the carbonation
process, are verified in the laboratory and included in the comparison with the theoretical life cycle
assessment. As a conclusion, environmental safety of recycled concrete was verified, and its overall
potential environmental impact was lower in comparison with reference concrete.

Keywords: recycled concrete; carbonation; life cycle assessment

1. Introduction

Construction and demolition waste (CDW) constituted approximately 35.9% of the
total waste production in the EU in 2018. CDW, as one of the highest waste streams, consists
of materials like red bricks, mortar, masonry, and concrete, which can be recycled and used
as secondary raw materials. This approach reduces not only waste but also the demand for
primary resources. However, there is a risk of using recycled materials with content, which
is potentially harmful to human health or the environment. Therefore, prior to their use,
the ecotoxicity of such materials must be tested using ecotoxicological bioassays and their
potential environmental impact should be assessed.

To evaluate the ecotoxicological impact of concrete containing recycled materials,
bioassays according to the European law system can be performed. These tests are designed
to determine the potential influence of various chemicals or their mixtures, along with
the transport from the source to the reservoir. To model this transport, the leachates
of considered materials are prepared. However, just the impact caused by bioavailable
chemicals can be evaluated using these tests.
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Ecotoxicity of construction waste or materials was assessed in previous studies, which
were carried out with a simple test design, such as the freshwater algae growth test, seed
germination test, crustacean acute assay, marine bacteria bioluminescence test, or the yeast
growth test [1–5]. Nevertheless, tests with these organisms are focused on the influence of
chemicals on water ecosystems only.

Green plants (algae, aquatic and terrestrial plants) are usually examined not only at
morphological level, such as growth rate or yield. Photosynthetic pigments represent the
most typical chemicals in plants. Chlorophylls are closely related to primary production,
while carotenoids serve as protection against adverse effects of the environment. Both
groups of pigments are known to be sensitive to contamination, alkaline pH, and conse-
quently oxidative stress [6–8]. With a significant decrease in chlorophyll, it is likely that
plant growth will also decrease. An increase in total carotenoids indicates internal oxidative
stress, which can result from lack of nutrients, heavy metal accumulation, and other stresses
associated with the formation of reactive oxygen species (ROS) [9].

Impacts on soil ecosystems can be assessed using tests focused on nonspecified mi-
crobial communities where a selected metabolic activity is determined. Soil enzymes are
produced mainly by bacteria and fungi, and are suitable for the determination of various
external effects on the soil microbiota [10]. Various methods for the determination of soil
enzymes, such as oxidoreductases, hydrolases, transferases, etc., have been described [10],
but the most often found soil enzymes belongs to the group of dehydrogenases (DHA).
In contrast to most soil enzymes, DHA are intracellular, and so DHA can be used as an
indicator of living (active) cells [11].

Besides ecotoxicological impact, other environmental impacts, such as an impact
on climate change, should be assessed. The impact of CO2 emissions is one of the most
discussed issues in the European Union. The EU aims to reduce CO2 emissions values
by 40% by 2030 [12]. Moreover, up to 9% of CO2 emissions are directly related to the
construction industry, and about 3% specifically to concrete [13]. This is also associated
with a large amount of energy consumption, which is spent on the construction process
(from material production, building the construction, construction life, and also demolition).
This amount is estimated to be up to 40% of total energy consumption [14].

On the other hand, one of the beneficial influences of concrete is the absorption of
CO2 during a slow process called carbonation, in which CO2 reacts with the cement matrix,
mainly portlandite. Limit conditions for this reaction are the environment, the amount of
carbon dioxide in the air, and the type of concrete (great influence, e.g., porosity) [15–20].
The CO2 and moisture of the environment neutralize concrete by forming calcium carbonate
and reducing alkaline balance, which means that the initial properties are rapidly changing
during the carbonation process. During the reaction, the pH values decrease from 12–12.5
to 9, and as a result the protective properties of the material are weakened and a suitable
environment appears for the development of corrosion [21]. These effects decrease the
quality and possible utilization of concrete, and so the speed of carbonation is used to
characterize the concrete quality. Thus, many researchers have stated that the durability of
concrete is better with slower carbonation speed [22,23]. However, even concrete with a
higher speed of carbonation can be used in some applications. Thus, subsequent absorption
of CO2 by concrete should be assessed as a potential benefit and compared with other
environmental impacts in the life cycle of concrete.

Potential environmental impacts caused by recycled concrete can be assessed using
the Life Cycle Assessment (LCA) method. The LCA is used to analyze not only the life
cycle of the concrete itself, but also material and energy flows between the concrete and the
environment, as well as the impact of these flows. In life cycle assessment, it is necessary to
take into account the issue of care for the structure at the end of its life, and also benefits
such as CO2 uptake.

This study aims to verify the environmental safety of different types of concrete
containing recycled aggregates in two strength classes. Each strength class had its own
reference sample (control) with which the recycled mixtures were compared. These environ-
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mentally friendly mixtures have been designed with regard to the properties of individual
materials and are intended for use in the construction sector, for example, as the foundations
of buildings. In addition to the influence of leachates on aquatic plants and invertebrates,
this research deals with the determination of photosynthetic pigments and impact on soil
enzymes. Recycled concretes were exposed to the carbonation test, to analyze the impact of
the environment on the samples. The rate of CO2 absorption was measured according to
the valid Czech standard ČSN EN 12390-12 (73 1302) [24]. Following the gained practical
knowledge from laboratory experiments, the theoretical level was evaluated in the form of
life cycle analysis.

2. Materials and Methodology
2.1. Materials

This work is based on the solid foundations of previous research, which verified the
chemical analysis and ecotoxicity of selected waste materials from different sources [25].
The authors investigated four types of waste materials, and after evaluation and verifi-
cation, two types were picked and used in this investigation as a substitute for natural
aggregate. Natural aggregate concrete (NAC), which contains natural aggregate, was used
as a reference sample in both strength classes.

Two types of strength class were tested to compare the properties:

• Strength class I—corresponds to ordinary concrete in strength class C16/20
• Strength class II—corresponds to ordinary concrete in strength class C25/30

In each strength class was the reference sample containing natural aggregate and two
types of samples with recycled aggregate. Therefore, there were a total of three samples in
each strength class (reference sample and two mixtures with recycled aggregate). Thus, a
total of six mixtures were tested (two strength classes of three mixtures each).

The first type of recycled aggregate used originates from masonry structures and con-
tains mainly red bricks, mortar, and plasters (RA4) [25]. It was prepared from reinforcement
concrete at the recycling center using the two-step recycling process and used in recycled
masonry aggregate concrete (RMAC) in this research. This type of concrete was made in
two mixtures with different strength classes (RMAC-I, RMAC-II).

The second type of aggregate used was prepared from reinforcement concrete in the
recycling center by the two-step recycling process (RA1) [25]. The crushed and separated
recycled aggregate of fraction 16/128 mm from the first step of the recycling process was
crushed and sieved into fractions in the second step. Two concrete mixtures containing
RA1 were prepared (RCAC-I, RCAC-II).

In general, six concrete mixtures were made and tested in the field of ecotoxicity at
the biochemical level with regard to environmental impacts; specifically, a comparison of
actual exposure and potential life cycle was examined.

• NAC-I, as a reference concrete sample for strength class C16/20
• RMAC-I, as recycled concrete containing RA4, strength class C16/20.
• RCAC-I, as recycled concrete containing RA1, strength class C16/20.
• NAC-II, as a reference concrete sample for the C25/30 strength class
• RMAC-II, as a recycled concrete containing RA4, strength class C25/30
• RCAC-II, as recycled concrete containing RA1, strength class C25/30.

The tested samples containing recycled aggregates are shown in Figure 1.
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Figure 1. Tested samples containing recycled aggregates: (a) RMAC I, (b) RMAC II, (c) RCAC I, and
(d) RCAC II.

2.2. Methodology

In this research, recycled aggregate was used that has been tested in previous re-
search [25] with the aim of proving the possibility of replacing normally used raw materials
in concrete with secondary raw materials. On the basis of the results from previous research,
materials were selected and concrete mixtures were designed, which were subsequently
exposed to the experiments on the basis of the international standards. All samples were
tested according to the valid Czech standards as well.
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2.3. Ecotoxicology
2.3.1. Chemical and Ecotoxicological Analysis of Leachate

The concrete cubes were leached as described in [26]. The concentrations of Na,
Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Sr, Mo, Cd, Ba, Hg, and Pb were
determined in leachates acidified to pH 2.0 using inductively coupled plasma optical
emission spectrometry (Integra 6000, GBC, Melbourne, Australia).

Aquatic ecotoxicity tests were performed with non-treated leachates in the concen-
tration range from 510 to 1000 mL.L−1, and nutrient-amended leachates diluted 10 times
(100 + n mL.L−1). The water flea (Daphnia magna) acute immobilization test followed the
methodology described in [26]. The algal toxicity test using Desmodesmus subspicatus and
the duckweed (Lemna minor) test were conducted according to [25] with minor changes. In
algae, growth rate was determined based on optical density measurements at 750 nm using
a UV/VIS spectrophotometer UV-1900 (Shimadzu Corporation, Kyoto, Japan).

2.3.2. Determination of Photosynthetic Pigments

In the algal and duckweed test, the total chlorophyll a + b (Chls) and total carotenoid
(Cars) content was determined after the exposition and growth rate determination.

First, 10 mL of algal suspension was transferred to 15 mL Falcon tubes and centrifuged
(2360× g, 10 min, 4 ◦C). The supernatant was disposed of and 5 mL of 99.5% methanol
(Lach-Ner) was added. The samples were homogenized in a vortex homogenizer for
15 s and placed in an ultrasound bath with ice-cooled water for 15 min. The extracts
were homogenized again and centrifuged (2360× g, 10 min, 4 ◦C). The absorbance in the
supernatants was determined at 470, 653, and 666 nm. Total chlorophylls and carotenoids
were calculated according to [27] and expressed as pigment content per unit of algal
suspension volume and as the Chls/Cars ratio.

In the duckweed test, the total frond material from a test vessel was transferred to a
15 mL centrifugation tube, covered with 3–8 mL of pure methanol (according to the total
frond amount) and placed in the dark and 4 ◦C for 24–48 h. After extraction, the samples
were centrifuged (2360× g, 10 min, 4 ◦C) and the absorbance in the supernatants was
determined at 470, 653 and 666 nm. Total chlorophylls and carotenoids were calculated
according to [27] and expressed as pigment content per unit of frond area and as the
Chls/Cars ratio.

The absorbance was determined using the UV/VIS UV-1900 spectrophotometer (Shi-
madzu, Kyoto, Japan).

2.3.3. Soil Enzymatic Test

To determine the influence on soil enzymes, leachates were added to Lufa soil 2.4,
characterized as clayey loam type (LUFA Speyer, Speyer, Germany). Fifty grams of air-
dried soil were properly mixed with 15.3 g of nondiluted and untreated leachate in a sterile
glass jar to achieve 70% WHC. Pure distilled water was used as a control sample. The
containers were covered with sterile aluminum and placed under stable conditions (20 ◦C,
light cycle 16 h/8 h; 1000 lux). The samples were left without humidity treatment for
56 days. Dry mass content (DM), pH, and soil dehydrogenase activity were determined 7,
28, and 56 days after soil contamination.

For the DM content, approximately 2.5 g was dried at 105 ◦C for 2 h and weighed. For
this measurement, two replicates were prepared. DM was calculated as the fresh mass/dry
mass ratio. The soil pH was determined in soil suspensions in 0.01M CaCl2, as described
in [28].

Soil dehydrogenase activity (DHA) was determined using triphenyltetrazolium chlo-
ride (TTC; Sigma-Aldrich) as a substrate for the reaction. The procedure followed ISO
Guideline No. 23753-1 [29] with some adjustments. For each sample, 2.00 ± 0.05 g was
transferred to a sterile glass tube and 2 mL of 1% TTC solution in Tris buffer (pH of 7.8) was
added. Each sample was prepared in triplicate, plus one blank (2.00 ± 0.05 g of soil, 2 mL
of Tris buffer). The samples and blanks were carefully homogenized for 10 s and placed on
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a dark thermostat (25 ◦C) for 20 h. After that, each sample was extracted using 10 mL of
99.5% acetone (Lach-ner) and homogenized three times, every 60 min. Finally, the extracts
were centrifuged (2360× g, 10 min, 4 ◦C) and the absorbance at 485 nm was determined
(UV/VIS spectrophotometer (Shimadzu, Kyoto, Japan). The DHA was expressed as the
amount of product formation, i.e., triphenyltetrazolium formazan per soil DM and time.
Consequently, the data obtained were compared to the control values and recalculated as %
inhibition/stimulation, as described in [26].

2.3.4. Statistical Analysis and Data Evaluation

A one-way ANOVA was performed on all ecotoxicity data sets. Normality was
tested using the Shapiro–Wilk test. ANOVA was followed by Tukey’s post-hoc test to
determine significant differences between samples. The nonparametric Kruskal–Wallis
test followed by Dunn’s post-hoc test was used when the data did not meet the normal
distribution. Ecotoxicity based on EC50 and NOEC values was evaluated according to
the scale formulated in a previous study [26]. All statistical analysis was performed using
GraphPad Prism, v9.1 (GraphPad Software, San Diego, CA, USA).

2.4. Carbonation Testing Process

Concrete structures need to be durable to ensure that service life is achieved; This plays
a significant role in resistance to corrosion. This phenomenon is caused by carbonation;
consequently, carbonation behavior is an important attribute to measure.

The simplified carbonation reaction of concrete:

Ca(OH) 2 + CO2 = CaCO3 + H2O (1)

The Czech standard ČSN EN 12390-12 (73 1302) describes the carbonation resistance
of concrete using test conditions that accelerate the rate of carbonation [24]. The method
used in this research is inspired by this standard, but the conditions were slightly different.

Czech Standard ČSN EN 12390-12 (73 1302)

This document quantifies the carbonation resistance of concrete. The test conditions
used an accelerated the rate of carbonation. The experiment is carried out under controlled
exposure of carbon dioxide to an increased level after 28 days of hardening concrete samples.
The carbon dioxide concentration should be within ±0.5% by volume of the target value.

For each test, the reference sample of concrete should be used. Samples for one test
should be made from one concrete mixture. The concrete cubes are cast and cured for
28 days (in accordance with EN 12390-2 [30]), then placed in a storage chamber with
carbon dioxide under normal conditions: 1 013 mbar at 25 ◦C, temperature 20 ± 2 ◦C,
relative humidity 57 ± 3. In addition, 0.8 g of phenolphthalein powder was dissolved in a
solution of 70 mL of ethanol and 30 mL of deionized water. Phenolphthalein was used as
an indicator.

After the exposure period, which is 28 days, the carbonation depth is measured at
three points on each of the four faces of the cube. To locate these points, the length of the
edge is divided into four equal distances. Three samples of each mixture were measured
and the mean carbonation depth at time t in mm was calculated as a result.

2.5. Life Cycle Assessment

To analyze the environmental performance of the described mixtures from the per-
spective of their entire life cycle, the life cycle assessment (LCA) method was applied as an
analytical tool [31], which is used primarily to assess the environmental impacts caused by
processes throughout the life cycle of a product or service according to the international
standards ISO 14 040 and ISO 14 044 [32,33]. According to these standards, the LCA method
consists of four steps: definition of goals and scope, inventory analysis, impact assessment,
and interpretation.
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Taking into account the scope and other conditions for the environmental assessment
described in EN 15 804 + A2 for construction products [34], the LCA method was used to
evaluate all elementary flows, including the inputs and outputs of materials and energy to
the environment in the phases of raw resource production, transport of resources to the
facility, production of ready mix concrete, and disassembly of concrete and its disposal
in landfill.

2.5.1. System Boundaries and Functional Unit

The environmental impacts of the mixtures were related to the declared unit, which
was defined as 1 m3 of the concrete mixture. The system boundaries of the compared
concrete mixtures include raw material supply (cement production, water production,
production of primary or recycled aggregate), transport of resources to a facility, mixing
of materials, and their transport to site. The phase of use of concrete mixtures was not
included according to EN 15 804 + A2. The boundaries of the system also include the
end-of-life phase (EoL), which consists of the excavation of concrete in the process of
deconstruction, the transportation and demolition of concrete waste in the landfill, and
the disposal of waste in the landfill. The investigated system boundaries are described in
Figure 2.

Figure 2. Description of the boundaries of the system.

2.5.2. Life Cycle Inventory

To create the environmental model of the life cycle of the mixtures, GaBi software
was used [35]. The mixtures were modelled according to the proportions described in
Table 1. To model upstream processes, generic data from the GaBi database were used to
describe the environmental impacts of resource production [36]. In addition, the end-of-life
processes of concrete were modelled using the mentioned generic data. The energy supply
was modelled using the Czech energy mix according to data from the reference year 2016.
The transport processes were modelled as transporting on a 50 km distance using a truck
trailer (EURO 3, up to 28 t gross weight).

Table 1. Composition of concrete mixes.

Material (kg)
I II

NAC RMAC RCAC NAC RMAC RCAC

Cement 260 260 260 300 300 300
Nature Sand 709 - - 671 - -
Gravel 4/8 38 - - 28 - -

Gravel 8/16 1092 766 949 1139 822 994
Recycled Aggregate 0/4 - 971 843 - 920 800

Water 169 187 186 165 182 181
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2.5.3. Influence of Carbonation

As an alternative scenario, the CO2 uptake potential in concrete was calculated accord-
ing to EN 16 757 [37]. The expected service life of concrete blocks made of the considered
mixtures was assumed to be 50 years. The maximum theoretical uptake of CO2 was
estimated for the cement used as 0.49 kg CO2/kg of cement. The assumed degree of
carbonation was estimated at 0.85 on the basis of the potential future use of concrete as a
foundation structure, which will be covered by ground.

2.5.4. Environmental Assessment

To evaluate the impacts of inputs and outputs on the environment, these elemen-
tary flows were classified and characterized using the Product Environmental Footprint
3.0 method [38]. This impact assessment method is recommended by the European Com-
mission and uses several environmental indicators [39].

2.5.5. Normalization and Weighting

Taking into account the spectrum of environmental indicators, the results were nor-
malized and weighted to obtain a single score evaluation of the mixtures considered.
Normalized values were calculated by dividing the indicators’ results by normalized con-
tributions for each indicator according to the normalization data set described in the PEF
3.0 method [39]. Similarly, the weighted values were calculated by multiplying the normal-
ized results using weighting factors. Weighing is used to express the relative importance of
each indicator. The data set of the weighing indicators is based on expert opinion and is
described in the PEF 3.0 method [39].

3. Results
3.1. Physicochemical Properties of Concrete Leachates

Table 2 shows the results of the chemical analysis of the leachates. Mn, Co, Ni, Cu, As,
Se, Mo, Cd, Ba, Hg, and Pb were below the detection limit; Cr was found only in NAC I.
The main elements found in the leachates were Ca, K, and Na, while the concentration of
Mg, Al, Fe, Zn, and Sr was below 0.5 mg.L−1. The chemical composition of the leachates
was generally relatively similar. Only Zn content showed different patterns, with the
highest content in RMAC I and the lowest content in NAC I. All leachates had similar
pH (10.5–10.7), as well as electrical conductivity (162–232 µS.cm−2). The initial pH value
decreased to 7.5–8.4 after both dilution and seven-day exposure under the light cycle and
24 ± 1 ◦C in the duckweed assay (Supplementary Materials, Table S1).

Table 2. Physicochemical properties of leachates.

Element
(mg.L−1)

I II

NAC RMAC RCAC NAC RMAC RCAC

Na 3.04 ± 0.05 3.96 ± 0.09 <2.5 <2.5 4.16 ± 0.17 <2.5
Mg 0.20 ± 0.01 0.29 ± 0.01 0.24 ± 0.01 0.18 ± 0.01 0.20 ± 0.01 0.20 ± 0.01
Al <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
K 17.27 ± 0.32 15.66 ± 0.63 14.20 ± 0.46 14.03 ± 0.49 19.19 ± 0.32 12.82 ± 0.11
Ca 28.85 ± 0.23 29.44 ± 0.95 24.68 ± 0.49 21.19 ± 0.59 19.75 ± 0.33 22.13 ± 0.49

Cr 1 <0.5 0 0 0 0 0
Fe ~0.04 ~0.08 ~0.03 ~0.02 ~0.04 ~0.02

Zn 2 ~0.008 0.182 ± 0.007 0.016 ± 0.001 0.033 ± 0.001 0.055 ± 0.002 0.015 ± 0.001
Sr <0.03 ~0.08 ~0.03 ~0.03 ~0.03 ~0.03

pH 10.7 ± 0.1 10.6 ± 0.1 10.7 ± 0.1 10.6 ± 0 10.6 ± 0.1 10.5 ± 0.1
el. conductivity

(µS.cm−2) 225 ± 12 232 ± 24 191 ± 11 183 ± 6 211 ± 38 162 ± 17

1 Limit value in waste leachates 7 mg.L−1. 2 Limit value in waste leachates 20 mg.L−1.
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3.2. Aquatic Ecotoxicity

Basic ecotoxicity tests performed with water flea, algae, and duckweed showed similar
dose-response patterns in all leachates (Tables S2–S4). The duckweed growth rate was the
most sensitive endpoint, while the algal growth was the least sensitive.

For most samples, NOEC was found to be 800 mL.L−1 in the acute test for algae and
water fleas, and 640 mL.L−1 in the growth rate of duckweed. Therefore, according to
ecotoxicity indexes, all leachates were classified as non-toxic (Table 3).

Table 3. Ecotoxicity assessment of concrete leachates: EC50 with 95% CI (confidence interval) and
coefficient of determination (R2), NOEC values. GR—growth rate; TC—toxicity class [26]; n.c.—not
calculable. EC50 and NOEC values are expressed in mL.L−1.

Concrete Mix Value Water Flea Algae GR Duckweed GR Toxicity Level

NAC I

EC50 931 >1000 870
CI 95% 890–n.c. - 833–912

R2 0.89 0.80 0.94
NOEC 800 800 640

TC NT-1 NT-1 NT-2 Non-toxic

RMAC I

EC50 929 >1000 896
CI 95% 894–n.c. - 838–966

R2 0.96 - 0.86
NOEC 800 800 640

TC NT-1 NT-1 NT-2 Non-toxic

RCAC I

EC50 >1000 >1000 911
CI 95% n.c. - 864–971

R2 0.69 0.77 0.92
NOEC 800 800 640

TC NT-1 NT-1 NT-2 Non-toxic

NAC II

EC50 >1000 >1000 844
CI 95% - - 829–861

R2 0.11 0.82 0.99
NOEC 640 800 510

TC NT-2 NT-1 NT-2 Non-toxic

RMAC II

EC50 992 >1000 926
CI 95% 976–n.c. n.c. 909–943

R2 0.94 0.76 0.99
NOEC 800 800 640

TC NT-1 NT-1 NT-2 Non-toxic

RCAC II

EC50 >1000 >1000 928
CI 95% - - 895–966

R2 0.65 0.77 0.95
NOEC 800 800 640

TC NT-1 NT-1 NT-2 Non-toxic

3.3. Photosynthetic Pigments

The evaluation of photosynthetic pigments in algae and duckweed was in accordance
with observations at the morphological level. As shown in Tables 4 and 5, the pigment
ratio (total chlorophyll/total carotenoids) was significantly reduced only in non-diluted
leachates in algae, and in 800 and 1000 mL.L−1 in duckweed with two exceptions (in NAC-I
and RMAC-I diluted to 800 mL.L−1, the change in pigment ratio was not significant). The
change in pigment ratio was caused by a decrease in both chlorophylls and carotenoids in
algal suspension, where the negative effect of concentrated leachates was more pronounced
in chlorophylls than in carotenoids (Figures 3 and 4). The change in the pigment ratio in
duckweed was caused by a decrease in total chlorophyll and an increase in total carotenoids
at the same time (Figures 5 and 6). The highest carotenoid content per frond was found in
duckweed exposed to nondiluted NAC I leachate, which led to the lowest Chls/Cars ratio
(Table 5).
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Table 4. Total chlorophyll to total carotenoid ratio in algae (mean values ± SD). 100 + n—leachates
(100 mL.L−1) amended with nutrients. The letters indicate significant differences between the values
(post-hoc test; α = 0.05) within the same column (uppercase) and within the same row (lowercase).

mL.L−1
I II

NAC RMAC RCAC NAC RMAC RCAC

0 A 5.6 ± 0.4 A 5.6 ± 0.4 A 5.6 ± 0.4 A 5.6 ± 0.4 A 5.6 ± 0.4 A 5.6 ± 0.4
640 A 5.5 ± 0.1 a A 6.0 ± 0.2 a A 5.4 ± 0.2 a A 6.2 ± 0.1 a A 5.4 ± 0.7 a A 6.3 ± 0.1 a
800 A 5.1 ± 0.2 a A 5.8 ± 0.8 a A 5.1 ± 0.2 a A 5.8 ± 0.3 a A 5.6 ± 0.1 a A 5.9 ± 0.1 a

1000 B 1.9 ± 0.1 a B 1.7 ± 0.2 a B 1.8 ± 0.1 a B 2.0 ± 0.1 a B 1.9 ± 0.2 a B 1.8 ± 0.2 a

100 + n A 5.4 ± 0.2 a A 5.7 ± 0.2 a A 5.2 ± 0.0 a A 5.9 ± 0.1 a A 5.5 ± 0.1 a A 5.9 ± 0.1 a

Table 5. Total chlorophyll to total carotenoid ratio in duckweed (mean values ± SD). 100 + n—leachates
(100 mL.L−1) amended with nutrients. The letters indicate significant differences between the values
(post-hoc test; α = 0.05) within the same column (uppercase) and within the same row (lowercase).

mL.L−1
I II

NAC RMAC RCAC NAC RMAC RCAC

0 A 7.9 ± 0.2 A 7.9 ± 0.2 A 7.9 ± 0.2 A 7.9 ± 0.2 A 7.9 ± 0.2 A 7.9 ± 0.2
510 A 7.0 ± 0.3 a A 7.0 ± 0.5 a A 7.6 ± 0.6 a A 7.2 ± 0.2 a A 7.0 ± 0.3 a A 8.1 ± 0.4 a
640 A 7.9 ± 1.0 a A 7.4 ± 0.3 a A 7.7 ± 0.5 a A 7.1 ± 0.3 a A 7.1 ± 0.4 a A 7.0 ± 0.3 a
800 A 6.9 ± 1.0 a A 7.0 ± 0.9 a B 5.1 ± 0.1 b B 4.6 ± 0.2 b B 4.4 ± 0.1 b B 4.4 ± 0.1 b

1000 B 1.5 ± 0.1 b B 3.8 ± 0.5 a C 3.9 ± 0.4 a B 3.2 ± 0.7 a B 3.8 ± 0.1 a C 2.8 ± 0.2 ab

100 + n A 8.2 ± 0.1 a A 7.7 ± 0.2 a A 8.6 ± 0.3 a A 8.1 ± 0.3 a A 8.3 ± 0.3 a A 8.1 ± 0.1 a

Figure 3. Mean (±SD) total chlorophyll (a + b) content in algal suspension. CT (control)—Bold’s
Basal medium. 100 + n—leachates (100 mL.L−1) with amended nutrients. Lowercase letters indicate
significant differences between samples of a given concentration, and asterisks (*) indicate significant
differences between sample and control (post-hoc test; α = 0.05).
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Figure 4. Mean (±SD) total carotenoid content in algal suspension. CT (control)—Bold’s Basal
medium. 100 + n—leachates (100 mL.L−1) with amended nutrients. Lowercase letters indicate
significant differences between samples of a given concentration, and asterisks (*) indicate significant
differences between sample and control (post-hoc test; α = 0.05).

Figure 5. Mean (±SD) total chlorophyll (a + b) content in duckweed. CT (control)—Steinberg
medium. 100 + n—leachates (100 mL.L−1) with amended nutrients. Lowercase letters indicate
significant differences between samples of a given concentration, and asterisks (*) indicate significant
differences between sample and control (post-hoc test; α = 0.05).
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Figure 6. Mean (±SD) total carotenoid content in duckweed. CT (control)—Steinberg medium.
100 + n—leachates (100 mL.L−1) with amended nutrients. Lowercase letters indicate significant
differences between samples of a given concentration, and asterisks (*) indicate significant differences
between sample and control (post-hoc test; α = 0.05).

3.4. Soil Dehydrogenase Activity

The results of DHA in the soil are summarized in Figure 7. With a few exceptions, the
enzymatic activity was slightly stimulated in soils amended with leachates. Stimulation
was more pronounced in soils amended with concrete leachates of strength class I. However,
the differences among samples, as well as the stimulation, were usually not significant.
RMAC II was the only leachate that caused slight inhibition in all measurements, while
soils contaminated with NAC I leachate changed their reaction from significant stimulation
(−11% and −10% after 7 and 28 days, respectively) to low inhibition (5%) at the end of
the exposure. The highest stimulation was observed in soil contaminated with RMAC I
leachate after seven days (15%). Generally, it can be said that undiluted leachates did not
significantly affect soil microbial activity, or caused a slight increase of up to 15%. The pH
of the soil mixtures was relatively similar to that of the control soils (Table S5). The soil
pH ranged between 5.7 and 6.0 after seven days and dropped to 5.3–5.6 after 56 days of
exposure; therefore, according to the soil pH [29], all samples and the control remained
acidic during the whole experiment.

3.5. Carbonation Effect

There are four basic stages of carbonation; most structures reach the maximum of the
second stage. The amount of calcium carbonate formed does not completely characterize
the carbonation stage [40]. By finding out in what form CaCO3 is present, it is possible
to characterize the carbonation process and, at the same time, assess the situation of
carbonated concrete. Studies that consider concrete carbonation in general show that
concretes of the lower strength class (C16/20) reach deeper carbonation depths compared
to the higher strength class (C25/30) [40–42]. This fact is also connected with factors
such as porosity and density beside concrete strength [43–45]. Research dealing with
carbonation effect has proved that with increasing porosity and density, the carbonation
effect is decreased. This phenomenon is also confirmed in this research (Figure 8). The
purple-red color adheres to the noncarbon part of the sample, where the concrete is highly
alkaline. There was no coloration in places with reduced concrete alkalinity. Mixtures NAC-
I, RMAC-I, and RCAC-II have shown deeper penetration compared to the corresponding
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higher-class concrete (NAC-II, RMAC-II, and RCAC-II). Carbonation depth was determined
by image analysis using NIS Elements (v5.20, Laboratory Imaging, Prague, Czech Republic).

Figure 7. Mean (±SD) inhibition/stimulation of soil dehydrogenase activity measured in soil con-
taminated with leachates after 7, 28 and 56 days. Different letters indicate significant differences
among samples within a given time point. Asterisks (*) indicate significant differences between the
sample and control, that is, zero values (post-hoc test; α = 0.05).

Figure 8. Cont.
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Figure 8. Samples after carbonation test colored with phenolphthalein: (a) NAC-I, (b) NAC-II,
(c) RMAC-I, (d) RMAC-II, (e) RCAC-I, and (f) RCAC-II.

The results of the carbonation depth are summarized in Table 6. The NAC-I value
4.41 mm was more than one and a half times higher compared to the same mixture in the
higher concrete class NAC-II 2.65 mm. This trend appears similarly in the other mixtures as
well, but the ratio increases from 1.6 to 2.9 with RMAC, and to 3.6 with RCAC. In general,
the deepest penetration was observed in RMAC in both evaluated grades (10.04 mm
and 3.37 mm). However, the RCAC-I was extremely high compared to that of NAC-I.
Meanwhile, RCAC-II (with the value 2.45) was almost comparable with NAC-II (2.65).

Table 6. Average carbonation depth results of samples tested containing natural and recycled aggregate.

Mean
Carbonation
Depth (mm)

I II

NAC RMAC RCAC NAC RMAC RCAC

d1 2.99 12.69 9.66 2.50 1.18 2.56
d2 6.82 8.41 7.99 5.25 3.74 1.87
d3 3.66 7.35 6.27 0.34 3.37 4.10
d4 4.17 11.73 12.14 2.50 6.25 1.30

dk 4.40 ± 1.45 10.04 ± 2.22 9.01 ± 2.16 2.65 ± 1.74 3.37 ± 1.79 2.45 ± 1.05

3.6. Results of Environmental Assessment

The environmental assessment was performed using the LCA method and the poten-
tial environmental impacts were calculated using PEF 3.0. The results of this assessment
are given in Table 7.

Taking into account the climate change (total) indicator, which describes the potential
impact on one of the key categories, mixtures with natural aggregates cause a higher impact
than mixtures with recycled aggregates in the same strength class. Similarly, NAC has a
greater impact in most categories. This is affected by the dominant influence of cement.
Mixtures in the same strength class are designed with the same amount of cement, so their
potential impact is mainly affected by this. However, there is also the influence of the
beneficial impact of recycled aggregates, which are used as replacements for natural gravel
in the mixture.

In comparison of the two types of recycled aggregates, recycled concrete aggregate
has a more beneficial impact than recycled masonry aggregate. This is mainly affected
by the higher amount of iron scrap, which can be recycled from concrete structures with
steel reinforcement.
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Table 7. Results of the selected impact indicators for 1 m3 of concrete mixtures; the environmental
impact assessment was carried out according to the PEF 3.0 method.

I II

NAC RMAC RCAC NAC RMAC RCA

Acidification (Mole of H+ eq.) 9.96 × 10−1 8.99 × 10−1 8.64 × 10−1 1.06 9.66 × 10−1 9.34 × 10−1

Climate Change—total (kg CO2 eq.) 3.21 × 102 2.59 × 102 2.21 × 102 3.54 × 102 2.95 × 102 2.59 × 102

Climate Change, biogenic (kg CO2 eq.) 3.62 × 10−1 3.18 × 10−1 3.69 × 10−1 3.88 × 10−1 3.47 × 10−1 3.95 × 10−1

Climate Change, fossil (kg CO2 eq.) 3.20 × 102 2.58 × 102 2.20 × 102 3.53 × 102 2.94 × 102 2.58 × 102

Climate Change, LULUC (kg CO2 eq.) 6.12 × 10−1 6.35 × 10−1 6.95 × 10−1 6.29 × 10−1 6.51 × 10−1 7.09 × 10−1

Ecotoxicity, freshwater—total (CTUe) 1.71 × 103 1.39 × 103 1.57 × 103 1.77 × 103 1.47 × 103 1.65 × 103

Eutrophication, freshwater (kg P eq.) 1.07 × 10−3 7.31 × 10−4 8.75 × 10−4 1.12 × 10−3 7.91 × 10−4 9.28 × 10−4

Eutrophication, marine (kg N eq.) 3.42 × 10−1 3.25 × 10−1 3.30 × 10−1 3.59 × 10−1 3.43 × 10−1 3.48 × 10−1

Eutrophication, terrestrial (Mole of N eq.) 3.76 3.59 3.66 3.95 3.78 3.85
Human toxicity, cancer—total (CTUh) 9.03 × 10−8 4.41 × 10−8 2.19 × 10−8 9.24 × 10−8 4.87 × 10−8 2.77 × 10−8

Human toxicity, non-cancer—total (CTUh) 6.75 × 10−6 5.62 × 10−6 5.31 × 10−6 7.12 × 10−6 6.05 × 10−6 5.76 × 10−6

Ionising rad., human health (kBq U235 eq.) 6.49 4.83 6.29 6.99 5.41 6.80
Land use (Pt) 5.57 × 102 4.66 × 102 5.30 × 102 5.88 × 102 5.01 × 102 5.63 × 102

Ozone depletion (kg CFC-11 eq.) 3.73 × 10−7 2.53 × 10−7 3.13 × 10−7 3.85 × 10−7 2.71 × 10−7 3.28 × 10−7

Particulate matter (Disease incidences) 1.12 × 10−5 6.37 × 10−6 5.74 × 10−6 1.20 × 10−5 7.43 × 10−6 6.83 × 10−6

Photochem. ozone form., hum. health (kg
NMVOC eq.) 8.52 × 10−1 7.98 × 10−1 7.80 × 10−1 9.02 × 10−1 8.51 × 10−1 8.35 × 10−1

Resource use, fossils (MJ) 2.08 × 103 1.31 × 103 9.71 × 102 2.17 × 103 1.44 × 103 1.12 × 103

Resource use, mineral and metals (kg Sb eq.) 3.05 × 10−5 6.43 × 10−5 1.81 × 10−4 3.30 × 10−5 5.68 × 10−5 1.67 × 10−4

Water use (m3 world equiv.) 1.27 × 103 7.67 × 102 8.40 × 102 1.31 × 103 8.35 × 102 9.03 × 102

LULUC–Land use and land use change

4. Discussion
4.1. Impact of Chemical Composition on Leachate Ecotoxicity

Except for reference samples, the concentration of leached elements from concrete
cubes was significantly lower compared to leaching patterns of homogenized recycled
aggregates, as expected (Table 2, [25]). However, the general proportion of leached elements
was similar for primary materials and construction applications. Heavy metals which are
non-essential for organisms, i.e., hazardous at any concentration (As, Ba, Cd, Hg, Ni,
and Pb), were below the detection limit. Ca, Na, and K that belong to the main metals
released in concrete leachates [4] are not considered toxic; in fact, quite the opposite, as
they are essential mineral macroelements that are included in the culture media for both
crustacean and aquatic plants [46–48]. Mg, Fe and Zn represent other mineral nutrients
required especially by plants. However, Zn is included in risk metals and therefore has
to be analyzed in wastewaters, sludge or waste leachates [49,50]. Moreover, secondary
salinization of surface waters and soils caused by increasing concentration of ions including
Na+, Mg2+, Ca2+, K+ and Fe ions together with climate change is an issue of growing
concern [51–53]. In this study, the essential minerals were often below the concentration
required in growth media.

The results from ecotoxicity tests indicate that the high growth inhibition/immobilization
in original untreated leachates was caused most particularly by lack of nutrients. This can be
considered as a favorable result because abundant elements in eluates entering aquatic or
terrestrial environment can cause ecological imbalance [54,55].

4.2. Selection of Leaching and Ecotoxicity Testing Design

Various leaching test methods have been reported from batch tests in one stage, perco-
lation tests, and long-term tests with leachant renewal [56]. For the leaching experiment, we
have chosen the simple batch design in one stage that was already applied in the previous
study [26] to compare the ecotoxic potential of recycled glass waste in the form of homoge-
nized material and its subsequent use in concrete cubes. This 24-h leaching design was also
chosen to prevent potential metal sorption on glass vessels, change of the leachate pH in
time, biocontamination, as well as potential biodegradation of the leached compounds.
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Ecotoxicity tests are usually based on a simple experimental design with acute ex-
posure that provide quick screening of potential environmental risks. However, acute
exposure which usually lasts several hours to several days is suitable mainly for detection
of larger amounts of hazardous substances affecting living organisms. To detect the poten-
tial risk of lower concentrations of toxicants, chronic ecotoxicity tests may be used. Such
methods are time-, space- and sample-consuming, and thus can be problematic for routine
application. The use of semi-chronic tests provides a suitable solution.

Ecotoxicological impact of concrete leachates is usually tested by a set of two or three
aquatic bioassays. In consumers, the most popular test is immobilization of freshwater
or marine crustaceans [1–5,57,58]. The embryonic stage of zebrafish eggs (Danio rerio)
represents another possibility of how to avoid problematic animal models, as the early
developmental stage is not protected by regulatory framework [59]. In the inter-laboratory
study, tests with zebrafish eggs was applied, but was evaluated as the least sensitive
model [57]. Marine luminescent bacteria Aliivibrio fischeri (previously Vibrio fischeri) is
often used in concrete leachate testing [1,57,60] as the test design is simple, short-term
(30 min exposure), and easy to perform using modern luminometers [61]. Heisterkamp
et al. [57] reported the bacterial luminescent test as the most sensitive for construction
product evaluation. Plant models can be examined at both the individual (lethality, necrosis)
and population (reproduction) levels, making them semi-chronic tests. At the same time,
additional endpoints at the biochemical level [9,60] can be determined. As duckweed
and unicellular algae reproduce asexually, they represent genetically homogeneous plant
material and have another advantage over seed germination tests [9].

4.3. Photosynthetic Pigment Ratio as Stress Indicators in Aquatic Plants

Aquatic plants growing in metal-contaminated waters are able to accumulate heavy
metals [62]. Besides the negative effect on plant growth, metal contamination also causes
oxidative stress, as reported for duckweed exposed to Cd, Cu, Cr, and Hg [63,64]. Oxidative
stress in aquatic plants can be detected by increased activity of antioxidative enzymes,
malondialdehyde, or changes in total carotenoids content [64,65]. However, deficiency of
essential metals such as Cu also has a negative impact on photosynthetic pigments [66].
Duckweed exposed to heavy metals in industrial wastewater was more seriously affected
at the morphological level (growth rate based on the frond number and weight) than in the
chlorophyll content [9]. This is in agreement with our results (Table S4, Figure 5).

Another task is to determine how the pigment content is expressed. Calculation per
weight unit or frond area may be subject to error in the event that the water content in the
fronds differs or the fronds overlap. The effect of heavy metal pollution in wastewaters lead
to changes in chlorophyll a and b, and the total carotenoids exceeded the total chlorophyll
content in duckweed, which indicated internal oxidative stress [65]. Hence, Chls/Cars
ratio can be easily used for comparison among various samples and control. In this study,
a significant decrease of Chls/Cars was generally in accordance with significant growth
inhibition in duckweed (Table 5, Table S4). Besides, by determination of the pigment
ratio, both the actual state of the plant and the prediction of the future plant response can
be considered.

Traditional algal assays are often based on indirect estimation of biomass or population
growth through cell counting under a microscope, flow cytometry, or optical density
measurement [67,68]. These approaches do not take into account the cell size and the cell
quality, including colour, i.e., pigment profile.

Direct biomass determination on the cell dry mass basis is usually impossible due
to the very low dry matter content. At the same time, the extraction of photosynthetic
pigments enables the quantification of algal production at the biochemical level (Chls/mL),
and the level of stress pronounced by changes in Cars. Another guideline for measuring
aquatic ecotoxicity describes the determination of chlorophyll a in algae using ethanol
extraction [69]. However, as summarized in [70], hydrophilic carotenoids are not easily
extracted by ethanol. Osorio et al. reported acid-free methanol as a suitable solvent for
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quantitative extraction for carotenoids in various macro- and micro-algae [71]. For this
reason, a similar approach for pigment extraction and measurement as applied in the
duckweed assay was chosen in the algal experiment also.

4.4. Effect of Leachates on Soil Dehydrogenase Activity

Soil represents an important part of the environment. The balanced functioning of soil
is strongly dependent on the soil microbial community. Soils are considered one of the sinks
for various kinds of pollutants, including those coming from the construction sector [72].
The release of alkalizing compounds from cement and concrete contributes to the increase
of soil pH [73]. Soil pH was reported to be a significant factor influencing the composition of
the soil microbiome [74]. Our hypothesis was that the addition of leachates into natural soil
would lead to a change in microbial activity in response to metal input. This was observed
in most samples, especially seven days after soil contamination (Figure 6). The slight
stimulation effect is not surprising, since the total amount of metals leached from concrete
was relatively low. Leachate alkalinity also did not affect soil pH significantly, although the
pH value decreased slightly over time (Table S5). As the stimulation/inhibition effect of
concentrated concrete leachates on DHA was very low (though significant in several cases),
addition of diluted leachates was not tested. To our knowledge, there is no study on the
addition of concrete leachate to soil. Soil enzymes were not inhibited in soils located near
landfills or soils amended with landfill leachates [75,76].

The DHA experiment was performed using only one selected type of an acidic soil
material. However, soils located in urban sites vary in physicochemical characteristics [77]
and thus may give different results. Furthermore, impact on other components of the
soil ecosystem, plants and invertebrates may be also included. The performed type of
experiment was the first of its kind due to the untraceable studies in this field. Thus, more
research is necessary on terrestrial ecotoxicology of construction products.

4.5. Impact of the Carbonation Process on Concrete

The real trigger mechanism is water and oxygen, which means the process of carbona-
tion itself (high CO2 content) does not cause corrosion. Carbonation is one of the chemical
mechanisms that can cause concrete failure, and one of the main factors effecting the process
is relative humidity of the environment. In a wet environment (humidity higher than 95%),
the carbonation process is inefficient or not going at all [45,78]. However, structures in a
very dry environment (relative humidity up to 30%), as well as structures fully immersed
in water, show no signs of carbonation or corrosion. This is caused by the absence of
oxygen to fill the capillary pores [23]. The definition of the effect of relative humidity on
the carbonation process in concrete is an important topic in the scientific field; the research
in this area is examined by Matoušek et al. [40]. According to [40], the carbonation process
is more intense between 50 and 95% of relative humidity, and between 75 and 95% strongly
unsolicited [42]. However, the reduction of concrete alkalinity could be (beside carbon
dioxide) caused by nitrogen oxides or sulfur dioxide, which are also pollutants affecting
concrete. This scenario could appear with outdoor exposure.

Some studies have also shown refinement of pore structure, but this factor was de-
pendent on the relative humidity. However, the research [78] validates that carbonation of
concrete before its utilization could lead to a decrease in water absorption as well. These
conclusions are also connected with better durability, e.g., freeze-thaw resistance, which is
an important factor for concrete structures in general.

Another factor that affects the carbonation depth could be a higher cement ratio.
Studies have shown that carbonation on these samples was negligible [21,79]. This study
confirms the prediction that concrete in the lower strength grade has deeper penetration
and the extent of carbonation is more significant. However, phenolphthalein as an indicator
reveals that the pH level is in fact below 9 (not the real carbonation depth) [79,80].

When dealing with cement, there is also the possibility of using alkali-activated
materials. There are studies [81,82] dealing with a high MgO ratio in in alkali-activated slag.
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With hydrotalcite as the main secondary product, this can effect and reduce the carbonation
process, and this whole case can lead to an increase of the durability of concrete [82].

If focusing purely on carbonation without corrosion, e.g., reinforcement, the process
can be considered environmentally beneficial. Carbon dioxide absorption by concrete
structures can reduce these emissions. With regard to this theory, it can be said that
the recycled concrete that has been investigated in this work will hold more CO2 than
conventional reference concrete in the same strength grade. The usual CO2 content in the
air is 0.03% by volume, depending on the area. In cities, this number could be up to three
times higher [42].

In general, based on the results of this research, the investigated recycled concretes
can be evaluated as suitable for use in concrete structures that will not have a negative
environmental impact higher than similar reference concretes of the same strength class.

4.6. Environmental Assessment of the Alternative Scenario Considering CO2 Uptake

The alternative scenario describes the potential of concrete mixtures to capture CO2 as
a consequence of carbonation. The approach for this calculation is described in Section 2.5.
In this chapter, the assumed factors for the calculation were described to characterize the
potential of the mixtures to take up CO2. The results of the calculation of the total potential
uptake are described in Table 8.

Table 8. The potential total CO2 uptake calculated for concrete cubes (a = 1 m) that have 5 m2 of the
surface below the ground, according to EN 16757.

NAC I RMAC I RCAC I NAC II RMAC II RCAC II

Total CO2 potential
uptake

(kg CO2 per cube)
4.21 4.21 4.21 3.53 3.53 3.53

The calculated uptake contribution can be used as a benefit of the concrete structure,
and it can be declared together with the results of the environmental assessment of the entire
life cycle. However, assumptions describing expected service life or future utilization or
the surface of the cube available for carbonation are highly uncertain. Therefore, the results
of this calculation are stated as an alternative scenario which describes the possible use of
such concrete. Furthermore, the potential total CO2 uptake is not considered in comparison
with the total impact in the category of climate change, which is mainly influenced by
cement production.

Carbonation of concrete also continues after its service life and CO2 can be absorbed in
recycled concrete aggregate. After gridding of recycled concrete to particle size 0–40 mm,
the rate of CO2 can reach even 5.5% of overall CO2 emissions realized during the life cycle
of concrete [83]. The amount of absorbed CO2 after four months, in which concrete is
crushed into the typical size of concrete aggregate, can reach even 20% of the total amount
of CO2 realized during calcination of used cement [84]. A similar result was reported by
Yang et al., who calculated the CO2 uptake during life expectancy of 40 years and recycling
span of 60 years as 18–21% of the CO2 emissions from the production of ordinary Portland
cement [85].

4.7. Overall Potential Impact on the Environment

Based on the normalized and weighted results, the overall potential impact can be
calculated, and the sums of normalized and weighted results are presented in Figure 9. The
highest environmental impact is related to the considered life cycle of NAC II. Mixtures
with the same strength class, which were designed with the use of recycled aggregates,
cause a smaller potential impact. The same relation is seen among the mixtures designed
for the lower strength class.
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Figure 9. Sum of normalized and weighted results calculated using the PEF 3.0 method.

Regarding the comparison of mixtures containing recycled concrete aggregate and
recycled masonry aggregate, the lowest overall impact is reached in the case of RCAC
mixtures. The similar conclusion was reported by Marinkovic et al., who, in two scenarios,
in which recycled aggregate and natural aggregate concrete were compared, calculated
that lower normalized and weighted results of environmental indicators was reached by
recycled aggregate concrete [86]. In addition, a study published by Colangelo et al. shows
that concrete with 25% recycled aggregates is the best solution from an environmental point
of view [87].

The overall impact is significantly affected by the contribution in the water use category.
The impact in this category is caused mainly by gravel production, and the production
of recycled aggregates has a beneficial impact in this category. This beneficial impact
represents the environmental credits, which are connected to the recycling of iron scrap
from construction and demolition waste.

Another important contribution to the overall impact is related to the results in the
climate change category. The major impact in this category is caused by the production
of cement.

5. Conclusions

In this study, the experimental verification of the reaction between concrete and the
environment, from the biochemical level up to the mechanical and theoretical levels, was
performed. Laboratory leaching experiments that determine the toxic effect of the concrete
structure on the environment (water and soil) were combined with evaluation of the
environment (air or water) on the concrete structure, through the carbonation process. All
of the obtained experimental data were then theoretically compared with results of the
life-cycle assessment.

As a conclusion of the observation at both the ecotoxicological and biochemical levels,
it is possible to say that all assumptions were confirmed. With a smaller surface, the
leachability of both toxic compounds and trace elements also decreases. The effect of
concrete leachates on photosynthetic pigment ratio (Chls/Cars) was in accordance with the
effect on plant growth. Addition of leachates to natural soil had a very low effect on soil
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DHA and did not change soil pH. Hence, from an ecotoxicological point of view, concrete
containing fine recycled aggregate does not disturb the balance in the ecosystem and is as
nontoxic as reference samples.

At the same time, some types of recycled concrete (mainly RCAC-II) have been proven
to reach carbonation depths similar to those of the reference sample, while RMAC-I and
RMAC-II showed a deeper penetration of CO2. In general, it is possible to say that, based
on the performed experiments and assumptions from foreign studies, the increasing depth
of carbonation with the decreasing strength class was confirmed, regardless of whether it is
a reference concrete with natural aggregates or concrete with recycled aggregates.

The potential scenario of CO2 uptake is evaluated in the LCA, and the captured CO2
value was evaluated as negligible compared to the value of CO2 in cement production.
However, the assumption of CO2 capture could be useful given the effort to eliminate
environmentally non-friendly materials, such as cement in concrete production, and replace
them with waste or recycled materials.

After an overall evaluation of the LCA, recycled concrete (RMAC-I, RCAC-I, RMAC-II,
RCAC-II) were evaluated as more environmentally friendly compared to the reference sam-
ples (NAC-I, NAC-II). These results will be used as a basis for the subsequent verification
of other specific properties of recycled concrete with the aim of implementing them in the
industry sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14031732/s1, Table S1: pH of the leachates (mean values ± SD)
at the end of the duckweed toxicity test (after 7 days of exposition). 100 + n—leachates (100 mL.L−1)
amended with nutrients; Table S2: The results of the water flea toxicity tests. Mean (±SD) val-
ues of immobilization (%). 100 + n—leachates (100 mL.L−1) amended with nutrients. The letters
indicate significant differences between values (post-hoc test; α = 0.05) within the same column
(uppercase) and within the same row (lowercase), and the asterisks indicate differences between
sample and control (zero values); Table S3: The results of algae toxicity tests. Mean (±SD) values
of inhibition/stimulation (%) of growth rate based on optical density at 750 nm. 100+n—leachates
(100 mL.L−1) amended with nutrients. Negative values indicate growth stimulation. The letters
indicate significant differences between values (post-hoc test; α = 0.05) within the same column (up-
percase) and within the same row (lowercase), and the asterisks indicate differences between sample
and control (zero values); Table S4: The results of duckweed toxicity tests. Mean (±SD) values of
inhibition/stimulation (%) of the growth rate based on the total area of the frond. 100 + n—leachates
(100 mL.L−1) amended with nutrients. Negative values indicate growth stimulation. The letters
indicate significant differences between values (post-hoc test; α = 0.05) within the same column
(uppercase) and within the same row (lowercase), and the asterisks indicate differences between the
sample and control (zero values); Table S5: pH (mean values ± SD) measured in soils amended with
leachates after 7, 28, and 56 days.
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77. Kazlauskaitė-Jadzevičė, A.; Volungevičius, J.; Gregorauskienė, V.; Marcinkonis, S. The role of PH in heavy metal contamination of
urban soil. J. Environ. Eng. Landsc. Manag. 2014, 22, 311–318. [CrossRef]

78. Gholizadeh-Vayghan, A.; Bellinkx, A.; Snellings, R.; Vandoren, B.; Quaghebeur, M. The effects of carbonation conditions on the
physical and microstructural properties of recycled concrete coarse aggregates. Constr. Build. Mater. 2020, 257, 119486. [CrossRef]

79. Ho, D.W.S.; Lewis, R.K. Carbonation of concrete and its prediction. Cem. Concr. Res. 1987, 17, 489–504. [CrossRef]
80. Malati, M.A. Experimental Inorganic/Physical Chemistry; Woodhead Publishing Limited, Abington Hall: Cambridge, UK, 1999; p. 338.
81. Bernal, S.A.; San Nicolas, R.; Myers, R.J.; Mejía de Gutiérrez, R.; Puertas, F.; van Deventer, J.S.J.; Provis, J.L. MgO content of slag

controls phase evolution and structural changes induced by accelerated carbonation in alkali-activated binders. Cem. Concr. Res.
2014, 57, 33–43. [CrossRef]

82. Xiao, R.; Jiang, X.; Zhang, M.; Polaczyk, P.; Huang, B. Analytical investigation of phase assemblages of alkali-activated materials
in CaO-SiO2-Al2O3 systems: The management of reaction products and designing of precursors. Mater. Des. 2020, 194, 108975.
[CrossRef]

83. Kikuchi, T.; Kuroda, Y. Carbon Dioxide Uptake in Demolished and Crushed Concrete. J. Adv. Concr. Technol. 2011, 9, 115–124.
[CrossRef]

84. Dodoo, A.; Gustavsson, L.; Sathre, R. Carbon implications of end-of-life management of building materials. Resour. Conserv.
Recycl. 2009, 53, 276–286. [CrossRef]

93



Sustainability 2022, 14, 1732

85. Yang, K.-H.; Seo, E.-A.; Tae, S.-H. Carbonation and CO2 uptake of concrete. Environ. Impact Assess. Rev. 2014, 46, 43–52. [CrossRef]
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Abstract: The circular economy, a new paradigm of technological and economic development, is of
great importance in developing countries, particularly in the construction sector, one of the most
relevant in Colombia. In the Latin American context, Colombia has one of the most important con-
struction industries, contributing to the social and productive development of the country. However,
this sector is also responsible for serious environmental problems and social conflicts. Therefore, it is
imperative to work with all actors of the value chain to transform the construction sector from a
linear economy to a circular economy model. Therefore, this article describes the circular economy
model proposed for Santiago de Cali, which is mainly oriented to the analysis and efficient use of
construction materials, mostly taking into account the recovery of ecosystems and the circular flow of
rocky materials. This model includes an analysis of the production of construction materials, con-
struction process, use and operation, and completion of the life cycle of buildings and infrastructure.
In particular, the model proposes an innovative product portfolio for the use of construction and de-
molition waste (C&DW) supported in applied research (case studies). The portfolio consists of family
products, such as recycled aggregates or eco-aggregates, eco-concretes and mortars, eco-prefabricated
products and modules, and smart construction materials. In addition, this model describes the C&DW
management system and some characteristics of the Technological and Environmental Park (TEP),
the main strategy for C&DW valorization in the city.

Keywords: construction and demolition waste (C&DW); circular economy; construction; concrete; recycling

1. Introduction

The rapid growth of the Colombian population and its displacement to urban centers
in the last 50 years has indirectly stimulated the development of the national construction
sector, which represents one of the most relevant in the economy of Valle del Cauca and
Santiago de Cali (approx. 3 million habitants), promoting a large number of jobs (direct
and indirect) and energizing other subsectors of the economy of the Colombian southwest.
According to the Colombian Chamber of Construction (CAMACOL), the national construc-
tion sector currently generates annual investments of 77 billion pesos (USD 19.5 million),
contributes 46 billion pesos (11.7 million USD) to the economy, demands inputs for COP
34 billion ( USD 8.6 million) annually and, together with real estate activities, this generates
1.8 million jobs [1]. In addition, this industry has been relevant in improving the infrastruc-
ture for land and air connectivity, the development of the housing sector, the provision of
public, hospital, educational services, and the growth of business, tourism, and commercial
activity in the Colombian southwest region (Pacific coast). However, mainly due to the
segmentation and disconnection of all stakeholders within the value chain, lack of control,
and the ignorance of the environmental impacts by all the actors, serious problems have
been generated in the Valle del Cauca and, particularly, in the city of Santiago de Cali,
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which has a rich environment and cultural background. The environmental deterioration of
the seven hydrological basins of the rivers across the city is significant, due to the extraction
of raw materials caused by handcrafted and illegal mining. Likewise, the proper disposal
of construction and demolition waste (C&DW) has become a great challenge for the region.
Daily, in the city of Santiago de Cali are generated approximately 2500 m3 of rubble or
C&DW, occupying one of the first places among the Colombian capitals in the generation
of this type of waste [2].

Due to the above and in order to improve this situation, the circular economy model for
the construction sector of Santiago de Cali seeks to transform the construction sector from a
linear model (extraction, production, consumption, and waste disposal) to a more circular
model. Since 2012, with the support of the Ellen MacArthur Foundation, the circular econ-
omy concept (CE) has gained popularity worldwide. Nevertheless, its development really
comes from much earlier times. For example, Agenda 21 of 1992 established, in Principle 8,
that “states will have to reduce and eliminate unsustainable patterns of production and
consumption”. Similarly, the Rome Club in 1972, with a report on “the limits of growth”
stated the bases to think about a different economy, one that was no linear [3].

Therefore, considering the sustainable development goals (SDGs) stated by United
Nations in 2015, particularly SDG 12 on sustainable consumption and production, the pro-
posed model appropriates the circular economy as a production and consumption system
that promotes efficiency in the use of materials, water and energy, taking into account the
resilience of ecosystems and the circular use of material flows through the implementation
of technological innovations, alliances and collaborations between stakeholders (e.g. raw
material producers, building companies, users and final disposal actors), and the promo-
tion of business models that respond to the fundamentals of sustainable development [4].
Therefore, this pioneer model takes into account the following challenges and opportunities
to implement circular economy in construction:

(a) Most of the barriers to implementation are related to organisational concerns [5];
(b) There still exists ambiguity and inconsistency in the assessment methods to measure

circularity in building projects [6];
(c) Digitalization could be a great help in developing sustainable circular products [7];
(d) The customers’ involvement is necessary for creating innovative sustainable circular

products using digitalization [7];
(e) The inclusion of people driven factors in the adoption of circular economy practices

in the supply chains [8].

The next sections of this article are organized as follows: Section 2 describes the
generalities of the circular economy model proposed for Santiago de Cali. Section 3
corresponds to the Technological and Environmental Park (TEP) proposal that integrates
C&DW from Santiago de Cali to promote different circular services and products for
the construction sector. Case studies related to the potential of the TEP are described in
Section 4. Finally, challenges and conclusions are included in Sections 5 and 6, respectively.

2. CE Model Proposal

Although not presented in this article due to the limited space, the circular model for
the construction sector of Santiago de Cali required a previous study from the different
actors and their environmental and social impacts through the entire construction value
chain. In this study, extractors of raw materials (mining), building materials producers,
transporters, construction companies, promoters, maintenance, repair and rehabilitation
businesses, certifiers and laboratories, construction and demolition waste managers, other
economic sectors of interest to symbiosis, the community and the media were included.
Thus, this section describes the phases and product portfolio considered around the CE
model adapted to the potential and context of Santiago de Cali. The summary of data and
analysis of C&DW potential were based on previous research projects that support the need
for integrative solutions based on material circularity. Phases and product portfolio are
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explained in detail as follows. In addition, the references of the previous research projects
are included.

2.1. Phases of the CE Model for C&DW Materials

Four phases are considered in the CE model for C&DW of Santiago de Cali: (i) ex-
traction of raw materials and building material production, (ii) construction, (iii) use and
operation, and (iv) end of the lifecycle. It is possible to find recovery flows in such phases
to enable a circular economy model (Figure 1). Each phase is described in detail as follows.

Figure 1. Circular economy model for the construction sector of Santiago de Cali (Colombia) [9].

2.1.1. Extraction of Raw Materials and Building Materials Production

The production of construction materials encompasses two main stages: extraction
of raw materials and their processing, which involve severe environmental and social
impacts. Therefore, the circular economy model proposes incorporating the principle
of environmental assets extraction and clean production to replace the classic view of
the production of construction materials. Within the framework of a green economy,
environmental assets are associated with ecosystem services, resources, or the processes of
natural ecosystems (goods and services) that benefit human beings. They include products
such as drinking water or clean air and processes such as waste decomposition. Based on
the above premise, the appraisal of environmental assets is directly related to economics,
sociology, and biology.

Clean production attempts to preserve raw materials, water, and energy; while reduc-
ing toxic raw materials use, emissions and waste, which may be depleted into the water,
atmosphere, and soil. Clean production arises from continuous improvement, quality
control and the reengineering of process engineering. Its application advocates reviewing
operations and unitary processes that are part of a productive or service activity, intending
to find the various possibilities for improvement or optimization regarding the use of
resources. Clean production is thus defined as a preventive business management strategy
applied to products, processes, and work organization, whose objective is to minimize
emissions and discharges at the source, reducing risks to human and environmental health
while simultaneously increasing competitiveness. This results from the following actions:

• The minimization and efficient consumption of raw materials, water, and energy;
• The minimization of the use of toxic raw materials;
• The minimization of the volume and toxicity of all emissions generated by the produc-

tion process;
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• Recycling the maximum proportion of waste in the processing facility;
• Reduction in the environmental impact of building products during their life cycle;
• The development of end of life strategies for building products defined from early

design phases.

To articulate the above mentioned principles, the Portland Cement Association (PCA),
one of the oldest and most essential production associations in the United States, has created
the Concrete Sustainability Hub, a research center at Massachusetts Institute of Technology
(MIT) in collaboration with the Ready Mixed Concrete (RMC) Research and Education
Foundation. The Hub was founded with the mission to accelerate emerging advances
in concrete science and technology and transfer the best available results to engineering
practices. The interdisciplinary team of researchers brings together leaders from academia,
industry, and government to facilitate knowledge transfer by aligning world-leading
research with end user needs. Meanwhile, Hub researchers are investigating concrete from
the nanoscale to address the sustainability and environmental implications of the material’s
production and use. Their research also aims to refine the composition of concrete, reduce
greenhouse gas emissions during its production, and quantify its environmental impact
and cost over the lifetime of an infrastructure or construction project [10]. The initiatives
mentioned above have significantly impacted the cement industry worldwide. In Colombia,
many concrete and cement companies are currently expanding their portfolio of sustainable
products based on reducing energy and water consumption during production.

2.1.2. Construction of Buildings and Infrastructure

The construction of a building or infrastructure is the macroprocess of the materializa-
tion of architectural and engineering projects (e.g., structural, hydraulic, sanitary, electrical
and telecommunications networks) arising as a response to a set of global needs that the
project must satisfy during use or operation. However, to achieve that objective, it is
necessary to work on three main phases: prior and simultaneous coordination and the
follow up of the executed project. In particular, these phases seek the formulation and
development of construction techniques to ensure optimal water consumption, energy,
and materials and the minimum emission of particulate matter, gases, and noise generation.
These techniques allow the development of sustainable construction principles, minimize
labor risks, reduce costs, and improve the quality of the works.

Here, it is crucial to define a methodology for developing an integrative project
considering the large number of professional specialists involved in the construction phase
of buildings and infrastructure. In this sense, the stages proposed by [11] are considered
according to the Colombian Regulation NSR-10: Construction, Supervision, and Technical
Supervision of Structural Concrete Buildings. Coordination phases are described as follows:

• Preliminary/prior coordination: refers to the understanding of the architectural project
when it is not yet defined, and only the criteria indicated by the designer are estab-
lished. The aim is to establish alternatives to the structural system, type of foundation,
the possible location of screens, the magnitude of column spacing and dimensions,
height of slabs and characteristics of probable materials, among other aspects.

• Simultaneous coordination: As these projects’ architectural and structural definitions
progress, knowledge is shared among the design professionals. The impact of the defi-
nitions is derived from the dimensioning of the structural elements or aspects that the
architecture proposes as the project’s conceptual basis is established simultaneously.

To facilitate the development of the proposed methodology under the principles of
sustainable construction, technological tools that facilitate interdisciplinary and simul-
taneous work for the execution of architectural and engineering projects are required.
For example, building information modeling (BIM) is a collaborative work methodology
applied to the construction sector, a collection of organized data of a building to facilitate
the management of engineering, architecture, and construction projects achieving improve-
ments in the result and efficiency in the processes [12,13]. All professionals involved in
a construction project can work on a single project in real time, with access to the same
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information. BIM is associated with geometry, site relationship, geographic information,
quantities and the properties of a building or infrastructure components. For example,
details of door manufacturers or the energy data of a material can be easily consulted at
any stage of the project. In general, BIM can be used to provide information on a building
or infrastructure at any time. For example, progress in structural design, maintenance
activities and even rehabilitation and demolition processes. Shared material quantities and
properties can be easily extracted. In addition, labor aspects, component details and the
sequences of construction activities can be isolated and defined. BIM software can achieve
such improvements through graphical representations of the parts and components used
to construct a building or infrastructure.

Although modularization and prefabrication are technologies that have been used
for centuries in the construction industry, their re-emergence as a new trend is associ-
ated with the rise of BIM and the requirements of sustainable construction. In particular,
modularization refers to the process of manufacturing functional units in controlled off-
site environments so that they can be transported in whole pieces from their place of
manufacture to their final location. Prefabricated elements include structural elements
(e.g., beams, columns, porticos) and nonstructural elements (e.g., pavers, curbs, sidewalks)
that make up the functional units (e.g., structural system, foundation). The benefits of
using precast and modularization in construction include savings in project schedules,
reduction in contingencies, cost optimization for personnel and materials, safety, quality,
minimization of C&DW and potential for reuse of modules and precast at the end of the
life cycle of buildings and infrastructure [14]. Recently, robotization and 3D printing have
emerged as technologies that seek to articulate the construction industry to the demands
of environmental, economic, and social sustainability. In particular, 3D printing is the
fabrication of structural and nonstructural elements by layering layers of material, just as
in paper printing. Even with significant challenges, 3D printing has already been applied
to constructing houses, footbridges, and canals in Europe and Asia [15].

2.1.3. Use and Operation of Buildings and Infrastructure

Although it would seem that buildings and infrastructure projects during their opera-
tion and use do not have much environmental impact, the truth is that water and energy
consumption, as well as the generation and management of solid waste, constitute a severe
problem for the sustainability of the planet [16]. This problem has become even more acute
due to the increase in the use and operation of residential buildings to prevent the spread of
COVID-19, environmental contingencies associated with poor urban air quality, and even
social protests that have turned homes into places of work and leisure [17]. Therefore,
responsible use and consumption has become a new lifestyle paradigm for society. Respon-
sible consumption is a concept that considers that humanity would change its consumption
habits by adjusting them to its real needs and opting in to the market for goods and services
that favor environmental conservation, social equality, and the welfare of the less favored
classes. Responsible consumption is a way of consuming goods and services considering,
in addition to the variables of price and quality, the social and labor characteristics of the
production environment and the subsequent environmental consequences. Therefore, this
model incorporates technological tools for the management and use of C&DW, efficient use
of energy and water in buildings and infrastructure and constitutes a training tool for users
of buildings and infrastructure in the search for sustainable lifestyles.

2.1.4. End of Lifecycle

Buildings and infrastructure are exposed to the mechanical action of service loads
and other factors, such as environmental factors, which tend to deteriorate and destroy
them (i.e., physical, chemical, and biological actions), leading to the termination of their
life cycle [18]. Depending on the level of damage and economic resources, maintenance,
repair, rehabilitation and repowering activities are prioritized over demolishing a building
or infrastructure. These activities are prioritized because, with their relatively low cost
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and environmental impact, they can significantly increase the useful life of a building
or infrastructure. This approach is particularly useful in urban centers, where it is also
possible to preserve the architectural and historical heritage of the cities. The above premise
raises the need to incorporate architectural flexibility or transformable architecture in
the design of buildings and infrastructure. The history of civilizations has shown the
importance of rethinking the use of buildings and infrastructure. This principle has been
fundamental to solving problems ranging from food and shelter from the elements to
battlefield logistics. Flexibility has been used in experimental and lightweight structures
for institutions, commerce, and housing. In particular, flexible architectural design aims
primarily at adapting and changing to the user’s needs and the environment. This position
is contrary to traditional architectural design, which, to a greater extent, is fixed or static
towards the needs of man. Thus, flexible architecture redesigns itself over time because
it allows it to develop, eliminate, and modify parts, keeping the structure in continuous
service. The benefits of flexible architectural design include low cost, lower environmental
impact, greater creative field, but, above all, it allows the development of a transitional
architecture and search for ingenious solutions in times of need and scarcity, such as the
one in which humanity is currently living [19].

However, in cases where, after an integrated analysis, it is found that the total or
partial demolition of a building or infrastructure is necessary, the process must be carried
out considering the environment and societal impacts. Therefore, it is imperative to
consider demolition as the opposite process to construction, which includes well designed
sequential operations. This conceptualization of the demolition process is also known
today as deconstruction (Figure 2). Within the framework of the deconstruction process,
selective demolition has become an advantageous technique for the utilization of CDW.
The main objective of this demolition technique is to improve the classification and use at
the source, extending the life cycle of construction materials, favoring reuse and generating
less waste whose final destination will be the landfill. The technique consists of dismantling
architectural finishes (e.g., floors, windows, doors), the heating–ventilation systems and,
finally, the demolition of the structure, starting with the superstructure and then the
foundations. It is important to mention that the foundation waste is challenging to use
because of its continuous exposure to groundwater and soil minerals.

Figure 2. Sequence for the deconstruction process of a building. Adapted from [20].

3. Technological and Environmental Park (TEP) Project

Santiago de Cali’s Technological and Environmental Park will be a public–private ini-
tiative that integrates highly trained human resources and a modular and flexible platform
for researching and developing an innovative C&DW based construction materials port-
folio. Therefore, in addition to the technology required for creating the product portfolio,
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a materials laboratory will be included for the adequate physical, chemical, mechanical,
durability, and environmental impact characterization of the products developed. This
laboratory will be linked to the region’s network of universities with extensive experience
in this area.

It is worth noting that the use of C&DW is developed under the principle of the
7Rs (rethink, redesign, reuse, repair, remanufacture, recycle and recover), an initiative on
consumption habits, initially promoted by Greenpeace as 3Rs (reduce, reuse and recycle),
which seeks to encourage habits such as responsible consumption. This concept refers to
waste management strategies that seek to be more environmentally responsible, prioritizing
reducing the volume of waste generated over reuse and recycling. These processes generally
consume more energy and involve higher environmental and economic impacts. However,
given that, in Santiago de Cali, approximately 2600 m3/day of C&DW is generated with
a percentage of 96% usable due to its ceramic nature [21], this model offers specific tools
for onsite recycling (in situ) and in the TEP. Table 1 summarizes the consumption of
construction materials for Santiago de Cali.

Table 1. Consumption of construction materials according to the constructive system in Santiago de
Cali [21].

Materials
Industrialized
Prefabricated

Products (kg/m2-%)

Structural Masonry
(kg/m2-%)

Masonry Confined
with Porches

(kg/m2-%)

Aggregates 542.19–42.7 404.05–29.3 624.99–26.0
River sand 445.21–35.1 349.09–25.3 733.63–30.5

Grey cement 156.74–12.4 138.78–10.1 306.12–12.7
Rock (excavation soil) 46.6–3.7 152.24–11.0 372.52–15.4

Fired ceramics 39.98–3.2 301.28–21.9 358.08–14.9
Steel 26.68–2.1 20.31–1.5 9.44–0.4

Wood 5.02–0.4 3.58–0.26 0.13–0.0
Roof tiles 3.15–0.25 5.92–0.43 -

PVC 2.35–0.19 2.06–0.15 2.39–0.1
Copper 0.42–0.03 0.13–0.01 -

White cement 0.37–0.03 0.48–0.03 -
Paint 0.32–0.03 0.55–0.04 -

Recycling is conceived as an environmentally friendly process that seeks to convert
construction and demolition waste into new products for subsequent use in the construction
sector and other sectors of the regional economy. Recycling avoids the disuse of potentially
valuable materials that would typically be disposed inappropriately or at a high cost. This
technology reduces the consumption of new raw materials to manufacture construction
materials which, according to ACODAL (2017), are dominated in Santiago de Cali by
masonry confined with frames (46.4%), prefabricated (27.2%), structural masonry (22.4%)
and other systems (4%). Therefore, to satisfy the demand for the above construction mate-
rials, guaranteeing their mechanical properties and durability together with a significant
reduction in environmental impact, the circular economy model, through the TEP, presents
the following family of products (Table 2):

(a) Recycled aggregates or eco-aggregates

In addition to the massive and traditional use of aggregates in concrete and mortar, ag-
gregates have recently been used to generate permeable surfaces, vegetated surfaces (green
roofs and green walls) and sustainable urban drainage systems (SUDS). Eco-aggregates
or recycled aggregates are granular materials with physical, chemical, and mechanical
properties that meet the conditions of mechanical strength and durability for the different
applications described.

(b) Eco-concretes and mortars
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Concrete and mortar are the most widely used building materials in the regional,
national and global construction sectors. Eco-concretes seek to replace the most critical com-
ponents of traditional concrete, such as aggregates (fine and coarse) and portland cement,
with recycled aggregates and supplementary cementitious materials such as ashes and slag.
The latter being byproducts of other productive sectors such as thermoelectric plants and
agribusiness. Eco-concretes and mortars may be used in buildings and infrastructure when
they meet Colombian regulations’ mechanical strength and durability conditions.

(c) Eco-prefabricated products and modules

These elements belong to construction systems based on the design and production
of components and subsystems that are mass produced in a factory away from their final
location and brought to their final position to assemble the building or infrastructure after
a relatively simple and precise assembly phase. The eco-prefabrications proposed in this
manual include structural elements (e.g., beams, columns, slabs, frames) and nonstructural
elements (e.g., blocks, pavers, curbs, and sidewalks).

(d) Smart construction materials

These are active and adaptive materials that can respond in an autonomous, functional,
and controlled manner to changes in their condition or the environment to which they are
exposed to. Self-cleaning concrete and mortars with the capacity to purify the surrounding
air stand out. These materials, incorporating titanium dioxide (TiO2) nanoparticles, when
exposed to solar energy (UV-A fraction), can generate a photocatalytic process to degrade
organic and inorganic pollutants, both in solid and gas phases. Such materials have been
used in buildings and infrastructure worldwide.

Table 2. Materials and infrastructure considered in the product portfolio.

Material/Product Description Example

Recycled Aggregates

Employed during construction projects to generate permeable
surfaces, green roofs (walls and roofs), and urban drainage

systems. Aggregates are granulated materials with physical,
chemical, and mechanical properties that fulfill specific

mechanical strength and durability requirements.

Eco-concrete and mortars

The most widely used construction materials in the regional,
national, and global construction sectors. Eco-concretes seek to

replace the most critical components of traditional concrete, such
as aggregates (fine and coarse) and portland cement, with

recycled aggregates and supplementary cementing agents such as
ash and slag, the latter byproducts from other productive sectors

such as thermoelectric plants and agribusiness.

Eco-prefabricated
products and modules

These elements belong to construction systems based on the
design and production of components and subsystems produced
in series in a factory outside their final location. They are brought
into their final position to assemble the building or infrastructure

after a relatively simple assembly phase and precise.
Prefabricated products include structural (e.g., beams, slab

columns, frames) and nonstructural (e.g., blocks, paving stones,
gutters, curbs, and platforms) elements.
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Table 2. Cont.

Material/Product Description Example

Smart construction
materials

Active and adaptive materials that can respond autonomously are
helpful and controlled to changes in their condition or the

environment they are exposed to. Self-cleaning concretes and
mortars stand out, with the ability to purify the surrounding air.
These materials, incorporating nanoparticles of titanium dioxide

(TiO2), when exposed to solar energy (UV-A fraction), can
generate a photocatalytic process of degradation of organic and

inorganic pollutants, both in the solid and gas phases.
Self-cleaning building [22]

4. Management and Use of C&DW

It is worth noting that the recycling of C&DW is not a substantially new technique
in the construction sector; the first modern scientific reports date back to the 1940s in
Central Europe, with a substantial increase in the 1970s due to the research developed
by the Building Contractors Association (BCA) and the Ministry of Public Works (Japan)
after the oil crisis. Today, this Asian country has a system for the exclusive use of C&DW,
mainly for flexible pavements in sub-bases. In Taipei, interest is growing in the use of
concrete waste. It is estimated that close to 90% is recovered, with 95% of old concrete being
used. In the Netherlands and Finland, robust legislation has been put in place that allows
almost all C&DW to be recovered, except at the production stage. More recently, 38 US
states have approved recycled aggregates in road subbases, and 11 states allow it in new
concrete. Brazil already has C&DW recycling plants, particularly Belo Horizonte and Sao
Paulo. Although there are significant differences between the rates of C&DW utilization in
northern, central, and southern Europe, due to its legislative and technological progress in
the utilization (reuse and recycling) of C&DW, this region is of great interest to the world.
Precisely, the European Community, which had a 28% utilization rate, intended to reach an
average utilization rate of 70% for the 15 member states by 2020 [23].

In Colombia, although there is an adjustment in progress, it is expected to reach at
least 2032 using 30% of usable C&DW in the total weight of the materials used for con-
struction [24]. Considering the above, the European Standard EN 12620 (2002) is proposed
to classify construction and demolition waste for the Technological and Environmental
Park. With a higher level of detail than the one proposed in Resolution 472 of the Ministry
of Environment and Sustainable Development (2017), this standard allows better use of
C&DW. This standard is based on eight main waste groups and seven categories indicating
the composition of the leading group.

4.1. Technical Assessment for New Materials and Products

The product portfolio is designed and fabricated based on the type of C&DW material,
considering ashes and slag and the technical requirements such as mechanical strength
and durability. Therefore, due to the mixture design of these new materials it is necessary
to perform a rigorous research process that includes the first phase of physical, chemical,
and mechanical characterization of each of the mixture components, highlighting the
characterization of the aggregates from C&DW, ashes, slags, and new components such
as nanomaterials. Using recognized mix design methods, the design and fabrication of
the test mix proceed based on this information. Subsequently, the evaluation of properties
before hardening for mixtures is carried out, measuring consistency and fluidity. When
these mixtures satisfy the conditions for placing the product for concretes and mortars
fabricated in situ (or prefabricated products), mechanical and durability evaluation in the
hardened state is developed according to the demands of the building or infrastructure.
Similarly, autonomic properties such as self cleaning and air purification are evaluated in
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the case of smart building materials. Figure 3a summarizes the process for the technical
assessment of mixtures from C&DW.

Figure 3. (a) Diagram for the technical assessment for developing new materials and products in the
TEP of Santiago de Cali. (b) LCA process to study the TEP product portfolio Adapted from [23].

Although the mixture design methods serve as a guide for an adequate proportion-
ing of the components, the design process with recycled aggregates, other residues and
nanomaterials demands a recurrent adjustment depending on the characteristics in the
state before and after hardening until the final mix design and the manufacturing process
are obtained. The reliability of the results is based on the experimental design that uses
the comparison with concrete and mortar mixtures, which, using natural aggregates and
conventional cement, meet the same mechanical and durability requirements.

In addition to the technical assessment, a life cycle analysis (LCA) will be developed to
measure and improve the sustainability performance of new products and materials. This
tool assesses a product or service’s environmental and social impacts during all stages of its
existence: extraction, production, distribution, use, and end of the life cycle. LCA involves
quantifying resource consumption (energy, water, and materials) and environmental emis-
sions to air, water, and soil associated with the system being evaluated. According to the
ISO 14040-14043 standards, the LCA consists of four stages: (a) definition of the objective
and scope, (b) creation of the inventory, (c) evaluation of the impact and (d) interpretation
of results (Figure 3b).

The first stage of the definition of the objective and the scope must define the applica-
tion and intended use of the results and users (target audience). The typical objectives of an
LCA study are to compare two or more products that fulfill the same function (e.g., concrete
with natural aggregates and concrete with recycled aggregates), to identify possibilities for
the improvement of existing products, or even the innovation and design of new products.
The definition of the scope of an LCA study involves the establishment of the limits of the
evaluation. The following elements should be clearly described in the scope definition:
the system to be studied and its function, the functional unit, the system boundaries, types
of impact and impact assessment methodology, data quality requirements, assumptions
and limitations [25].

Inventory analysis is the second stage in an LCA. This involves data collection and
calculation procedures to quantify a product system’s relevant inputs and outputs. These
inputs and outputs include using resources, emissions to air, water, and soil, and generating
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waste associated with the system. The inventory analysis must be supported by a process
tree (process diagram, flow tree) that defines the phases in the life cycle of a product.
Each of the different phases can be composed of the different unit processes, for example,
production with different types of raw materials to combine in the production phase of
the material. Transport processes often connect the different phases. Data on material,
water, energy consumption, waste, and emissions must be collected for all process units in
a product’s life cycle [23].

In the third stage, the potential environmental impacts of the modeled system are eval-
uated. This stage consists of three mandatory elements: (i) selection of impact categories,
category indicators, and characterization models, (ii) classification and (iii) characterization.
The impact categories are selected to describe the impacts caused by the analyzed product
or product family. This is a follow up to the decisions made in the targeting and scoping
phase. Some of the impact categories that are usually considered are the consumption
of nonrenewable sources, water consumption, global warming potential, ozone layer de-
pletion potential, eutrophication potential, acidification potential, the potential for the
formation of smog, human toxicity (carcinogenic and noncarcinogenic), ecological toxicity,
waste generation, land use, air pollution and alteration of habitats.

Finally, the interpretation of results is the fourth phase of the LCA. It includes the
following main aspects: identification of significant environmental problems, evaluation
of results to establish their reliability (integrity, sensitivity, and coherence), conclusions
and recommendations.

4.2. Technology for Obtaining Recycled Aggregates from C&DW

The process that seeks to separate materials from paper, polymers, wood, steel, soil
and other contaminants must follow several steps to guarantee the obtention of adequate
recycled aggregates. Figure 4 shows the overall process to separate different materials from
C&DW. This process should include previous weighing and drying, important information
and condition, respectively, to manage the following steps. Particularly, weighing can be
carried out by a weighing scale for trucks or a load cell in hoppers. In general, the selection
of technologies for the process are recommended using criteria such as initial investment,
energy consumption, dust emissions, maintenance cost and useful life.

Figure 4. Separation process for the production of recycled aggregates from C&DW. Adapted
from [20].
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5. Case Studies

The product families and methodologies proposed in the circular economic model for
construction are mainly supported by previous research in the Master Program of Civil
Engineering at the Pontificia Universidad Javeriana de Cali. Below are some case studies of
great value for the proposed circular economic model (Figure 5).

Figure 5. Family of ecoproducts from the TEP of Santiago de Cali.

5.1. Paving Stones

In this research project, the resistance to the bending and compression of nine concrete
mixtures (called M1 to M9) with partial and total replacements of the fine and coarse natural
aggregate by recycled aggregate from the crushing of concrete paving stones from the Plaza
of the Municipality of Almaguer (Cauca, Colombia) were evaluated. The methodology
followed included five phases, from sampling the aggregates to selecting the concrete
mixes with the best mechanical performance for their use in new paving stones. The results
showed that the concrete mixtures replacing 50%, by weight, of the fine natural fraction
(called M2) and 50%, by weight, of the natural coarse fraction (called M4) meet the strength
required by the NTC-2017 to manufacture new paving stones. Although techniques should
be investigated to improve the wear resistance of concrete mixtures when used as paving
stones, the percentages of use of recycled aggregates presented in this project concerning
those reported in the literature are much higher. Therefore, the solution proposed in this
project not only has the potential to significantly reduce the negative environmental impact
caused by the improper disposal of construction waste and extraction of nonrenewable
resources, but it also has the potential to reduce costs in construction projects [9].

5.2. High Strength Concrete

This research aimed to evaluate the effect of the partial replacement of natural coarse
aggregate by recycled concrete aggregate (RCA) on the mechanical properties of high
strength concrete (HSC). An experimental methodology composed of five stages was
followed: the selection of the concrete residues and subsequent production of the RCA,
the characterization of the materials used, the manufacture of concretes with different
contents of RCA (0, 10, 20, and 40%), the determination of the properties in the fresh and
hardened state of the above mentioned concretes and, finally, the analysis of the results.
It was concluded that the developed HSC not only satisfies the specifications of the Colom-
bian regulations, the incorporation of recycled aggregate also had a positive effect on the
mechanical and durability properties of the concretes, obtaining the best performance
with the mix using 40% RCA. Therefore, using HSC with RCA as a construction material
is technically feasible, positively impacting the environment by reducing the exploita-
tion of nonrenewable natural resources and extending useful life spans of buildings and
infrastructure [26].
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5.3. Prefabricated Products

This project included the diagnosis of construction waste generated in civil projects in
the urban area of the city of Pereira (Colombia). Once classified onsite, C&DW materials
were incorporated into prefabricated concrete elements in the same place where they
are generated, contributing to the reduction in the exploitation of the natural resource,
lower emissions of greenhouse gases, and decrease in land occupation for the disposal of
unused waste.

During the project’s development, the construction waste from three pilot projects was
classified and quantified. From this, components from concrete and natural aggregate were
recycled, for which the most relevant physical and mechanical properties were determined
through laboratory tests. New concrete mixtures were made with these recycled aggregates,
whose mechanical behavior was established through compression and flexural strength
tests. The production costs of the recycled aggregate obtained within the source where
they were generated were reviewed and compared with market prices, involving activities
from the initial phase of the classification process. Some prefabricated elements were
manufactured with several samples of these mixtures, and their mechanical behavior was
analyzed. The degree of technical and economic viability was finally established for using
these recycled aggregates within the same construction activities from which they were
obtained and circumscribed to the local conditions of the region related to the city of
Pereira [27].

5.4. Mortar

Fly ash from the manufacturing process of the paper industry was used for this
research because this possesses physical and chemical properties that make them suitable
for reuse as substitutes for raw materials for modified mortars, proving the case of the
substitution of Portland cement, evaluating the effect that this substitution has on the
physical and mechanical properties of the mortar. The research covered the characterization
of the raw materials that make up the mortar, the determination of the mechanical properties
of the mortar, such as compressive resistance, and the evaluation of the modified mortar
as a joining material for structural walls. This study showed that replacing cement in
percentages greater than 10% of fly ash yields a mixture with greater workability but less
resistance to traditional mortar. It is concluded that using ash from the paper industry to
prepare mortars is mechanically feasible since this material is used in conventional block
masonry [28].

5.5. Green Roofs

In this research, the hydraulic, thermal and mechanical performance, impact on dead
loads, and costs associated to four semi-intensive green roof systems in which recycled
(rubber and HDPE plates) and reused materials (PET bottles) were used for the drainage
system were evaluated. Then, results were compared with the conventional drainage
system that uses the aggregate of natural origin (basalt gravel). For the evaluated envi-
ronmental conditions, the results showed that some systems (e.g., recycled rubber) can be
more useful when the green roof application intends to reduce the temperature, and others
(e.g. HDPE plates) when it is the water retention capacity. In addition, the developed green
roof systems, using recycled and reused materials, showed the potential to reduce dead
loads and costs compared to traditional green roofs [29].

5.6. Air-Purifing Systems

It is known that air pollution has a direct negative effect on the quality of life of
people and ecosystems (including infrastructure). Considering that one of the main sources
of pollutant at the urban level are vehicles, different transit strategies to reduce the use
of vehicles have been implemented without much success in Colombia. For this reason,
in this project, a system was designed to generate air purification and self-cleaning in
the Colombia Avenue Tunnel in Santiago de Cali (Figure 6). To achieve the last objective,
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a mortar and a photocatalytic coating were evaluated, technically and financially, using
TiO2 and artificial light with UV-A rays. In this case, to monitor photoactivity, two ar-
tificial colorants (methylene blue and rhodamine b) were applied to the surface of the
photocatalytic materials, which were exposed in a controlled manner to UV-A rays using a
photoreactor. The removal of the mentioned dyes was followed by digital image analysis
with ImageJ software. The efficiencies obtained in removing these colorants, which are
indicators of the degradation of organic and inorganic pollutants, were simulated in the
Street Canyon model (developed by the National Institute for Environmental Research
of Denmark), finding promising results for the removal of nitrous oxides, sulfur dioxide,
carbon monoxide, and total hydrocarbons [30].

Figure 6. Design of air purification and self-cleaning system in the Colombia Avenue Tunnel in
Santiago de Cali. (a) Location of the tunnel, (b) geometric characteristics of the tunnel, (c) model of
the air quality used, (d) model of the lighting system and photocatalytic coating. Based on [30].

6. Challenges to Face

The proposed circular economy model demands a high degree of innovation for the
correct formulation and implementation of concepts and technologies such as the valuation
of extraction of environmental assets, the clean production, building information mod-
eling (BIM), robotization, 3D printing, responsible consumption, architectural flexibility,
transformable architecture, deconstruction, recycling, and industrial symbiosis. Therefore,
the articulated and continuous work between civil society, the government, the business
sector, and the academy is proposed to guarantee the proper development of an ecosystem
of research, creation, development, innovation, and entrepreneurship.

As a new paradigm of economic development crucial for the postpandemic era, the cir-
cular economy generates excellent opportunities for the articulation of the construction
sector with vulnerable communities and the environment. In this sense, the proposed
model must consider the analysis of energy and water flows in subsequent development
and implementation stages, as well as gaseous emissions and particulate matter [31]. Like-
wise, through tools such as the social life cycle assessment (S-LCA), the assessment of social
and sociological aspects are recommended from the production of construction materials,
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construction processes, use and operation, and completion of the life cycle of buildings and
infrastructure [32,33].

In addition, in Colombia, legislation is still under development in C&DW valuation.
Therefore, more initiatives are required to accelerate the transition towards a more sus-
tainable ecosystem in the construction sector. Tax benefits and economic support can be
implemented to increase the number of companies involved in the construction sector
(including logistics, material processing, construction, among others).

7. Conclusions

This article presents a technical proposal to manage and increase the value of C&DW
in Santiago de Cali (Colombia) through the development of a Technological and Environ-
mental Park to offer a valuable product portfolio for new construction projects and include
benefits in terms of environmental impact more sustainable lifecycle, and cost reduction.
Coming from academia, case studies demonstrated that the Colombian southwest region
has potential to research and develop new building material products made up of C&DW.
This potential can be increased by creating a sustainable production ecosystem of all compa-
nies related to the construction sector, together with disposal actors. Similarly, developing
a conscious sustainable users’ community will drive the product portfolio. In this way, this
model becomes a tool for the business sector, academia and the community, sponsored
by the government, particularly for this actor the model becomes a tool of performance
measurement and benchmarking, consumers want to make the right environmental choices
when buying products. Policy makers want to promote sustainable consumption and
production to respond to national and international environmental challenges. In addi-
tion, businesses want to improve efficiency to boost margins and competitiveness, while
contributing to a sustainable society [34,35]. In later stages, the circular economy model
proposed for the construction sector of Santiago de Cali must strengthen industrial sym-
biosis through the valorization of waste of a different nature than ceramic (i.e. C&DW).
For example, the environmental use of polymeric and metallic waste from construction is
strategic to reduce the impact of the families of products that make up the TEP portfolio.
However, in this first stage, the current construction systems demand will potentially
guarantee the model’s success with the proposed product families based only on C&DW.
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Abstract: The accelerated development of cities involves important inflows and outflows of resources.
The construction sector is one of the main consumers of raw materials and producers of waste. Due
to its quantity and potential for recovery, waste from the construction sector constitutes significant
deposits and requires major action by bringing together different stakeholders to achieve the objectives
of a circular economy. Consequently, it is crucial to understand the current knowledge of urban
metabolism, deposits, and recovery practices. This article aims to investigate the role of local
authorities in the planning of strategies to facilitate a circular economy; in particular, this article
aims to answer how local authorities facilitate circular economy initiatives in the building sector and
what opportunities and obstacles they encounter in the process. The strategy used for the study was
to conduct semistructured interviews with those responsible for circular economy projects within
local authorities that were pioneering circular economy projects in metropolitan France. The results
highlight the importance of community involvement in the implementation of circular economy
principles in the building sector. Thus, it is essential to identify the different stakeholders and their
respective challenges to build an operational framework.

Keywords: circular economy; local authorities; urban metabolism; interview; building

1. Introduction

The activities of the construction sector, which are still based on a linear economic
model [1], are mainly responsible for Greenhouse Gas (GHG) emissions, the depletion
of natural resources, and the production of a considerable quantity of waste [2–4]. The
ecological context and recent health crisis have highlighted the imperative need for a
more sustainable, circular, resilient, and inclusive economy. Circular Economy (CE) theory
is based on the efficiency and optimization of the use of resources and the reduction of
waste throughout the life cycle of goods and products while creating economic opportu-
nities [5]. Because of its ecological and socioeconomic impact, the construction sector is
considered a sector with a high potential to generate value and take advantage of practices
at several scales.

Resource use efficiency has traditionally focused on production and consumption [6];
however, territories have the ability to manage and implement larger-scale CE strategies
thanks to their roles in, for instance, urban planning and their relationship with economic
players and their consequential understanding and mastery of urban metabolism. At the
territorial level, the application of CE in the built environment requires collaborative,
transdisciplinary work and multiscalar and prospective reflection to develop and apply
strategies for better consumption, construction (production), and waste management.
Consequently, local authorities can become the main catalysts for the development of
economic dynamics, given their role within the territories.
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In this context, we interviewed various project managers involved in this transition to-
ward a CE, including local authorities that are pioneering the application and development
of CE strategies in the construction sector because they recognize the challenges and oppor-
tunities of applying a CE due to the initiatives already undertaken in their jurisdictions. Our
main goal was to understand their involvement in CE initiatives, strategies, and projects in
their jurisdictions and to identify their main needs to encourage the application of CE in
building sector projects. Identifying their current and future challenges and opportunities
will allow others to be inspired and, above all, to proactively anticipate the challenges and
opportunities offered by the transition to CE. This article focuses on the opportunities and
challenges encountered by interviewed CE project managers in applying CE principles in
the construction sector.

1.1. Circular Metabolism

Circular metabolism is the result of the fusion of CE and urban metabolism. The CE
concept was first mentioned in the report “The potential for substituting manpower for
energy” by the European Commission [7], which listed the reduction of energy consumption
and job creation as objectives and concluded with a definition of the structure and nature
of an “economy in loops”. During the 2000s, in the context of the fight against climate
change, the notion of CE took on much greater importance, based on the “cradle to cradle”
theory (“from cradle to cradle”) [8]. Then, the Ellen MacArthur Foundation, created in 2010,
conceptualized the notion of CE that was later used in the 2013 reports of the European
Commission [9]. In France, the concept of CE was widely disseminated during the Grenelle
Environment Forum in 2007 [10]. Since then, the CE has been part of the public policies of
state and local authorities as well as all of the city’s stakeholders (LTEVEC law [11], EPCi
law [12]). On February 10, 2020, the French Senate adopted Law No. 2020-105: the Anti-
waste and the circular economy (AGEC) law [13]. The metaphor of urban metabolism has
been widely used to describe territories as organisms that require resources to support their
activities and generate waste during transformation processes. This interest in the study of
urban metabolism has enabled the multiscale analysis of the flow and stock of resources
and waste in a territory [14–22]. Circular metabolism, therefore, refers to the circulation
of the flow of resources on a territorial scale so that the inputs of external resources are
minimized to give rise to internal circular practices, in this way reducing environmental
impacts and promoting sustainable and resilient territories.

1.2. Circular Economy for the Construction Sector

The building sector in France is responsible for a quarter of the national GHG emis-
sions and consumes 43% of the total energy [23]. It also produces a large part of the
construction waste, 40 million tons of waste per year on average [24]. This waste, which is
mainly generated by demolition activities [25], partly feeds illegal dumps that are a real
environmental and economic problem for communities [26].

Consequently, the AGEC law requires the construction sector to (1) promote the
treatment of construction materials, equipment, and products during rehabilitation and
demolition so that they do not become waste; (2) increase the use of reused materials in
building construction or renovation projects; (3) plan and manage the deployment and
networking of CE equipment (storage platforms, sorting centers, resource centers, and
recycling facilities).

In summary, the implementation of the strategies of the AGEC law aims to reduce the
flow of materials in the territories and the consequential consumption of resources and
waste production through a value-retention process of resources (Figure 1). Estimation
of resource requirements for built-up areas of the territory, identification of secondary
resource deposits, quantification and identification of flows, as well as the development of
valuation channels for secondary materials and land planning that will accommodate these
resources, therefore, represent important issues for public authorities and communities to
address in order to establish an efficient CE system.
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1.3. Role of Territorial Authorities

A local authority maintains various roles within its territory: (1) as the contracting
authority, it manages the heritage of the territory; (2) it provides a financial boost in support-
ing economic activities, for instance, by linking community members and training activities;
(3) as social housing financiers, the community finances the building or rehabilitation of
social housing. In this context, the community has levers to mobilize landlords to incorpo-
rate CE practices; (4) as a planner, since the community manages land rights, it intervenes
within the framework of local urban planning, for instance, in building construction or
demolition permits. It can therefore facilitate, for instance, land for the establishment of
secondary resource storage platforms; (5) as an administrator and pilot, the local authority
signs contracts with planners to develop the territory. The town planning department
manages these operations, and CE objectives can be included; (6) a local authority can
deploy synergies between community members to codevelop strategies to apply a CE to
the sector.

Faced with the challenges of transitioning to a CE, communities can promote and
apply the 3R (reduce, reuse, and recycle) concept to building materials during their own
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renovation or deconstruction work, that is, to act as an example. Another advantage is their
leadership role, with which they can facilitate partnerships between different stakeholders
in the development of their city and various other pioneering cities to promote a CE. They
can also support technical developments by implementing tax breaks, for example, and
promoting bottom-up initiatives (e.g., innovative ideas, exemplary projects).

1.4. Territorial Diagnosis

CE strategies at the territorial level revolve around several stages: a diagnosis of the
territory, a roadmap, public initiation and support policies, and evaluation. To understand
circularity, knowledge of a territory’s flows is essential because the reuse and recycling
channels require securing a supply of resources. A territorial diagnosis is applied to
identify and quantify the material stocks and flows in a territory; this diagnosis will answer
questions such as: What is the nature and quantity of material stocks and flows? What are
the characteristics of waste flows, and how can they be reduced? Spatially and temporally,
what are the characteristics and availabilities of resource deposits? What percentage of
the flow is, for instance, revalued or recycled? What are the principal recycling and reuse
channels in the territory? Which economic actors are involved?

Analysis of urban mines allows the identification of the materials present in the built
stock in a territory and the deposits they form. A deposit comprises resources with similar
characteristics sharing the same units of the constructive system, time, and space [28]. The
material characterization of the stock and flows of buildings and deposits represents one
of the main challenges for applying the CE. It represents the basis for the formulation of
strategies for employment, opportunities, and the technical conditions for reintegrating
resources into the economic loop by preventing them from becoming waste; because the
better a material is known, the more efficient is its outlet.

2. Materials and Methods

Information was gathered by following a qualitative semistructured interview for-
mat [29,30]. This interview format allows the respondents’ perceptions of complex issues
such as the challenges and opportunities of the projects they participate in to be captured.
The choice to follow a semistructured interview format was also made because it allows the
respondents to express themselves freely and thus evoke subjects or problems that would
not have been anticipated or identified in the formulation of our questions. Interviews were
conducted by telephone or video conference. Representatives of three metropolitan areas
or regions in France were interviewed, with 1 to 2 people interviewed at a time; details are
given in Table 1. A total of 4 interviews were performed. The interviewees were experts
and key people in circular economy projects, mainly managers of circular economy projects
in territories that were pioneering CE strategies in their construction sector. Those intervie-
wees were chosen because they presumably had a better viewpoint and understanding of
the challenges and opportunities, thanks to the initiatives they had already carried out or
that were in progress at the time of the interview. Interviews lasted approximately 45 min to
1.5 h. During the interviews, the interviewer took notes. In addition, most of the interviews
were recorded if the interviewee agreed, and some interviews were transcribed if needed.

Table 1. Roles and locations of interviewees.

Reference Role Location

I–1 CE and sustainable development project manager Grenoble Metropolis
I–2 CE and costs studies project manager Paris City hall
I–3 CE project manager Lyon metropolis

I–4 CE and energy transition project manager
Urban and territorial ecology researcher Paris Region Institute
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The interview guide (Appendix A) details the instructions for the interviewer as well
as the semistructured questions related to (1) the interviewees’ background in the subject of
CE; (2) the projects in which they have participated or are currently participating, project(s)
in the city or region where CE strategies are applied, and more specifically, projects in the
construction sector; (3) how the projects unfolded, the successes and obstacles encountered,
how difficulties were approached, and their recommendations for facing these challenges.
Finally, the interviewees were invited to mention their needs to improve the application of
a CE in the construction sector at different territorial scales.

Principles of theoretical thematic analysis were used to analyze the information col-
lected from the interviews [31]. The information was grouped into clusters under six
key themes. Under these six themes, more specific subcategories were distinguished
based on material obtained from the interviews. The analysis was collaboratively and
iteratively performed by the coauthors to correctly interpret the information and reach a
common understanding.

3. Challenges and Opportunities
3.1. Consideration of a Buildings’ Life Cycle
3.1.1. Avoiding Deconstruction

A building is usually constructed for an intended lifespan of 50 years; however, its use
will influence its longevity. The lifespan of a residential building is estimated to be between
70 and 100 years, while for a logistics or industrial building, it is only estimated to last 30 or
40 years [32]. Such a difference is not related to the structural resistance of the building
but rather its profitability in terms of satisfying the needs of its investors; therefore, these
buildings are often demolished or deconstructed before reaching their planned lifespan.
As building construction is often inflexible and not adaptable to changes in future uses,
buildings that are still in good condition undergo heavy renovations or are deconstructed
for new construction. Interviewee I–3 mentioned: “the main issue is not waste, but how
can we avoid deconstruction? Because today we sometimes deconstruct buildings when
we do not need to”. Therefore, today, deconstruction practices only strengthen the linear
economy and increase environmental impacts. Consequently, deconstruction is still a
sensitive issue because it is currently a common practice and can take yet some time to
change if stakeholders are not aware of the subject and if they do not enact strategies to
communicate and change this practice. In the context of circularity, buildings are intended
to be preserved instead of deconstructed through regular maintenance, restoration, and
renovation activities. Deconstructing a building should be the last resort if the building can
offer adequate structural and sanitary conditions. Moreover, when this stage has arrived,
it is necessary to institute a selective dismantling and deconstruction process because
dismantling an element without damaging it allows it to be reinserted in the circular chain,
allowing resources to be better separated and their reuse and recycling to be optimized.

3.1.2. Selective Deconstruction

Obtaining secondary materials at the end of a project and preventing them from
becoming waste requires direct action at the source of the deconstruction sites by carrying
out a selective deconstruction of building components. Selective deconstruction consists
of a sequence of activities to help separate and sort building elements and materials [33].
Article 74 of the AGEC law [13] requires that “Any producer or holder of construction and
demolition waste sets up sorting of waste at the source and when the waste is not treated
on-site, a separate collection of wastes, especially for wood, mineral fractions, metal, glass,
plastic, and plaster”.

Successful selective deconstruction requires rigorous upstream preparation and the
willingness and ability of stakeholders to adapt. In terms of deconstruction, environmental
and economic viability must be assessed. According to the authors of [34], environmental
sustainability will depend mainly on the characteristics of the building to be deconstructed
as well as on local secondary resource markets. Resource diagnoses must also be carried
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out to dismantle and sort the elements as well as possible; for this, technical experts must
be trained and sensibilized.

3.2. Knowledge of Territorial Resources

The application of a CE, given its interdisciplinarity and the large number of con-
stituents it involves, can increase the number of complex practical questions.

At the end of life of a project (for instance, an urban project or a building project), it is
essential to have an efficient waste management perspective, but for circularity, it is also
essential to prevent outgoing resources from becoming waste. This requires knowledge of
the resources (e.g., their nature, quantity, and state) to initiate and apply procedures to give
the outgoing materials a second life.

Understanding the spatial and temporal composition and organization of stocks and
flows is a major issue both for researchers [17–19,35] and communities: Interviewee I–3
highlights that “There is a whole issue around knowledge, knowledge sharing; therefore,
both knowing the quality of the existing building, knowing the building stock material
composition”. To enhance the value of resources, it is necessary to have a detailed descrip-
tion of the resources and the deposits: I–2, speaking about the deposits, explained that “we
would mainly need a characterization of the materials and the state of the materials . . . It
would be useful to have files on resource inventories, for example”. That is, it is important
to (1) identify the materials present in the urban mine and the potential receiving sites;
(2) identify the economic actors and operators to reinsert the elements into the economic
loop; (3) identify the sources offered by the possibility of developing reuse and recycling
channels; (4) orchestrate the logistics of resource flows [28]. I–1 confirmed this need for
information about deposits and building stock materials: “There is work to structure the
visibility of resource diagnoses to know exactly where, when, and in what state they are
available; from there, we can know if they can be used on our operations”.

The interviewees shared their experience and their need to characterize the deposit
and material flow in the building sector. I–1 explained that Paris has some initial elements
of a territorial diagnosis that allow understanding of the waste flows of its building sector
based on the studies of the Paris Urbanism Agency (APUR). This expert mentioned that:
“To calculate the portion of inert, nonhazardous and hazardous waste in Paris, the APUR
used a waste ratio production for building typologies and their historical knowledge of
certain buildings. They currently have different needs to create reuse platforms according
to the target material (for instance, concrete and gypsum). Consequently, we need a more
detailed analysis [than inert, hazardous or nonhazardous waste] to identify companies that
will agree to treat specific waste and reuse materials. Moreover, concerning the land areas
and quantities of materials, we need to know what is relevant and what is anecdotal”.

In turn, I–3 explained that for the metropolis of Lyon, “we have the first elements of
diagnosis but they are not very precise . . . We carried out an urban metabolism study with
a technical office; the study was based on standard data and a table of inputs and outputs of
economic flow (in euros) in the territory; then, material flows were estimated (in tons) . . .
The downside of this tool is that if we improve the reuse and recycling of materials, or the
reduction of material consumption in the territory, it is unclear how the tool is converting
the inputs and outputs in euros into material flows in tons; as long as we spend these euros,
it appears that we are continuing to produce and consume . . . Therefore, this tool provides
an order of magnitude, but it does not reflect reality in the territory, in particular, related to
our progress”.

For the Grenoble metropolis, I–2 mentioned that “the metropolis has jurisdiction over
household waste and wastes of a similar nature and composition (DMA) but not over
professional waste . . . Within the framework of the CODEC (Contract for Waste Objective
Circular Economy), which has been signed, what is asked of us by ADEME is to model and
quantify the flows: (1) The flows of DMAs . . . For these flows, we have all the elements
to be able to quantify them since we are the ones who collect them and we are the ones
who process them; (2) they also asked us to quantify and model the flows of construction
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and public works in our territory and . . . of what is called waste from economic activities
(DAEE). On the other hand, both regarding the flow in the construction industry and in
DAEE, we have no visibility”.

3.2.1. Spatial Scale

An assessment scale is defined by geographical, economic, social, and administrative
parameters. In a circular economy, the scale is instead defined according to the influences
of an urban development project; that is, concerning the geographical perimeter, it is a ques-
tion of acting rather locally, with an extended network of administrative and socioeconomic
actors to promote partnership exchanges [28].

I–3 explained: “If we are working at the building scale, we need to know the quality
of the materials and which sector they can go to; can they be reused or recycled, and so
on... At the district scale, it is preferable to prepare for mass reuse and recycling. At the
metropolis scale, a macro analysis is needed to structure the material sectors”. I–2 specified:
“We realize that we are all in our territories trying to create material reuse channels and
each territory will perhaps have to specialize in one flow or in a main flow and secondary
flow. However, there is no territory that will be able to handle all of the buildings’ flows
because there are too many of them. Today, we are still using newly emerging economic
models. There are storage issues that are important; there are also transformational issues.
Therefore, we thought that perhaps the best scale was the regional scale so that everyone
could see how to process and target one or two flows to have at least a more significant
number of flows processed. It appeared to be a relevant scale to us. Therefore, all deposits
need to be identified, materials need to be reconditioned, and transformation needs to
occur. In addition, after that, outlets need to be identified . . . All of that is very difficult to
set up in each territory. Suddenly, it occurred to us that maybe the reuse sector could be at
a regional scale and the deposits could be at the metropolitan scale”.

I–1 indicated: “I think that, in fact, you have different problems depending on your
perspective, whether you are in a very dense urban, dense urban, rural or semirural area.
The needs are not at all the same because, quite simply, the deposit is not the same, and
the possibilities of creating platforms are not the same. Therefore, I think that when you
are in a rural or semirural environment, you can plan more efficiently at the department
or urban community level. You must have a large enough deposit volume to be able to
create platforms and have a large enough territory. When you are in an urban or semiurban
environment, it is even a little more problematic than in rural areas. Then, I think that there
is one more elements to consider: the need for transit platforms. It is necessary to have an
existing offer for these platforms. The supply must be substantial enough to justify these
short-term and medium-term investments in terms of economic return. For this reason,
it is difficult to say what the scale is because it depends on the territory in which we are
located. Then, this answer will vary depending on, once again, whether you are located in
a site that is urban, urban-dense, etc. In addition, you also need to find land, which is not
easy in urban-dense areas . . . Therefore, for me, it is difficult to think along lines of district
collectives, intermunicipalities, departments, and regional scales”.

3.2.2. Temporal Scale

I–2 mentioned: “Indeed, the modeling of the built stock of territory allows us to know
its urban mine, but it does not give the full picture (dynamic) of this urban mine; it can
perhaps be built there and never become waste. Therefore, we instead need to set up
treatment channels or reuse channels for the quantity of waste in a territory at a given
time. Because the problem, particularly in the reuse sector, is that if we do not have these
elements, it is difficult for this sector to emerge . . . What interests me much more today
is to have information on work sites that are being planned . . . or are in progress, which
effectively gives information on the potential deposits, because in areas where we do not
have any deposits, we simply have a snapshot in time of the urban mine”.
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I–1 explained: “In my opinion, we need foresight. In addition, we know that today,
buildings represent an important source and that this is where the significant issue lies in
terms of reuse and recycling . . . Everything that is not made of earth, concrete or stone has
to be built. Thus, if everything is to be built, the first step is always to know and take stock
of both what we have and, at the same time, the prospects to evaluate the issues, and from
there, to be able to determine actions”.

In Section 3.2, Preliminary results from BTP-Flux project [22] were shown to the
interviewees to better frame the study and meet the needs of the CE. BTP-Flux considered
various needs that were expressed by the interviewees regarding several points: (1) it
allows a detailed description, including the nature and quantity, of the materials present
in the building stock and the demolition waste flow (a more refined resolution than inert,
hazardous, and nonhazardous waste); (2) the results can be obtained at different territorial
scales in France (for instance, departmental, regional, and national–territorial divisions);
depending on the availability of data, the study could be applied to finer territorial scales
such as neighborhoods or districts; (3) the model also aims to assess the robustness of
the results to be able to communicate reliable results to possible users (for instance, local
authorities and building stock managers). The interviewees’ feedback on the model results
was positive and affirmed that it addresses the primary issue: knowledge of the material
building stock and waste flow. It will allow them to diagnose their territory and then
formulate optimal CE strategies in the construction sector.

In conclusion, the application of the circular economy must consider a multiscalar
approach. For example, for the sustainable and circular management of a certain category
of waste, the articulation of the different scales for the characterization of deposits, creation
of transit platforms, and possible outlets is essential to identify the actors but also to
ensure solidarity between territories and avoid pressure between them. Construction or
urban development projects are quite long; therefore, the integration of circular economy
strategies must consider the evolution of projects at different time scales. For instance,
the construction materials present in built stock can be mobilized in the medium term
during the maintenance or renovation of projects or, in the long term, at the end of a project.
Therefore, it is necessary to have dynamic images of the deposits to plan the development
of progressive strategies. This generates a need for data on the material stock composition
and deposits and the information should include uncertainties about these availabilities.

3.3. Census and Synergy of Actors—Organizational Brakes

The interdisciplinary and dynamic nature of the circular economy involves a diversity
of construction actors with various missions and skills. The CE needs the involvement of
all the constituents in a city’s development to be effective, including those who already
work together and those who are not used to working together. That is, they need to think
about, articulate, and agree on common environmental, technical, and economic objectives
from the design stage, through production, until the end of the building’s lifespan, and
reinsert secondary materials in the economic chain. Each of these constituents plays a role
that will contribute to the success of the transition.

The role of communities is to develop synergies between actors, that is, to manage
governance. Governance is characterized by the development of the capacity for promotion
and collaboration between actors. The project’s governance is based on the sharing and
complementarity of the stakeholders’ skills in various areas of the city’s development
(housing, mobility, environment, town planning, etc.). The main goal of this governance is
to converge the strategic (coherent and effective policies) and operational (application of
the CE in projects) parts of the application of the seven pillars of the circular economy in a
sector, taking into account the temporal and spatial scales influencing its projects.

Strengthening the link between all the players is therefore essential to move toward
an iterative approach to harmonize working methods and modes of operation. To achieve
this, the construction sector players must have a clear vision of the issues; in this sense,
public figures can put in place strategies to raise awareness and train their constituents on
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integrating CE issues into their territory, foster the capacity to work collaboratively, and
benefit from the collective intelligence.

Referring to a circular economy experience in their territory, I–1 mentioned: “It showed
that to be able to do it, we needed to inventory the structures that were made using eco-
design and development, structures that transformed, ensured, restored, and were verified
in their adaptability, and were compliant with technical performance in relation to use, etc.
Therefore, we needed this collaboration of construction sector players. I think that this
needs to be known and that all the actors are kept informed”.

3.3.1. Training and Awareness

The training and awareness of stakeholders throughout the life cycle of a project is
essential to encourage them to consider the challenges and levers raised by the CE and thus
evolve current linear practices. It is about changing mentalities and practices both in the
short term and in the long term; for example, on how to design a project, carry out diagnosis,
or articulate the networks and sectors, as well as on enhancing and integrating reuse in
construction projects. Today, few professions are entirely dedicated to the circular economy;
currently, it is more a question of adapting the skills of professionals in other professions.

To act at a building or regional scale, we must train the technicians performing the
diagnoses so that they can correctly diagnose the materials and identify those that can
be reused, re-employed, or recycled and how it will be done. The feedback from local
authorities was clear. I–1 explained: “In deconstruction, several issues need to be resolved.
The first is the qualification and training of the actors, particularly the diagnosticians,
so that they integrate the notion of reuse and have knowledge of the materials . . . For
me, one of the challenges is in this qualification and training, because to diagnose, one
must reconcile both the knowledge of materials in the building sector and the knowledge
of waste and potential sectors for reuse and recycling. Moreover, there is no interaction
today between these two components, and the objective is that these diagnosticians will
speak to each other; or better yet, that the same person can carry out both functions of this
diagnosis”. Therefore, training and requalification of professionals will allow them to adapt
to this evolution in the sector and respond to new demands. “The second issue is, of course,
whether there will be training and qualification work for architects, project managers and
companies on this new [reuse] technique, including inspection offices, so that authorities
know exactly how to deal with unusual techniques related to reused materials”.

3.3.2. Control and Monitoring of Demolition Crews

I–1 quoted: “The other issue is the control and monitoring of demolition crews. Today,
they know how to deconstruct . . . it is not a question of knowledge, but there are two issues:
for them, deconstructing can generate a hardship for their staff and a loss of productivity.
Therefore, for these two reasons, and given their economic model, deconstruction requests
are complicated. In addition, in any case, if we ask them to do something, whatever it
is, there is work to be done in order to be able to monitor and control what they actually
do because even if we apply regulations, enforcing them can be difficult. In fact, what
would be interesting is if we did not assume a policing role, but instead, the process would
come naturally for these crews... that they would not only be sensitized to the issues, but
that they suddenly find technical and economic means to deconstruct in a more natural
way, with cost sharing between the client and the demolition company. Therefore, there is
something to be done . . . I do not think we have a choice but to go through control and
monitoring at the beginning, but it is exhausting and it is not satisfying to play this role of
police officer; and I think that there is an issue, in any case, with that approach. I think that
if several clients demand it, it will be done, but in any case, it will be done with reluctance.
Thus, I think the best approach would be for the trade chambers to take interest in this
subject and understand that it is also in their interest to find the levers for a new technical
and economic model”.
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3.4. Traceability and Profitability
3.4.1. Waste Traceability and Digitization

Traceability is defined according to ISO 9000: 2015 as “the implementation or location
of an object (3.6.1)”, and it also states that “in the case of a product, it can be linked to
the origin of materials and components, production history, distribution and location of
the product after delivery”. In summary, the main objectives in the building-waste sector
are (1) to compile the information to follow the flows and share them with all the players
involved. This information may relate, for instance, to the identification of waste streams
and their collection, preparation, treatment, transport, and performance checks, and (2) to
understand the technical performance issues of a resource to ensure its quality and be able
to reinsert it more quickly into the economic loop, thereby increasing its value.

The development of traceability models is, therefore, a significant challenge. I–1 ex-
plained that “if we truly want to recycle materials, there is a need to get more information
from a company than what it receives from the manager of its processing company. Up-
stream of the deconstruction, we chose to examine traceability; in fact, we did not settle
for the information we received from the massification platform; we asked where it was
going beyond that . . . We also asked for documents attesting that the companies’ treatment
facilities are ICPE (Installations classified environmental protection) certified, and that
they had the proper authorizations or declarations for their activities. This control was
extremely laborious and complicated to deliver, but it made it possible to ensure that we
were working with a third party that respects the rules, which is not a given, even today.
Downstream, we systematically asked for the company to follow up with a photo of their
dumpster. From there, we asked if it could be posted online on a document management
platform, and that was truly useful in allowing us actually to invoice what was removed
and follow up. This is how we discovered, in particular, that inert waste ultimately did
not go to recycling but to landfills. So that is fundamental for me. In addition, I think
that on this point, there is upstream traceability work to be done so that it is not up to
each client to re-ask every one of their service providers for authorizations as well as their
secondary outlets”.

The traceability of the waste will allow us to adequately follow up on the waste
throughout its treatment and ensure the compliance of the sectors in terms of ICPE regula-
tions, for example, as mentioned by I–1. It is, therefore, necessary to have reliable tracking
slips. In addition, article L541-2 of the Environmental Code mentions that “Any producer
or holder of waste is responsible for the management of this waste until its elimination or
final recovery, even when the waste is transferred for third party processing”. Article 36 of
the CCAG (General and technical administrative clauses of works) considers the producer
as the owner and the holder as the contractor.

With respect to this point, article 106 of the AGEC law specifies that “the person in
charge of the waste collection facility must deliver free of charge to the company having
carried out the work a deposit slip specifying the origin, nature, and the quantity of waste
collected”. In addition, “the company that carried out the work mentioned must be able
to prove the traceability of the waste from the sites for which it is responsible by keeping
the slips issued by the waste collection facility. The company that has carried out the work
sends the slips to the commissioner of the work or the competent authority mentioned in
article L.541-3 at their request”.

The development of waste treatment platforms is evident. It is clear today, after
feedback, that there is a significant lack of traceability tools and that the sector must adopt
new digital tools to promote traceability and therefore optimal flow management. I–1
mentioned, “today, it is a paper document which is distributed, passing from hand to hand
between different actors . . . Therefore, the issue is digitization, so that suddenly it is not
a paper document, but slightly more computerized, with a tablet or other device, at the
moment the work begins until it arrives at its final outlet. With digitization, it would be
possible to link actors, create networks for accessing data and help decision-making. Having
the information in real-time will also make it possible to observe any slippages and react
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quickly; for example, an operator who, despite alerts, sent the waste to an unauthorized
service provider”. Certain waste traceability tools, such as “Trackdéchets” [36], a digital
version of the monitoring slip for hazardous waste, are being developed by the public
authorities in France. This type of device could be extended to other types of waste and
could give project owners better visibility of what happens to their waste once a platform
takes it.

The traceability of site waste coupled with digital tools can meet several needs, in-
cluding the quantification of flows and real-time monitoring of resources, the increase and
control of their quality and possibly a reduction of the costs of waste treatment due to the
better overview of their origin, and the ability to share information so that each stakeholder
can be made aware of their responsibility throughout the treatment chain, from the site
to the outlet; this would make the system more reliable and encourage stakeholders to
improve their waste recovery.

3.4.2. Performance of Secondary and Regulatory Brakes

Speaking on secondary resources, I–1 explained: “we still have the whole problem of
testing to verify the performance of these materials in the context of their use”. Moreover,
indeed, the use of secondary materials has slowed down because of (1) the properties and
quality of the secondary resources recovered and (2) the regulations, standards, or insurance
not yet being ready because there are still problems related to testing the performance of
these materials for their intended use because they are not homogeneous. Therefore, the
owners and insurers, who may not be confident about the technical and sanitary quality of
the resources (for instance, stability, flexibility, resistance to deformation, strength), may
hesitate to use them in their projects.

The main challenge is the coordination between all the stakeholders in the project.
Contracting authorities can stipulate the use of reused materials in their contracts. Then,
the intervention step will be for architects to identify in their first sketches the potential
deposits or macroelements of the project that are likely to use reused elements by relying
on specialized resellers. One of the sites that censuses these suppliers is Opalis [37]. Then,
building element and material quality checks can be supported by experienced craftsmen,
so that if the materials meet expectations (for instance, technical and sanitary expectations),
they can be used, and insurers can include them. In addition, even if it can be challenging to
know the performance of reused and recycled materials, if not impossible, the construction
industry should make its best effort to maintain the materials’ value as much as possible by
addressing the 3R principle.

Another obstacle to using secondary resources is that the stakeholders do not yet have
feedback on the cost-effectiveness of applying CE throughout the material’s value chain. I–3
explained, “I think that feedback is still rare, but from what I understand, reuse or recycling
requires more upstream engineering. However, afterwards, it saves costs downstream.
Therefore, basically, you have to anticipate all the flows. Furthermore, I do not know that
the additional engineering costs compensate for the avoided costs downstream; that is
always the big question. In any case, there is a displacement of costs”. At the territorial
level, actions to massify waste flows are not yet common; nevertheless, they would be
necessary to optimize profit from infrastructure investments required to manage secondary
resources. At the material or product level, recycling costs remain mostly high compared
to the prices of certain raw materials, so producers will favor virgin materials over recycled
materials given their price. In addition, current product prices do not incorporate the price
of their environmental impact, and the environmental quality of a product is not yet a
major asset for its marketing.

3.5. Massification and Storage Platforms and Land
3.5.1. Platforms

Resource collection and recovery companies are essential to better manage waste. In
France, site waste can be transported to a network of community or professional waste
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collection centers. Companies specializing in waste management carry out waste collection
at construction sites, incorporating several steps dedicated to different waste categories;
then, all of the waste flow will converge on aggregation, sorting, or processing platforms or
go directly to recovery or disposal outlets [38].

The regrouping, sorting, and pretreatment platforms are established with multiple
objectives: (1) collect waste, (2) offer local solutions, (3) sort waste off-site when sorting
on-site is not possible, and (4) optimize the costs of disposal (by negotiating with the
disposal and final recovery channels). Currently, for the treatment of inert waste, there are
specific platforms for this type of waste; however, most nonhazardous waste in the sector
is managed by multiactivity platforms that can both receive industrial and/or household
waste, which makes listing them more complex compared to platforms that are dedicated
only to construction waste [38].

The sector needs to develop new recycling channels, in particular for the treatment of
insulation and joinery. Some producers may decide to invest directly in the development of
these sectors since the law makes it possible to reduce their environmental impacts when
they participate directly in achieving the collection objectives in article 72 of the AGEC law.
It is clear that the players wish to avoid being confronted with economic difficulties at all
costs. By articulating public contracts, ecomodulations, and incorporated regulatory rates,
extended producer responsibility (EPR) must “strengthen the links between demolishers,
recyclers, producers of materials and construction companies, in order to find effective
solutions together”.

3.5.2. Storage and Land

The availability of land is also necessary to store the materials to stabilize deposits. One
of the main advantages of communities is their administration of public land. Dedicated
spaces or areas for the storage, sorting, and treatment of fixed and temporary materials
should be zoned and included in town planning documents, or communities must provide
land to store material according to the sites scheduled in the territory. I–1 explained, “the
problem is also to find storage to be able to ensure the stability of, or guarantee, the deposit...
Between the deposit and the transformation, there is a need for a space for storage . . . At the
same time, it is necessary to know whether, in the public domain, there is land that could
be vacant temporarily or for longer term, on which we could set up massification facilities.
This subject is complicated because those in charge of operations in town planning or
elsewhere are subject to an eventual work plan that evolves with politics . . . An inventory
of the installations must then be performed. The objective in theory is to identify the
residual capacities of the installations to know if they can accept this increase in work
linked to urban changes . . . The final consideration is to know if there is any potentially
land in the public domain . . . The challenge now is to find available land to continue to
work on this issue and the need to communicate with and educate elected officials on these
issues to try to study the prefeasibility of the platform on this land. Then, we will try to
move forward gradually so that we can eventually land on reuse and recycling platforms”.

3.6. Toward a New Territorial Cohesion

The transition to a circular economy in the construction sector will involve demon-
strating opportunities to develop new economic perspectives so that the sector helps the
territory become attractive. Attractiveness requires a revitalization of the territory by
creating jobs and economic activities resulting from the initiatives taken by political and
socioeconomic figures. These new economic activities can be the development of waste
treatment and management, reuse, and recycling channels. The emergence of projects with
a high locally added value will increase a territory’s resilience because it will secure re-
sources and optimize territorial ecosystems. Collective intelligence, territorial cooperation,
innovation, and awareness-raising among stakeholders can become the new development
engine. The local authorities’ unique roles as facilitators, guides, and catalysts of new,

124



Sustainability 2022, 14, 1569

practical circular initiatives can accelerate changes in current practices and the transition to
new ones.

For the territories, more comprehensive questions arise, including the articulation of
other regional plans such as the PCE (Climate Energy Plan), the biodiversity plan, urban
travel plans, and the circular economy plan. In addition, the interaction of geographical and
temporal scales of the circular economy, its multidisciplinary nature, and its governance
requires the decompartmentalization of activities and establishment of hybrid thinking;
that is, making mixed action systems worthwhile because today’s silo-type organization is
no longer tenable. Moreover, this transversality goes further, for instance, when sharing
data, planning, and implementing actions and strategies. Currently, it is still difficult to
access what is now considered confidential information to identify, for example, whether
one project’s waste can become another’s resource; this requires transparency in details
that are sometimes kept private; therefore, cooperation is required.

4. Discussion

The circular economy is presented today as a tool that can energize our territories by
linking stakeholders in a process that incorporates solidarity, proximity, and applicability
at all scales, and transverses all levels of the territorial structure. The implementation of the
circular economy is essential to the development of a circular metabolism and is the key
to helping cities reduce their ecological footprint and orient them toward resilience and
sustainability. The main levers for the territories are their reductions of quantities of waste
to be treated and imported raw materials, the relocation of their supply of materials by
including secondary materials in the loop, and their creation of local jobs and development
of a social, unified economy.

The building sector is one of the priority sectors for achieving the CE objectives and
will involve many economic players in the production of buildings at several scales and
beyond the buildings’ life cycles. Deploying the circular economy at the stock level is
essential because it will provide a better understanding of the flows of materials, energy,
water, and goods. This makes it possible to target the priority sectors and resources where
interventions will be necessary. In addition, it will allow identification of the players
and the missing pieces needed to create valuation loops. Finally, innovative systems can
be created by setting up scenarios and strategies to improve circularity and link specific
complementary actors and organizations and diminishing traditional systems by creating
hybrid development ecosystems.

To succeed in this transition, local authorities acting as facilitators, catalysts, and
regulators can promote the development of CE by raising the identified challenges and
taking advantage of the opportunities they offer.

One of the main opportunities is to prevent outgoing materials during building renova-
tion or deconstruction, stopping them from becoming waste. Therefore, the main challenge
is to increase the recovery rate; for this, it is necessary to know the nature, quantity, and
temporal and spatial organization of the material flows and deposits. However, there are
still a large number of technical challenges to address, mainly the integration of circularity
clauses such as selective deconstruction and reuse in the contracts before deconstruction.
Moreover, it is important to diagnose structures because there are specificities for new and
existing buildings. Existing buildings are not easily removable, and in addition, the build-
ings may have undergone renovations or maintenance, and the materials may therefore
be of different ages and conditions; in addition, they are not standard. Thus, the person
doing the diagnostic evaluation must be made aware and trained to correctly identify all
the materials and technical points and, with his/her diagnosis, to increase the degree of
recovery of materials and products during deconstruction. At the territorial level, upward
flow models can be potential tools in formulating CE strategies, particularly for establish-
ing territorial logistics for managing secondary resource processing infrastructures and
ensuring transparency on local channels.
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The building sector also has challenges related to the lack of communication between
actors and a broad short- and long-term vision of the impacts of the sector’s activities
throughout and beyond the life cycle of its projects. In addition, given the relatively long
lifespan of projects, the complexity of the fleet, and the number of stakeholders involved, it
can be challenging to assign responsibilities to stakeholders at a specific stage of the entire
life cycle of projects, buildings, and/or products. Nevertheless, the sharing of collaborative
strategies and tools can offer a better overview of the built stock and deposits, tools such as
shared databases, and common and appropriate methods to carry out deconstruction and
manage secondary resources. To achieve this, stakeholders can communicate on certain
cases and implement research and innovation within their structures to develop resources
to facilitate CE deployment.

Technological factors can play an essential role in the lack of tools and digital logistics
systems. The development of applications or platforms to stimulate this market will make it
possible to promote materials better; in addition, digital tools and the sharing of information
between stakeholders can help with the monitoring of resources from their diagnosis,
highlighting their potential for development until they arrive at the appropriate outlets.

The sector must face resistance to change that is rooted in certain actors; awareness-
raising and training of stakeholders is key not only for the deployment of actions but
also for the generation of jobs, the creation of new professions, and the development
of economic opportunities within the territories. From an organizational point of view,
the main challenges and opportunities are to map the stakeholders and the territorial
issues, then activate a territorial coordinator to facilitate the development of strategies
and public policies to promote cooperation between stakeholders. Public authorities have
the ability to find consensus for the application of the CE at different scales and levels, to
provide normative and regulatory support for the management of resources, and to help
stakeholders by reducing administrative procedures; they can also, for instance, give tax
incentives to exemplary actors.

Social and cultural challenges are essentially linked to the lack of interest, knowledge,
and/or commitment to applying CE strategies; in this context, communities have an oppor-
tunity to lead by example with their projects, by promoting collaboration between actors
and by participating in the education, training, and qualification of the actors. Communities
also have the opportunity to develop short- and long-term partnerships to promote the
deployment of the CE. Social challenges also provide the opportunity to create social ties
and consciousness to shape resilient, inclusive, circular, and sustainable territories.

5. Conclusions

The reduction of resource consumption, as well as the optimization of material use,
prevention and improvement of waste management, and reduction in environmental im-
pacts over the entire life cycle (and beyond) of building and building stock have become
priority issues in the construction sector, which is faced with alarming signs of climate
change and resource scarcities. These issues encompass actions relating to design, engineer-
ing, and management of materials, buildings, the building stock, and their cycles of use,
maintenance, renewal, and deconstruction. All these actions mobilize many construction
players who will contribute to their applicability, the consolidation or adaptation of exist-
ing sectors, and the development of new EC sectors in their territories while generating
local jobs.

This article presents the results of semistructured interviews carried out with managers
of CE projects in cities that are pioneering CE strategies in their construction sectors.
The study highlights some of the main challenges and opportunities that interviewees
raised within their territories, based on their experience. First, a life-cycle, multiscale, and
multicriteria approach is required to meet the challenges of circularity in the construction
sector. Then, the key to knowing the territory involves knowledge of its resources (for
instance, materials, wastes, construction players, material sectors) to ensure the materials’
circulation and traceability while relying on collaborative tools and technologies. All this
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will be possible only if there is increased awareness among stakeholders, allowing them
to collaborate to pool resources and tools and develop synergies. Pioneer communities
and actors are called upon to strengthen support and training to increase the skills of
stakeholders and future professionals. The approaches also need to consider applicability
to other subjects and sectors such as environmental, economic, sanitary, and social sectors.
The results of this study can help construction stakeholders develop action plans in favor
of a CE that can share visions, objectives, timeframes, and even common scopes that can
take different forms, such as roadmaps and strategies.
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Appendix A

Interview guide

1. Instructions for the Interview

The research was done by interviewing the managers of circular economy projects in
the municipalities of France. During the interviews, experiences, challenges, needs, and
opportunities to promote the circular economy project in the building sector were discussed.

The participants were first approached by email, where they received a general
overview of the interview subject and context. Interviews were conducted by telephone
or video conference and recorded if the interviewees agreed. Notes were taken in every
interview and were later used in the analysis and refined based on the recordings. Interview
results were anonymous.

The main questions addressed concerned the application of circular economy strategies
in the construction sector within their jurisdictional boundaries:

- What strategies are adopted in the territory in terms of CE in the construction sector?
- What is the scale of the projects’ scope, and what is the projects’ nature according to

the action scale?
- In projects in which CE strategies have been implemented, what were and/or are still

the main challenges and opportunities to CE strategy implementation?
- In a potential model of material flow assessment, what kind of information—qualitative

or quantitative—will be needed to facilitate the implementation of CE strategies?
- Based on the interviewee’s experiences, what scale would be relevant for the analyses

of deposits?
- In your projects, what are the main data or information needs to facilitate or improve

their CE strategy application?
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Abstract: Population growth, consumerism and linear (take-make-dispose) economy models have
been piling up waste for decades. The construction industry is also based primarily on linear economy
models, but the good news is that most of the waste can be re-used or recycled. So far, numerous
models for managing construction and demolition waste in a sustainable way have been developed,
but only a few models have included circular economy approaches. The main objective of this
study is to propose an integrated framework for the sustainability assessment of CDW management.
Apart from the economic, environmental and social aspects of sustainability, this model also includes
circular economy principles. The proposed framework is based on the integration of existing methods:
bottom-up materials stock approximation; cost–benefit analysis for criteria calculation; and scenario
and multi-criteria decision-making analysis for sustainability. It is suggested that the European
average recovery rates should be used for future scenario development. With higher re-use and
recycling rates, the potential for the circularity of the recovered waste grows. In an effort to increase
circularity in the region, particular attention was devoted to customize the framework and examine
its potential for use in the Western Balkan countries. The framework may also be useful in countries
with immature construction and demolition waste management.

Keywords: circular economy; green deal; construction and demolition waste; quantification; waste
management; recycling; re-use; material stock analysis; multi-criteria decision-making

1. Introduction

More than a third of the waste in Europe comes from construction and demolition
activities [1]. The amounts of this type of waste generated worldwide reached 3 billion tons
in 2012, with China, India and the United States as the main contributors [2]. In the same
year, Europe generated 0.85 billion tons of construction and demolition waste [3]. In 2018,
the data for Europe shows a steady increase in the amount of construction and demolition
waste (CDW), amounting to almost 1 billion tons [3].

The typical composition of CDW highly depends on several factors. The key factors
are the type of activity that generates the waste and the type of structure constructed or
demolished. Depending on the type of activity, waste may come from construction activities,
i.e., construction waste and from demolition activities, i.e., demolition waste. Researchers
mainly agree that demolition waste constitutes a larger portion of CDW [4]. When it comes
to different structures, buildings contribute the most to waste generation due to their mass
construction and frequent demolition, while infrastructures are sporadically constructed
and rarely demolished. Therefore, depending on the location and the common construction
practice in a specific area, CDW consists of mineral waste from construction and demolition
(brick, concrete, insulation, etc.), other mineral waste (gravel, rock, sand, etc.), glass and
wood waste, metallic waste (ferrous and non-ferrous), soils and dredging spoils [5]. More
importantly, almost all streams have a great potential for further processing (treatment).
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In the following order of priority, CDW may be re-used, recycled and incinerated [6].
However, CDW is mostly disposed in landfills or, in some cases, illegally dumped [7,8].
CDW is mainly considered as inert [9], although there can be a small percentage of toxic
substances coming from asbestos, gypsum, coal tar and heavy metals [10]. Exposure to
asbestos can occur during demolition, when asbestos fibers that are released into the air are
breathed in and can cause scarring and inflammation of the lungs; this can affect breathing
and lead to serious health problems [11]. Asbestos has also been classified as a known
human carcinogen [12–15]. Drywall can leach toxins and release hydrogen sulfide gas in
landfills while occupational exposure to coal tar increases the risk of skin cancer [16].

Processing of CDW may decrease the consumption of primary raw materials and
the emission of greenhouse gases (GHG) [17]. These characteristics, alongside with the
large amounts of CDW generated worldwide, were recognized by both scientists and
governments. They turned this potential into strategies, action plans and legislations, based
on sustainable development goals (SDG).

The most recent effort of the European Union resulted in the Circular Economy Action
Plan. The first Action Plan that was published in 2015 revolved around the transition from
linear to circular economy business models [18]. The transition stipulates that instead of
taking primary raw materials from the environment to make different products that will
be disposed as waste at the end of their use, circular economy should be oriented on the
prevention of products becoming waste or prolongation of their use by employing re-use
or recycling [18]. The Plan identified 54 actions designed to support SDG; goal 12.5 was
defined as the “reduction of waste through prevention, reduction, recycling and reuse” and
named five priority waste streams, including CDW [19]. However, apart from publication of
a non-binding Protocol on how to properly manage CDW and pre-demolishing assessment
guidelines, not much else was achieved in the area of CDW management [20].

The New Circular Economy Action Plan was published in 2020 and will hopefully
amend this problem [21]. This new plan was designed as a part of a Green Deal initiative
to make Europe the first climate neutral continent by 2050 [22]. The EU will devote at
least EUR 1 trillion for this goal, out of which EUR 100 billion will go to the most affected
regions [23]. As for the construction industry, the highest expectations are laid upon the
specific waste reduction targets which were missing in the previous Waste Framework
Directive (WFD). Although the Waste Framework Directive (WFD) set a 2020 objective for
re-using, recycling or other recovery of non-hazardous fractions of CDW to a minimum of
70% by weight [6], many practitioners and researchers highlighted the need to make this
target treatment specific (setting a specific re-using target, a recycling target, etc.) [23]. Apart
from the specific targets and changing of product regulations to include recycled materials,
the New Plan also included two new strategies: the Renovation Wave and Sustainable
Built Environment Strategy [21]. While the former aims to double the energy efficient
renovation rate (currently at 1%) by 2030 [24], the Sustainable Built Environment Strategy
is designed to revise construction product regulations, reconsider waste regulations and
promote circular economy principles.

So, what has Europe done so far to increase circularity in the construction and demoli-
tion sector? For instance, the latest data for the year 2018 shows that in the EU, mineral
and non-hazardous CDW is very much recovered (in many counties is around 90%), and
that the WDF target is already achieved. In the Western Balkans, four out of eight countries
have reported that they achieved the 70% recovery target from the WFD. Two countries,
Slovenia and Croatia, are EU members and as such are guided by the WFD; they reported
a 98% and a 78% CDW recovery rate, respectively. Serbia and North Macedonia, as EU
candidate countries, reported a CDW recovery of 81% and 100%, respectively [25]. How-
ever, these high percentages may be misleading as no information is provided on whether
the recovered materials were further used in high-grade or low-grade applications such as
backfilling. This is due to different interpretations of the terms recycling and backfilling
in EU Member States as backfilled CDW is often reported as recycled [1]. For example,
the Netherlands reported an almost 100% recovery rate for CDW in 2018; the fact is that
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only around 3% of the CDW was used in new concrete production [26] and not all CDW
was recovered for high-grade applications. The lack of confidence in the quality of the
recycled materials, due to a lack of quality standards, is the most cited reason for low levels
of high-grade applications [27,28]. The other barriers for adopting the circular economy
approach in CDW management practices identified by the academia are undeveloped
markets for the recovered materials and the low prices of raw materials [29].

Therefore, what are the exact elements that CDW management practices should in-
clude to facilitate the future needs of circular economy in construction? What type of a
sustainability assessment framework may be implemented to evaluate different manage-
ment scenarios and find the optimal one? Why should the Western Balkans be in the focus
and what is the circular economy perspective in the construction and demolition sector in
these countries? This paper will suggest a framework that may answer these questions
and facilitate these needs. It will take into account the particularities of a country and its
economies and the best practices currently available in Europe to design a methodology
for the assessment of CDW management options from the economic, environmental and
social perspective.

To address the above questions, the current state-of-the art in the CDW management
domain had to be analyzed. Desktop research was conducted in two directions. This
included a review of CDW management publications in the most significant scientific
journals, relevant EU policies and technical papers published in the last 15 years (from
2005). The first direction was to identify and analyze the existing sustainability assessment
studies in order to identify their main elements, properties and techniques used for the
assessments. This scientific review also helped to highlight the research gap that the
proposed framework needed to fill. The second direction was to search for current best
management practices and relevant policies that promote sustainable waste management
and circular economy principles in the built environment in order to design better CDW
management scenarios.

2. Previous Studies on Sustainability Assessments of CDW Management

The scientific community has been focused on CDW management for decades. The
most recent studies (from 2011 to 2021) observed and analyzed CDW management from
different aspects. The most analyzed were policies and circular economy strategies [30,31],
opportunities and barriers in adopting circular economy in the built environment [32,33],
stakeholders’ awareness [34,35], comparison of different management practices [9,36,37]
and application of information technologies, such as GIS and big data in CDW manage-
ment [38–41].

When it comes to the sustainability assessment, the studies mostly focused on en-
vironmental and economic effects and to a lesser extent on the social effects of different
treatment options and scenarios for different waste streams. A large number of studies, as
expected, covered the environmental performance of recycling [42–44], recycling and land-
filling [45,46] and in some cases the reduction of CDW [47]. The second most investigated
aspect of CDW management that was analyzed either as a stand-alone element [48,49] or in
combination with the environmental [50–52] or social aspects [53] was the economic aspect.

To the best of the authors’ knowledge, the first paper that suggested an integration of
all three sustainability pillars in waste management systems was written by Taelman et al.
in 2020 [54]. In addition to an assessment framework, they developed a set of impact
categories and indicators to address both the global and local impacts of a waste manage-
ment system in five areas (prosperity, human well-being, human and ecosystem health and
national resources).

The first to apply this framework in the CDW management sector was Iodice et al. in
2021 [55]. They analyzed and assessed the sustainability of three CDW management scenar-
ios (baseline, linear and best practice) in the Campania region in Italy. Sustainability was
assessed from the economic, environmental and social aspects and treatment options that
were considered were mobile and stationary recycling and landfilling. The results showed
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that the implementation of the best practice scenario that includes selective demolition and
increased recycling may benefit both the environment and society.

Although rich in sustainability factors, as 20 factors from all three domains were
observed, the study by Iodice et al. was limited just to two treatment options [55]. The
other limitation concerned the data on CDW generation and composition, particularly the
CDW material breakdown. Namely, the data for the waste from traditional demolition
were taken from the available studies and local environmental agencies while the waste
data from the selective demolition were based on assumptions and best-guess estimates.

It appears that the majority of the above-mentioned sustainability assessment studies
based their calculations on the statistical records of CDW quantities or estimations from
practitioners and academia. However, CDW statistics in most countries are underdeveloped
or vague. Additionally, academia and practitioners base their estimations on the amount
of total construction and demolition waste per GDP or capita (population). In both cases
there are no reliable data on the quantities of particular waste streams such as the mineral,
metallic, glass or wood waste streams. This data would facilitate the development of more
appropriate treatment strategies, designed and developed for each stream that could finally
lead to better and more informed decision-making.

When it comes to different CDW streams, recycled concrete (alone or as a part of
mixed CDW) is the most analyzed material, owing it to the fact that concrete is the largest
contributor in the overall quantity of CDW: however, one must not overlook the treatment
potential of other materials such as brick, wood and steel.

Finally, the circular economy approach is yet to be fully adopted in these assessments as
most of the studies were focused mainly on recycling and landfilling, while the preparation
for re-use and energy recovery as treatment options were rarely analyzed.

The proposed framework will address these limitations. Firstly, rather than using
statistical data on the total generation of CDW, or CDW generation rates obtained from
previous studies or practitioners, the framework will calculate and forecast the quantities
of each particular CDW stream. Secondly, these quantities will be calculated on the basis of
construction material quantities built into residential buildings and they will form a unique
database of material stock. Finally, the CDW management scenarios will encompass all
possible treatments of CDW, from preparing for re-use to energy recovery and disposal.
Additionally, the CDW management scenarios will include high re-use and recycling rates
to investigate the full circular economy potential of the proposed CDW management option.

3. Proposed Integrated Framework for Sustainability Assessment of the
CDW Management
3.1. Sustainability Assessment Framework

A three-stage multidisciplinary methodology for the evaluation of CDW management
options’ sustainability is proposed. In general, the framework is designed to transform
corresponding input data that may be related to the construction and demolition prac-
tice into qualitative and quantitative output data. The transformation process shown in
Figure 1 uses several analyses and methods from different scientific domains, mainly waste
and project management, that are integrated into one overarching methodology for the
sustainability assessment.

As stated previously, this assessment should enable more informative decisions in CDW
management. To facilitate this, specific goals of this framework were to form a database of
materials (i.e., Material stock database) used for the construction of buildings and consequently
to estimate the potential quantity of construction and demolition waste. The former presents
stage one, while the latter presents stage two of the proposed framework.
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Figure 1. The framework for the sustainability assessment of CDW management scenarios.

The formation of the Material stock database requires a comprehensive set of building
information, such as the type of materials built into construction elements and the physical
characteristics of these elements for the entire building stock of a country. This information
is rarely available. To overcome this, a bottom-up material stock analysis is suggested.
The bottom-up material stock analysis includes the aggregation of the entire building
environment stock into groups of objects with similar age and physical characteristics. Each
group has its typical representative (archetype), which is then used further in the analysis.
The transformation process in this stage of the methodology involves the segregation of
archetypes into construction elements made of different materials and the calculation of
their quantities. The materials are then grouped into different types (concrete, bricks, wood,
metal, etc.) to facilitate the easier division of waste streams and their further treatment.

The second stage of the framework starts with the definition of the construction and
demolition profile of the building stock. The building stock is a dynamic system, which
means that it changes over time. Therefore, a simulation of future stock development is
necessary before the quantity of CDW may be estimated. Apart from construction and
demolition rates, this simulation encompasses a list of improvement measures that will be
performed in the corresponding renovation cycle (usually 20 to 50 years depending on the
construction element). If the projected timeframe is 50 years or more, this framework stage
should also include the occurrence of natural disasters that cause significant demolition
quantities, especially earthquakes in this region. Consecutively, the framework should use
some method for earthquake loss estimation (including demolition quantities), similar to
the one proposed in Stojadinović et al. [56]. And finally, renovation cycles serve for the
definition of the building stock’s renovation rates. These rates present the share of building
stock from different groups of objects that will be constructed, renovated or demolished in
a given year. Coupled with the material composition of the corresponding archetypes, the
quantity of waste generated from these activities may be estimated.
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The final stage of the integrated methodology is to choose the optimal strategy and make
the right decision with respect to different CDW management scenarios. The first step in this
stage is to define the treatment rates for different waste streams and different scenarios. The
sustainability of each scenario is then assessed through a set of criteria and sub-criteria that may
have a positive or negative effect on the society. The authors propose a set of 16 sub-criteria
grouped into three criteria (Table 1) to grasp the entire sustainability domain.

Table 1. An overview of the sustainability assessment criteria and sub-criteria.

Economic (e) Environmental (en) Social (s)

1. Capital expenditures
2. Operational expenditures

3. Replacement works
4. Clearance works

5. Sale of recovered materials
6. Sale of recovered energy

(heat and electricity)
7. Landfill taxes and gate fees

8. Residual values

1. Avoided GHG emissions
through:

recovered materials
energy recovery

improved WMS 1

1. Social capital expenditures
2. Social operational

expenditures
3. Social replacement works

4. Social clearance works
5. Public discomfort due to

landfill presence
6. Arable land consumption

7. Social residual values
1 Waste Management System.

The first group of criteria are costs and revenues and they belong to the economic
field (labeled e in Table 1). These are capital, operational, replacement and clearance
expenditures (costs) of different treatment options. The revenues from these options may
come from sales of recovered product including heat and electricity and the savings from
different taxes and fees, such as landfilling taxes and gate fees.

The environmental set of criteria (labeled en in Table 1) considered the positive and
negative effects of different scenarios. The positive effects are reflected in decreased
greenhouse gas (GHG) emissions and the reduced use of primary raw materials. There are
even some treatment options that have a negative effect on society, such as landfilling and
illegal dumping. Even recycling and energy recovery emit GHGs, mostly from transport
and operation, but the positive effects of these waste treatment operations prevail over the
negative effects.

And finally, the social set of criteria (labelled s in Table 1) includes the social adjustment
of the cost and revenues to illustrate the local market imbalance with respects to taxation,
customs and unemployment rates, as well as land degradation and discomfort caused by
different treatment options.

To compare the scenarios with respect to these criteria and sub-criteria several multi-
criteria decision-making analyses are available. An application of several Multi-Criteria
Decision-Making (MCDM) techniques (AHP, VIKOR, TOPSIS, etc.) can be applied as in
Tirth et al. [57]. Authors propose the Analytical Hierarchy Process (AHP) to be used in this
framework, due to its simplicity and flexibility. AHP was developed by Saaty in 1980 and
it uses pairwise comparisons of criteria and sub-criteria and alternatives with respect to
each criterion and sub-criterion in the form of matrixes of judgment. The Saaty scale [58]
was used to describe the comparison: 1, 3, 5 and 9 were used to grade equal (1) to extreme
(9) importance of one sub-criteria over another; 2, 4, 6 and 8 were used when compromise
was needed. The matrixes of judgments are symmetrical with reciprocal values, meaning
that “when activity i has one value assigned when compared with activity j, then j has the
reciprocal value when compared to i”.

An example of the sub-criteria comparison matrix is given in Figure 2a,b. Two Serbian
waste management experts were interviewed and asked to compare pairs of sub-criteria.
The experts were selected on the basis of their preferences: one that was mainly econom-
ically oriented and one that was mainly environmentally oriented. The economically
oriented expert gave higher importance to the economic criteria when compared to two
other criteria. For instance, a very strong (7) or even extreme importance (9) was assigned
to capital expenditures (sub criteria e1) over environmental (en1) and social criteria (s1–s7).
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As expected, the environmentally oriented expert preferred environmental and social
criteria over economic (e1–e8); thus, environmental criterion en1 had moderate importance
(3) over social criteria s5 (public discomfort due to landfill presence) and s6 (arable land
consumption), but a very strong importance (6, i.e., 1/6) over capital (e1) and operational
expenditures (e2).

The eigenvector of each matrix is the vector of criteria priorities [58]. The CDW
management strategy scenarios (alternatives) are compared with respect to each criterion
and form the alternative judgment matrices. The eigen vector of these matrices is the vector
of alternative priorities meaning that the alternative with the highest priority represents
the optimal scenario for managing CDW.

Considering that the proposed framework serves to build a model that will illustrate
a real-life CDW management system, verification and validation of whether the model is
a good representation of the real-life system is advised. Both of these processes should
be conducted in all three stages of the framework. The verification of a model should be
carried out during the implementation process to search for errors that may hinder the
implementation. The authors propose a three-step validation: the extreme conditions test;
a sensitivity analysis; and the comparison of results with the real or analytical data, if real
data are not available.

3.2. CDW Management Scenarios

To reach appropriate levels of circularity in the Western Balkan countries, one must
start from different positions in each of the particular countries. The current state of CDW
management differs from country to country and, for that reason, a baseline scenario for
each country should be established and described before developing possible management
scenarios. The future practice (or scenarios) should be established by investigating the
principal policy elements that support the European best practice, mainly the economic
instruments and legal requirements. Aside from the policy elements, possible scenarios
should be designed on the basis of the composition of CDW and the maximum share of
particular waste streams and the appropriate and available technology for their treatment.

3.2.1. Current CDW Management Scenarios

As shown in Figure 3, countries with larger populations and a higher GDP per capita
generate more CDW, which is in line with claims from several authors [1]. Official statistical
quantities of CDW for each country are given in Figure 3, with assumptions made for
Albania which had no data on CDW [3]. As shown, the current generation of CDW in the
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Western Balkans is below the European average and reportedly ranges from 35.6 (North
Macedonia) to 1260 kilotons (Croatia) of CDW per year. Almost 30% of the total CDW
generated belongs to the mineral fraction of CDW that is most suitable for further treatment
and high-grade applications. However, these amounts are mostly underestimated as there
is a significant amount of CDW waste generated and disposed of in landfills without
reporting or even illegally dumped (ranging from 2.4% to 24%) [59].
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The current treatment rates alongside with the principal elements of current CDW
management are shown in Table 2. The rates are based on the national statistics published
by Eurostat [25]. These numbers are most likely the result of poor management practices in
the non-EU Western Balkans countries.

Table 2. Principal elements of CDW management and treatment rates in Western Balkans countries.

Country
Elements of CDW Management Treatment Rates

End-of-Waste
Criteria

Quality
Standards

Recovered
Mat. Market Incentives Bans or

Taxes
Recovery
Targets RC BF D

ALB no

no immature no

no no n/a n/a n/a
BIH no no no n/a n/a n/a
HRV yes foreseen WFD 70% 8% 22%

XKX * no no no n/a n/a n/a
MNE no no no 0% 0% 100%
MKD no no no 100% 0% 0%
SRB no no no 0% 81% 19%
SVN yes 11(22) € WFD 98% 0% 2%

ALB—Albania; BIH—Bosnia and Herzegovina; HRV—Croatia; XKX—Kosovo; *—under UN Resolution 1244;
MNE—Montenegro; MKD—North Macedonia; SRB—Serbia; SVN—Slovenia; RC—recycling; BF—Backfilling;
D—disposal (landfilling).

In most of the countries here, there is a certain legal waste framework primarily based
on the Waste Directive Framework [6], however the implementation is partial. Albania,
Bosnia and Hercegovina and Kosovo (under UN Resolution 1244) are yet to adopt the
Circular Economy approach [59].

The EU countries, Slovenia and Croatia, have high recycling rates due to the recovery
targets from the WFD. The Slovenian landfilling tax of EUR 11 and 22 per ton of non-
hazardous and hazardous waste, respectively [60], may show the efficiency of tax as an
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economic instrument for increased recycling and recovery (98%). However, the share of
high-quality application of these recycled materials is still in question.

With an immature market in the rest of the countries and no quality standards that
would increase confidence in the recycled materials, the recycling rates are zero. North
Macedonia, with a reported recycling rate of 100% is an exception; however, as no re-
cycling facilities were reported in North Macedonia this may be attributed to statistical
misinterpretation. Clearly, there is an enormous potential for change in these rates.

3.2.2. Future CDW Management Scenarios

A starting point when considering the possible CDW management scenarios for the
Western Balkan countries may be the average European treatment rates shown in Figure 4.
The other point may be the management drivers from the countries with high recovery rates
and similar GDP per capita. The data for 2018 shows that the EU average recycling and
backfilling rate of the CDW mineral fraction are 83% and 7%, respectively, while only 10%
of the waste is disposed. This means that, on average, the EU has reached the WFD target
even before 2020. When it comes to CDW management drivers, almost all EU countries
have implemented either a landfill tax (ranging from EUR 5 to more than 100 per ton) or a
landfill ban [60].
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FIN—Finland; FRA—France; GBR—Great Britain; GRC—Greece; HUN—Hungary; IRL—Ireland;
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Apart from the introduction of landfill taxes, recycling in Slovenia and Croatia is
further encouraged by the end-of-waste criteria developed for iron, steel, aluminum, copper
and glass [61–63]. These criteria are oriented to increase the confidence of practitioners
in recovered material use and increase the maturity of the recovered material market
development. However, there are currently no quality standards developed specifically for
the recovered materials and their use in new products.
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One of the main drivers for high recovery rates are well established and mature
markets of recovered materials. For instance, valuable lessons for secondary material
market development may be acquired from the Netherlands, Germany and Denmark [9]
for Europe, or the United States, Australia and South Korea [64] for the rest of the world.
Additionally, aside from taxes and bans, market development barriers may be successfully
and more efficiently overcome by governmental subsidies or environmental credits for
green building certified by BREEAM or LEAD.

Evidently, one of the possible scenarios may be to reach the European average by a
prescribed period of time. On the other hand, countries that signed the Paris Agreement [65]
and that are devoted to the reduction of global GHG emission should not stop there. The
transition to a circular economy directly supports this goal, so scenarios based on this
approach should be included in future CDW management. Apart from quality standards
and end-of-waste criteria, which have been developed by the EU, the elements of these
scenarios should include high re-use and high-quality recycling rates achieved through
recovery thresholds at least on public projects [35] or economic instruments that would
subsidize markets of recovered materials.

3.3. Spatial and Temporal Scope of the Framework

The authors suggest that the proposed framework should be applied to the territory of
the Western Balkans for several reasons. To begin with, in addition to the EU Member States
Slovenia and Croatia, these countries share a combined territory of 292.3 thousand km2

(7% of Europe) and have almost 23.7 million inhabitants [66,67]. They also share similar
architectural characteristics and construction practices, especially for the buildings built in
the aftermath of World War II, when most of these countries were part of one federation
(Yugoslavia). As the economies still very much lean one on another, there is also a large
potential for the expansion of the recovered material market to nearby countries. Finally,
most of these countries are yet to adopt circular economy principles and develop new
business models to support these.

The other suggestion concerns the types of construction. Taking into account the share
of residential buildings in the building stock in one country and the circumstances where
infrastructure objects (bridges, tunnels, dams, etc.) are rarely renovated or demolished, the
authors recommend that the framework focus should be on residential buildings.

When it comes to the time limits of the study, the authors propose that residential
buildings with a higher probability that either renovation or demolition activity will occur
before 2050 be used in the future case studies. These are the buildings built from 1946 to
1990, which will be aged between 50 and 94 years by 2050 and will undergo renovation in
order to increase their energy efficiency. Apart from demolition, two other circumstances
that may generate large amounts of CDW in the future may be frequent earthquakes or
major development projects. The period prior to World War II was not considered, as it
was assumed that most of the building stock in these countries was built after the war. For
instance, in the case of Serbia and Bosnia and Herzegovina more than 84% and 98% of the
buildings, respectively, were built after 1946 [68].

3.4. Data Availability

Optimal and informed decision making requires quality and reliable data. The pro-
posed framework requires different categories of data for all three stages. These data may
come from various sources (Table 3), however the authors suggest that the assessment
should utilize official sets of data whenever possible. Data from the national statistic offices
are easily available and the most used data in literature. This framework uses data on the
quantity and type of residential buildings in a given country and their period of construc-
tion. Most of the counties gather these types of data from their censuses of population,
households and dwellings, which are organized every 10 years (i.e., 2001, 2011, 2021).
Considering that most of the countries delayed their censuses for a few months or even a
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year due to the COVID-19 outbreak, results from the previous censuses, held in 2011 (or
2013 in case of Bosnia and Herzegovina), are used.

Table 3. A review of the framework input data and data availability.

Country

Formation of MS Database
(Based on Archetypes)

Estimation of CDW
Quantity

Sustainability Assessment of CDW
Management Options

Source for Quantity
Estimation and

Period of
Construction

Architectural
Plans CR RR DR Criteria Alternatives

Decision-
Makers

Preferences

Albania instat.gov.al accessed
on 1 November 2021

to be
adapted to be calculated

ECO
ENVI

SOC as in
Table 2

as described
in Section 3.2

based on local
stakeholders’
preferences

BIH bhas.gov.ba accessed
on 1 November 2021 TABULA to be calculated

Croatia dzs.hr accessed on 1
November 2021

to be
adapted to be calculated

Kosovo *
ask.rks-gov.net
accessed on 1

November 2021
TABULA Sandberg et al.

MNE monstat.org accessed
on 1 November 2021

to be
adapted to be calculated

MKD stat.gov.mk accessed
on 1 November 2021

to be
adapted to be calculated

Serbia stat.gov.rs accessed on
1 November 2021 TABULA to be calculated

Slovenia stat.si accessed on 1
November 2021 TABULA Sandberg et al.

BIH—Bosnia and Herzegovina; Kosovo *—under UN Resolution 1244; MNE—Montenegro; MKD—North
Macedonia; MS—Material stock; CR—construction rate; RR—renovation rate; DR—demolition rate; ECO—
Economic; ENVI—Environmental; SOC—Social.

The other set of data, related to the archetypes of building, the physical characteristics
of their elements and the type of materials from which these elements were made, can
be obtained from the direct surveying of the residential building stocks. Conveniently,
13 European countries participated in the TABULA project, which was performed from
2009 to 2013, including Bosnia and Herzegovina, Serbia and Slovenia. This project was
cofounded by the European Union with the aim of developing building typologies and
calculating possible energy savings by the implementing improvement measures [68].
Buildings were classified on the basis of their type and period of construction; namely, single
house and multi-house buildings (including high-rise buildings) were further divided into
six groups depending on the period in which they were built (for example: before 1945,
1946–1960, 1961–1970, 1971–1980, 1981–1990, 1991–2011).

In these periods, 29 archetypes were developed for Bosnia and Herzegovina, 39 for
Serbia and 24 for Slovenia [68]. In the absence of better results for the other Western
Balkans countries, the authors suggest that these archetypes may also serve as the starting
points for Croatia, Kosovo, Montenegro and North Macedonia, especially if we analyze
the building stock for the period of 1946–1990, when all of these countries were part of
one federation. One may choose to use building archetypes from the adjacent regions of
neighboring countries with similar economies when deciding which available archetype
to use. For instance, certain archetypes from Slovenia may be used for north Croatia, or
archetypes from south Serbia may be used for Kosovo, etc.

Contrary to static building stock modelling, such as a time snapshot of building stock
in 2013, the second stage of the proposed framework involves dynamic stock modelling,
i.e., future changes of building stocks as developed by Sandberg et al. [69]. They used
information from national statistics and demolition and renovation probability to perform
the simulation of the building stock in 11 European countries by 2050. The results, based
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on data from 11 countries with different construction practices, showed similar results (the
renovation rate ranged from 0.6% to 1.6% while the demolition rate ranged from 0.4% to
1.2%). For Serbia and Slovenia, who participated in the Sandberg et al. study [69], the
future CDW management sustainability assessments may use the direct results from this
study, while other Western Balkan countries should develop their own simulations on the
basis of this model.

4. Discussion
4.1. Comparison with Other Sustainability Assessment Framework

The assessment framework proposed in this study is compared with other sustainability
assessments studies in the CDW management domain. Details of this comparison are provided
in Table 4. As shown in Table 4, other studies most often include the comparison of two CDW
treatment scenarios (mostly recycling and disposal) end evaluate only the environmental and
economical aspect of sustainability, while the proposed framework encompasses all CDW
treatment options (from re-use to disposal) and all sustainability aspects.

Table 4. Comparison of the proposed sustainability framework and literature data.

Reference
Scope Treatment

Options
Sustainability

Level Forecast Waste Stream ECO ENVI SOC

Proposed
framework NAT

√ bricks, concrete, stone,
metal, wood, plastic,

gypsum, glass

RU, RC, ER,
D

√ √ √

[55] REG - mixed CDW RC, D
√ √ √

[44] PRO - mixed CDW, wood, plastic,
plasterboards, glass, metal n/a

√

[43] NAT - concrete RC, D
√ √

[46] CIT - mineral CDW RC, D
√

[53] PRO
√

concrete RC
√ √ √

[42] PRO - concrete RC
√

[52] REG - gypsum, cement, concrete RC
√ √

[45] NAT
√ mineral CDW, metal, wood,

mixed CDW
RU, RC, ER,

D
√ √

[48,49] CIT
√

mixed CDW RC
√

[51] NAT
√

mixed CDW RC, D
√ √

[50] REG - mixed CDW RC, D
√ √ √

NAT—national level; REG—regional level; CIT—city level; PRO—project level; RU—re-use; RC—recycling;
ER—energy recovery; D—disposal; ECO—Economic; ENVI—Environmental; SOC—Social.

The proposed framework also aims to include more waste streams then other studies that
were mainly focused on concrete or mixed CDW stream. The information on CDW streams
quantities may lead to better forecasting and more effective CDW management decisions. To
facilitate this, the proposed framework integrates a bottom-up material stock analysis, rather
than using practitioners’ estimations or statistical data on the CDW quantities.

When it comes to the comparison of the scope of the studies, the presented framework
is designed for sustainability assessments on a national level, but can easily be applied on
a regional or a city level. The principles of the framework proposed here are not country
specific. The framework may be used worldwide in countries that are early adopters of the
circular economy approach and with no reliable statistics related to CDW management.
However certain preconditions are needed. The framework relies on the (arche)type of
residential buildings to determine the material stock and this has to exist in some form in
the particular country. Additionally, the renovation and demolition profile and the CDW
management scenarios are also country specific and are subject to the level of economic
development and the legal framework within the country.

142



Sustainability 2022, 14, 871

4.2. Limitations of the Framework

The proposed framework has several main limitations. One of the most important is
related to the material and building stock analysis. Namely, only residential buildings are
included on the basis of the assumption that as a result of the Renovation Wave strategy,
future activities will predominantly be the renovation of the residential building stock.
For the same reason and due to their age, only typical residential buildings that will have
existed for 50 or more years in 2040 are included.

Another limitation concerns the generalization of the entire residential building stock
and its approximation with typical building representatives. As much as these representa-
tives are rich in details regarding their physical and geometrical characteristics, they still
cannot represent the entire stock. However, with no other reliable data on the stock, the
authors believe that this is a good representation especially when it comes to construction
practices, element types and materials used in a certain period. In order to cover the un-
certainties in the quantity of materials and consequently the waste generated, the authors
suggest that a sensitivity analysis should be conducted in each stage of the framework.

Finally, the environmental aspect of the sustainability assessment is focused around
GHG emissions, CO2 emissions in particular. This was suggested in order to simplify the
analysis. CO2 emissions are easily calculated and monetized. On the other hand, other
emission to air such as dust, dioxins, etc. were excluded.

Furthermore, emissions to water (both surface and underground) and soil (leachate,
heavy metals) were not included in the study as they are considered minimal due to the
inert nature of the construction and demolition waste. However, future holistic assessments
should include them as well.

4.3. Implications for CDW Management

The primary focus of the presented work was to create a framework that is based
on sound research and that can be applied in practice and be as user friendly as possible.
Further research will focus on framework validation through case studies, as a platform
for benchmarking. Additional framework development implies the inclusion of more
evaluation criteria, non-residential buildings, a wider temporal scope and different methods
for MCDM analysis. The validation of the calculated waste quantities is expected to be
done with Building Information Modeling (BIM) and Geographic Information System
(GIS) modeling.

Decision-makers and practitioners can use the material stock database when planning
renovation and demolition strategies in certain locations as well as when designing their
business models. Both national and local governments may formulate more informative
CDW management strategies based on the proposed framework that would benefit the
environment and society at large.

5. Conclusions

The circular economy is gaining momentum worldwide, requiring that more complex
and more sustainable CDW management strategies are being developed. The existing mod-
els for sustainability assessment rarely include all three aspects of sustainability (economic,
environmental, social). On the other hand, almost all of the models are based on statistical
records on CDW quantities that often underestimate the real CDW generation rates.

The integrated framework proposed in this work uses scenario and multi-criteria
analysis that are frequently used in the decision-making process and couples them with
a bottom-up material stock analysis. The framework is designed to yield three sets of
results: a material stock database, the quantity of CDW and the optimal scenario for
managing this CDW. Aside from the obvious use in CDW management decision-making,
the authors believe that the material stock database may be a valuable resource for circular
economy planning. This database scales the type and the quantity of materials built into
the residential building stock. At some point this material will become waste due to
renovation and demolition activity. By knowing its quantity and composition, different
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CDW management strategies with higher re-use and recycle rates may be developed that
support the Circular economy. The authors propose the use of AHP for the selection of the
optimal CDW management scenario. This is completed in two steps: (1) through economic,
environmental and social criteria comparison on the basis of experts’ preferences; and
(2) scenarios (alternatives) comparison on the basis of these criteria.

Future frameworks may include non-residential buildings and cover the entire build-
ing stock as well as infrastructure objects. As well as this, a temporal boundary of future
research may be extended to cover buildings built after 1990. Considering that circular
economy-oriented legislation is expected in the years to come, future scenarios should
analyze its impact on the society in these countries.

Considering that the sustainability assessment suggested in the framework will be
the first of its kind in the Western Balkans as well as in Croatia and Slovenia, the authors
believe it would be very beneficial both to governments and practitioners. Governments
may use it when analyzing and deciding on the circular economy policies and strategies
for CDW management at both the national and local scale, while practitioners may use it to
create more sustainable and more circular business models.
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Abstract: Life Cycle Assessment (LCA) is considered an innovative tool to analyze environmental
impacts to make decisions aimed at improving the environmental performance of building materials
and construction processes throughout different life cycle stages, including design, construction, use,
operation, and end-of-life (EOL). Therefore, during the last two decades, interest in applying this tool
in the construction field has increased, and the number of articles and studies has risen exponentially.
However, there is a lack of consolidated studies that provide insights into the implementation of
LCA on construction and demolition waste (C&DW). To fill this research gap, this study presents a
literature review analysis to consolidate the most relevant topics and issues in the research field of
C&DW materials and how LCA has been implemented during the last two decades. A systematic
literature search was performed following the PRISMA method: analysis of selected works is based
on bibliometric and content-based approaches. As a result, the study characterized 150 selected works
in terms of the evolution of articles per year, geographical distribution, most relevant research centers,
and featured sources. In addition, this study highlights research gaps in terms of methodological and
design tools to improve LCA analysis, indicators, and connection to new trending concepts, such as
circular economy and industry 4.0.

Keywords: demolition waste; management; life cycle assessment; circular economy; sustainability;
concrete; recycling

1. Introduction

The need for more buildings and infrastructure parallels the population growth and
natural expansion of cities and urban projects. In this context, the construction industry
has an important role in increasing greenhouse gas emissions and global warming [1]. It is
estimated that approximately 40% of all raw materials obtained from the lithosphere are
consumed by the construction sector, representing almost 50% of global greenhouse gas
emissions [2]. In addition, construction involves high consumption of building materials,
water use, and improper waste management during the EOL phase [3].

The sustainability issues previously mentioned are contrasted with new policies to
promote the reduction, reuse, and recycling of construction and demolition waste (C&DW),
which provide essential reductions in the consumption of virgin materials and impacts
associated with primary production and transportation. Research efforts during the last
two decades have been oriented to include C&DW materials as an aggregate of new
concrete mixtures, for example, [4–8]; new design approaches include the use of building
information modeling (BIM), e.g., [9,10]; and others works, for instance, [11–13] have
evaluated environmental benefits of using C&DW as replacement of virgin materials
without affecting mechanical properties significantly.

All of these research approaches have some methodological tools in common. The
one most employed is the LCA, which allows consolidating, comparing, and assessing
sustainability impacts through environmental, economic, and social indicators. On a
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broader scope, sustainability of infrastructure and buildings projects are studied from a
LCA perspective, since it can highlight environmental and economic drivers in C&DW
management [14]; LCA is also employed to make decisions in early design phases, such
as the selection of materials or in EOL scenarios to define best suitable options among
recycling, reuse, or disposal of materials [15,16]. The usefulness of LCA lies in the determi-
nation and comparison of impacts to make decisions that will affect the entire life cycle of
any building or infrastructure project.

In the construction field and related explicitly to the C&DW, LCA is commonly used
to select the most suitable scenario between landfill, recycling, and incineration [3] but
is not commonly considered from a design perspective. A well-defined challenge in this
research field is to include life cycle stages of buildings and infrastructures, such as the
design, construction, use, operation, and EOL, including environmental interventions
related to construction materials (primary production or extraction, transportation, and
fabrication of construction materials), construction and maintenance activities, and not
only to dismantling operations during the EOL phase [17]

Some literature reviews related to the topic of LCA for C&DW are available; however,
they do not cover the same observation window and imply different research purposes.
Some examples of the most relevant reviews include Laurent et al., 2014 [18], who presented
a comprehensive revision of LCA research works on solid waste management systems
to consolidate their main findings and learnings. In addition, they also summarize main
findings and research gaps to address new research opportunities. Bovea and Powell
2016 [19] developed a review of the literature related to the application of LCA methodology
for assessing the environmental performance of C&DW systems. This work aimed to create
a general mapping of existing literature and summarizes the best practices in compliance
with the conventional LCA framework.

Similarly, Rodrigues Vieira et al., 2016 [20] presented a review oriented to analyze the
use of LCA methodologies during the manufacturing of ecological concrete from C&DW
materials. Later, Wu et al., 2019 [21] developed a study of the performance assessment
methods (including LCA) for C&DW management. In addition, they proposed a framework
for improving the assessment of waste management systems.

Thus, this article presents a systematic and broader literature review of works related
to LCA applied to materials derived from C&DW, considering the flow of materials toward
the development of circular economy in the construction sector. A bibliometric and content-
based analysis highlights common findings, research gaps, and future research trends.
On the one hand, bibliometric analysis comprised the evolution of the number of articles
during the last two decades, the geographical distribution of works, featured researchers,
most relevant research centers and journals, and most cited articles. Furthermore, content-
based analysis studied the objective and methodology followed by authors, practical
applications, C&DW materials analyzed, and the most common LCA parameters employed
in previous studies.

2. Methods

This section describes the methodological steps to collect, screen, and analyze selected
works from the existing literature. There is a methodology for the literature review and
another for analyzing selected works, which is performed following bibliometric and
content-based analysis.

2.1. Literature Review

Search and collection of research articles was performed using the SCOPUS database
and complementary searches in Google Scholar. To facilitate the search procedure, we used
a search query (Appendix A) that includes keywords such as “LCA”, “construction waste”,
“demolition waste”, among others. Furthermore, the search query included additional
filters to limit the type of documents (articles from only journals, English language, and
matching of extracted keywords).
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The PRISMA approach was used to systematically identify the most relevant works
regarding the topic of LCA and C&DW (Figure 1). First, 209 records were collected from the
SCOPUS database and secondary searches after eliminating duplicates. Later, 173 articles
were classified as related works after revising title, abstract, methods, and conclusions.
Finally, 150 entries were classified as selected works after performing a detailed and
complete revision of articles.
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2.2. Bibliometric and Based-Content Analysis

The analysis of the 150 selected works was divided into two main subsections: the first
dedicated to summarizing bibliometric attributes, and the second focused on the content-
based study of selected works. The bibliometric analysis provides useful information
about the overall attributes of articles, authors, journals, among others. For this analysis,
bibliometric software was not used for analyzing data.

On the other hand, the content-based analysis aims to study in detail the objectives,
methodologies, and applicability of selected works and future research directions. Table 1
summarizes the investigated aspects covered in this study and the possible categories
considered for each one. In addition to the research aspects shown in Table 1, this study
analyzed the use of LCA indicators, the most common C&DW materials studied in the
selected works, and main research topics and trends related to LCA applications on C&DW.
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Table 1. Detail of investigated aspects in the content-based analysis.

Investigated
Aspect Categories Category Definition

Objective Evaluate, assess, or quantify The article aims to measure life cycle
impacts and compare data

Propose methodology,
guideline, or indicator

The article proposes a new methodological
approach or indicator

Explore or analyze The article analyzes relationships, data,
and results from previous research

Methodology Analytical

The article is based on analytical models,
experimentation, or mixed approaches to

calculate and determine key indicators and
compare results

Framework

The article proposed a framework to
analyze and evaluate EOL scenarios or life

cycle implications of using C&DW
materials

Review The article employed a literature review
approach

Survey The article gathers information and
research gaps from surveys

Applicability EOL decision making
The article provides helpful information to
compare and select the most suitable EOL

scenario

Material selection
The article provides helpful information to

select materials in the fabrication of new
products

Measurement of sustainability
impacts

The article provides helpful information
about how to measure sustainability
impacts in a nonconventional way

3. Results
3.1. Bibliometric Analysis

This subsection includes the evolution of research articles, contributions by region,
most prominent research clusters, most relevant journals, and top-cited articles during
the last two decades, among others. Each one of such aspects is described in detail below.
Figure 2 shows the evolution of the number of articles during the last two decades. It
demonstrates that LCA and C&DW are growing topics, especially during the last five years
(Table 2). Regarding research articles, an increase from one or two works up to 37 works in
less than 15 years is remarkable. This reveals an expanding research interest motivated
for worldwide initiatives such as sustainable development goals, policies, and legislation
related to sustainability and a more environmentally conscious society.

Table 2. Consolidated summary of selected works obtained from the systematic literature search.

Time Interval

2015 to 2021 2010 to 2014 2005 to 2009 2000 to 2004

References [1,5–14,19–126] [3,4,15,18,127–146] [17,147–149] [150]
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In terms of contributions per region, Europe and Asia have a vast advantage over
the rest of the world. Just a few selected works were developed in North America, South
America, and Oceania. Africa has minimum participation (one contribution) in the sample
of selected works. Figure 3a summarizes the distribution of selected works by region.
Figure 3b, on the other hand, shows a detailed distribution of selected works per country.
Countries with a higher number of contributions based on author affiliations are China
(30), Spain (23), Italy (22), Australia (12), and the USA (12).
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After summarizing the analysis of selected works regarding affiliation of authors, three
leading universities are identified (Figure 4a): (i) The Hong Kong Polytechnic University
(China), (ii) Shenzen University (China), and (iii) The University of Adelaide (Australia). In
addition, four universities from Italy and three from Spain were identified and important
actors in the topic of LCA and C&DW. Finally, from Latin America, just one university is
positioned in this ranking, the University of Campinas (Brazil).
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The most relevant journals in the topic of LCA and C&DW are Journal of Cleaner
Production with 30 selected articles, followed by Waste Management (19), Resources, Conserva-
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tion & Recycling (18), and the International Journal of Life Cycle Assessment (10). Figure 4b
summarizes the contributions per journal with at least two records. The other journals not
mentioned represent individual contributions.

From the analysis of authors’ affiliation, it was possible to identify four main research
clusters among authors with several contributions in the LCA application on C&DW
management and decision-making. Table 3 includes the most relevant research clusters.

Table 3. Main research clusters of researchers (collaborative research works) worldwide during the
last two decades.

Research Works Most Relevant
Authors Topics Studied

[22,60,68,71,72,86,99] LP Rosado; P Vitale; C
Penteado

LCA of natural and mixed recycled
aggregate; Waste management of

C&DW; Influence of disposal fees on
municipal waste management of

C&DW; LCA of EOL of residential
buildings; Attributional LCA of Italian

residential multifamily building.

[56,57,70,85] MD Uzzal Hossain; CS Poon

Comparative environmental evaluation
of construction waste management;

Comparative environmental evaluation
of aggregate production from C&DW;

Upcycling wood waste into
cement-bonded particleboard

[31,62,76,91,151] S Zanni; A Bonoli; GM
Cuenca-Moyano

Environmental assessment and life
cycle inventory of mortars made of

natural and recycled aggregates;
Framework for circular economy in
buildings; Environmental impact of
natural inert and recycled C&DW

processing using LCA.

[74,82,96,124] S Pantini; L Rigamonti; G
Borghi

Selective demolition; resource-efficient
management of asphalt waste;
resource-efficient strategies for

managing post-consumer gypsum;
LCA of nonhazardous C&DW

From the sample of 150 selected works, 11 articles were identified as key contributions
based on their cumulated citations until the literature search date (21 April 2021). Table 4
comprises a brief description of the 11 articles.

3.2. Content-Based Analysis

Selected works were classified according to their objective and methodology, which
were defined previously in Section 2.2. Figure 5 shows a graphical summary of the objective
vs. methodology for the 150 selected works. As the main result, it is remarkable that 72% of
selected works are oriented to evaluate, assess, or quantify sustainability impacts from an
analytical perspective. In the second place, articles proposing methodologies, guidelines,
or indicators represent 18%, where most works followed an analytical approach, and just
one article is categorized as a framework. In third place, articles aiming to explore or
analyze represent 10%. Finally, in this last category, most works are review-type, and just a
few are based on other methodologies such as surveys or frameworks.
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Table 4. List of most cited selected works. Articles with at least 100 citations (until April 2021).

Reference Citations Brief Description

Laurent 2014 [18] 323
Review article that analyzes the knowledge from

222 published LCA studies of solid waste
management systems from 1995 to 2012.

Blenglini 2009 [17] 286 Study about LCA of residential buildings in an
urban area under demolition and redesign.

Yeheyis 2013 [15] 179

Framework to maximize the implementation of 3R
strategies (reduce, reuse, and recycling) and
minimize the disposal of construction and
demolition waste through the use of LCA.

Blengini 2010 [141] 155
Analysis of environmental implications of C&DW

recycling chain in Torino, Italy, using a
geographical information system and LCA.

Bianchini 2012 [127] 129
Review article that analyzes the social cost–benefit

of green roofs. A case study involves the use of
C&DW for constructing roof layers.

Coelho 2012 [145] 119
Study of environmental impacts of buildings

through their whole life cycle considering different
waste/material management options.

Hossain 2016 [56] 119
Comparative LCA of aggregate production using
recycled waste materials and virgin sources from

first-hand data.

Ortiz 2010 [3] 112

Evaluation of environmental impacts of
construction waste in terms of the Life Program

Environment Directive of the European
Commission.

Cao 2015 [42] 110
Comparison between prefabrication technology

and cast in situ technology. Environmental
performance is evaluated through LCA.

Knoeri 2013 [132] 108
Analysis of life cycle impacts of recycled concrete

mixtures with different cement types and
compared to conventional concrete.

Dahlbo 2015 [43] 106
Assessment of the performance of C&DW

management systems from an environmental and
economic perspective.

The practical application of selected works is summarized in Figure 6. most of
the works (40%) are focused on the decision-making of the most suitable EOL strategy
(recycling offsite, onsite, and landfill). EOL strategies are commonly contrasted using
LCA indicators and transportation or reprocessing costs. Another relevant identified
application (38%) compares the technical performance of C&DW materials versus virgin
materials. Such analysis provides helpful information and methodological approaches for
selecting materials and their fractions to fabricate new products. Lastly, the measurement
of environmental or mechanical properties of construction materials using fractions of
C&DW is also identified (6%), comprising methods, indicators, and assessment frameworks.
Sixteen percent of selected works represent very particular applications or individual
contributions, including analyzing waste recovery goals in specific regions, evaluating
land consumption, and evaluating conventional vs. selective demolition.
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Regarding the construction materials analyzed in the selected works, it was found
that 49% of them (72 works) considered a very diverse group of materials that included
ceramics (concrete, cement, bricks, gypsum, drywall, glass), metals (steel, iron, aluminum,
copper), and polymers (insulation, rubber). Another important group of works was focused
solely on aggregates from the diverse origin (19%), concrete aggregates (10%), and just
nine works (6%) were oriented to a unique material (gypsum, asphalt, bricks, polymers).
Fifteen percent of selected works (22) did not specify the construction material. Figure 7
shows the distribution of selected works for the categories in terms of absolute values.

LCA parameters most employed are global warming potential, acidification, energy
consumption, eutrophication, and photochemical ozone creation potential, which are con-
ventional parameters included in LCA approaches. Some interesting and nonconventional
parameters such as cost, person-year equivalent, land occupation, and Eco-Indicator 99
were also found less frequently in the selected works. Figure 8 summarizes and lists the
LCA parameters most used in the selected works.

A detailed analysis of data shown in this section regarding bibliometric and content-
based analysis is performed in Section 4 (Discussion).
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3.2.1. Research Topics

This subsection describes four main topics identified in the literature analyzed. Such
topics summarize the most common and relevant themes covered in LCA and C&DW
during the last two decades. Each topic is described in detail as follows:

• Material Selection/Definition of C&DW Fraction for Construction Applications

The most common topic related to LCA use is the decision-making on choosing con-
struction materials and defining the range of C&DW fractions in new products or building
projects. In this topic, concrete was the material most studied, commonly analyzing the car-
bon footprint, e.g., [128,152]; carbon footprint and embodied energy [134], greenhouse gas
emissions and land-use change [7], or analyzing contamination issues such as content and
leaching of sulfates in recycled aggregates [146]. Other works were focused on developing
new materials or construction products, and using fractions of C&DW as aggregate or
filling material. Typical applications of previous works were focused on concrete, asphalt,
and bricks.
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Related to concrete, [98] compared two use-cycles of natural aggregate concrete and
recycled aggregate concrete to analyze the environmental impacts of recycled materials.
Results demonstrated the benefits of using recycled materials, such as environmental sav-
ings, primary resource use, embodied energy, embodied emissions, and reduced pressure
on landfill sites. Reference [52] evaluated the energy consumption of all processes to manu-
facture concrete curbs using recycled aggregates for replacing natural sand aggregates.

Other works are related to brick manufacturing with some fraction of C&DW, and
acceptable results concerning mechanical and durability properties and significant environ-
mental impact reduction. For example, [83] performed an analysis of concrete and ceramic
remains used to partially substitute clay soil to produce unfired bricks. Reference [126]
compared reusable blocks with recycled brick aggregate, reusable blocks with recycled
concrete, reusable blocks with natural aggregate, and regular concrete wall in mechanical
properties and environmental impacts. Reference [33] employed LCA to demonstrate
significant environmental benefits with the use of demolished concrete blocks over con-
ventional concrete. Similarly, [57] assessed and compared the environmental impacts and
sustainability associated with natural blocks manufactured with virgin materials and three
generations of ecoblocks manufactured with C&DW. Other authors, e.g., [62,76], employed
LCA to quantify and compare the environmental impacts associated with the production
of masonry mortar manufactured with different amounts of fine natural and recycled
aggregate from C&DW.

Other less common materials were studied in the selected works analyzed; for in-
stance, [143] performed a study to identify the stages that produce the most significant
impact on the environment (materials and processes) in the use of ceramic tiles. Like-
wise, [137] developed a comparative LCA on the energy requirements and implications
of greenhouse emissions of recycling construction and demolition rubble and container
glass. Reference [55] performed an LCA approach to evaluate the performance of recovered
gypsum waste to manufacture ordinary Portland cement. Lastly, [103] demonstrated the
calculation of the economic potential and environmental impact of reused steel building
elements.

Regarding nonconventional materials, it was found that some authors worked on
possible composite materials not directly employed in construction applications, for exam-
ple, [37] who compared the use of waste materials derived from C&DW as alternative filers
in the production of thermoplastic composites using recycled high-density polyethylene
as a matrix material. Likewise, [94] assessed the environmental impact of wood polymer
composite production using specific C&DW fractions (wood, plastic, plasterboard, and
mineral wool) compared to conventional waste treatment scenarios such as landfilling and
incineration. C&DW has been used as complementary material in some cases, e.g., [144],
who developed a bamboo and C&DW residential building prototype and its LCA com-
pared to a typical brick–concrete building, demonstrating benefits in embodied energy
from the recycling of demolition waste.

Other studies were oriented to analyze different life cycle phases of construction
materials, as in the case of [77], who assessed the environmental impacts on the production
of aggregates via each scenario using life cycle assessment (virgin vs. recycled aggregates),
including energy consumption and CO2 emissions as the comparative indicator.

• EOL Decision-Making

The selection of the most suitable EOL strategy to manage C&DW is one of the
most studied topics in the literature. Commonly, it is used to compare decision scenarios
such as landfilling materials, recycling, and analysis of C&DW use in different fractions
and incineration to obtain thermal energy. Commonly, the LCA approach is used to
determine what alternative is better, according to the case study. Some relevant examples
of this LCA application include [3], who evaluated environmental impacts considering
landfilling, recycling, and incineration of demolition waste. Other works, such as that
proposed by [139], assessed the EOL of a building to identify the demolition process
variables that affect energy consumption and GHG emissions. Other authors, e.g., [119],
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combined LCA and LCC (life cycle cost) to analyze the environmental and economic drivers
of three different waste disposal scenarios (landfilling, recycled aggregate, and recycled
powder). Likewise, [115] compared the life cycle environmental implications of two C&DW
management alternatives (inert landfilling and integrated wet recycling). Reference [60]
presents analysis of six different scenarios for C&DW that included a combination of
landfill, sorting, and recycling, and the use of material for landfill roads. Reference [41]
analyzed the potential environmental impacts associated with C&DW utilization in road
construction compared to landfilling, including analysis of transportation distances and
the entire life cycle of construction products. In terms of industrialized treatment processes
for C&DW, [29] analyzed mixes of recycled aggregates from C&DW treatment plants to
evaluate the viability of their use in the construction of road layers. It was determined that
these materials, when they come from C&DW with selective collection at origin, cause less
environmental impact than the impact caused by the use of natural aggregates to build
road layers.

• Waste Management Systems

Several studies were focused on or related to strategies around the waste management
systems for C&DW. Such works commonly have a managerial approach and included
broader analysis on how technical factors influence the sustainability performance of
the waste management process. We can here highlight some interesting approaches.
For example, [150] proposed a model to evaluate waste management systems, including
environmental, economic, and social aspects of C&DW. References [56,145] quantified
environmental impacts within an LCA for buildings in which life cycle stages were adjusted
to several waste/material management options. Overall analysis, such as the one proposed
by [141], consisted of analyzing the energy and environmental implications of the C&DW
recycling chain in a particular region of Italy. It included land use, transportation, and
avoiding landfills. Moreover, data related to generate life cycle inventories, such as that
described in [129], were used to develop and analyze a life cycle inventory of C&DW
management systems based on primary data. More recent studies, as in [15], were oriented
to develop conceptual C&DW management frameworks to maximize reduction, reuse,
and recycling of materials. Lastly, some interesting recent works [34,73] focused on waste
prevention scenarios from early design phases. These studies aimed to predict or simulate
waste generation before the construction phase and mitigate future environmental impacts
derived from C&DW management.

• Other Trends

Some interesting and novelty approaches were identified in the research articles
selected. In the case of sustainability indicators dedicated to C&DW, [15] proposed a
cycle-based C&DW sustainability index to assist designers during the selection of material,
sorting, recycle/reuse, and treatment or disposal options for C&DW. In the field of method-
ological approaches, LCA has been combined with different tools to improve results and
robustness of the life cycle analysis. Several variations of LCA and combinations can
be noted. For instance, [4] proposed LCSA (life cycle sustainability analysis) applied to
concrete recycling. Approaches based on building information modeling (BIM) were also
identified, e.g., [9,10,39], which analyzed the environmental impact of materials converted
into waste by evaluating with a BIM tool.

3.2.2. Common Findings

This subsection summarizes the most representative results from selected works in
terms of sustainability after applying LCA on C&DW analysis or management:

• LCA demonstrates the reduction of this new material on the global warming potential
of concrete. Reductions from 66 to 70% are possible for high strength concrete with
low clinker content and 7–35% with a higher clinker content [135]. Similarly, [132]
developed a comparative analysis of recycled and conventional concrete. Results

160



Sustainability 2021, 13, 7676

demonstrated a reduction of (−30%) environmental impacts for Eco-Indicator 99 and
ecological scarcity.

• Transportation stage plays a critical role in the recycling process of C&DW [69,78,129,137].
Depending on the distance to the destination (in the case of production exportation), it
can be one of the most predominant stages from the environmental perspective [143].

• It is necessary to analyze the environmental performance of a system from differ-
ent perspectives before decision-making. Recycling waste is not always the best
alternative for C&DW; it depends on regional differences in operations and waste
composition [43].

• Benefits from substituting primary raw materials can be overset by the increased
impacts due to additional energy requirements of the selective demolition compared
to the traditional one. Consequently, the environmental sustainability of selective
demolition should be addressed on a case-by-case basis [124].

• Preventative models can support the preparation of national waste programs and
could serve as an instrumental tool to simulate the environmental impacts of construc-
tion waste management scenarios that include waste prevention [34].

• LCA and GIS (geographical information systems) provide beneficial results to ana-
lyze EOL scenarios by considering the number, size, type, and location of recycling
plants [141].

4. Discussion

After performing the literature search, identifying the selected works, and developing
the bibliometric and content-based analysis, several issues can be highlighted concerning
the concept of LCA and C&DW.

Firstly, LCA approaches and C&DW are a growing and trending topic that will
be gaining more relevance in waste management and the design and planning of new
industrial and residential projects worldwide. Furthermore, there is a generalized pressure
for finding more environmentally friendly solutions and the almost mandatory requirement
of measuring and reducing impacts during the whole life cycle of buildings. Therefore,
more research efforts are required worldwide to contribute more specialized knowledge to
aid designers, architects, and engineers during the conception of new building projects and
the EOL management of existing ones. LCA is still challenging due to the data required, the
availability of indicators, and characterization factors related to each case study. However,
it is a helpful tool to analyze and make decisions related to environmental issues for using
and managing C&DW.

Following the previous idea, it is notable that only a few countries have an important
research advance in evaluating C&DW materials from a holistic life cycle perspective. For
example, countries such as China, Spain, and Italy have a well-established research agenda
in the field, proposing strategies and engineering approaches to manage and recover
material from existing buildings and comparing technical performances between C&DW
and virgin materials. Although most research is limited to a particular region, province, or
city, methodological approaches based on geographic information systems, optimization
techniques to analyze logistic burdens and costs, detailed environmental analysis, and
statistical approaches can be extrapolated to other countries and regions. Furthermore, it is
necessary to include in such an analysis the source of virgin materials and construction
products from a worldwide point of view since several materials are imported depending
on the demanding country or region.

In terms of objectives or purpose of selected works, most are dedicated to evaluate,
assess, and quantify technical attributes (environmental, economic, and related to me-
chanical properties) of C&DW. Such works focus on providing helpful information to
make decisions related to select materials, determine the most suitable waste management
strategy (recycling onsite, offsite, and landfill) existing C&DW. Nevertheless, the practical
application of such works is limited by local conditions and other factors, such as current
legislation, transportation infrastructure, and technology availability. In terms of mate-
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rials, management alternatives for C&DW need to be addressed individually due to the
vast amount and variety of construction materials currently available. It is necessary to
consolidate comprehensive databases, preferably including the origin and destination of
raw materials.

Some works propose new methodologies, guidelines, or indicators to study C&DW
materials compared to conventional virgin materials. However, these studies are fewer
compared to those dedicated to evaluating, assessing, and quantifying, which demonstrates
a lack of methodological approaches, not only for the management of C&DW, but also for
the whole life cycle, starting from early design phases. Nevertheless, unfortunately, most
existing buildings closer to their EOL stage were constructed without considering life cycle
implications, especially those built before 2000. Lastly, in a minor proportion, several works
aimed to explore or analyze previous research results. Such articles are review-type and
consolidate information and data from LCA application cases on buildings, and highlight
research gaps in a general perspective. As an important opportunity, it is remarkable that
LCA shows improved results when it is combined with other methodological tools such
as material flow analysis, life cycle cost, environmental life cycle costing, multicriteria
analysis, among others. Selected works consider a wide variety of C&DW materials that
include concrete, steel, brick, plaster, insulation, glass, aluminum, gypsum, board, ash,
timber, wood, and rubber.

Moreover, most analytical works consider five to twelve materials, including all possi-
ble materials obtained from demolition tasks. This provides a robust characterization in
terms of LCA. However, to fully assess many materials through LCA (primary production,
secondary production, transportation, use, and EOL) requires a vast amount of information
that can be difficult to find in the literature, especially when a local context analysis is
necessary and when the chemical composition of materials can vary according to their
geographical source. The complexity of this issue is increased when eight or more LCA
parameters or indicators are required.

Indicators employed in LCA include various chemical, physical, and technical pa-
rameters that provide full detail of sustainability burdens in different life cycle stages
(manufacturing, use, and EOL). However, there is no homogeneity in the use of LCA
indicators, which does not allow a technical comparison of research works. Therefore,
to avoid confusion and misunderstanding of results from the case study analysis, it is
necessary to dedicate research efforts to the definition of worldwide accepted indicators or
measurement parameters.

5. Barriers and Future Challenges

From the analysis of selected works, several common barriers were identified. The
most relevant are described in detail below:

• LCA is a method based on data inventory; therefore, the robustness of each analysis
depends on the availability of data to measure and compare environmental indicators.
A significant proportion of selected works (30% approximately) employed a complete
set of environmental indicators. Meanwhile, most of the works (50% approximately)
employ one to four indicators. This demonstrates a bias in the implementation of the
method in the group of selected works. This situation makes it difficult to make a
detailed comparison among the research works with traceability and reliability.

• There are no widely extended policies related to the disposal of debris in construc-
tion sites and the threshold of recycled-content building materials [17,144]. This is
evidenced in the type of approach proposed by most research works based on local
analysis (municipalities, cities, or regions). Therefore, there is no formal approach to
evaluate C&DW through LCA in a world unified methodology. The consequences of
this situation can be seen on a larger scale in the European Union (Figure 9), where
although the recovery average of C&DW is around 30%, the situation varies from coun-
try to country. For example, southern countries such as Spain, Portugal, and Greece
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only recover approximately 5% of the generated C&DW, while northern countries
such as Holland, Belgium, and Denmark recover more than 80% of the CD&DW.
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Figure 9. C&DW recovery in European Union countries. Adapted from ref. [153].

• The economic viability of C&DW management is insufficient to guarantee its imple-
mentation. Other factors must be included in the analysis, such as logistic deadlines,
availability of resources, transportation issues, derived environmental impacts, among
others [150]. It is necessary to have an entire database of environmental and technical
data from all raw materials (including geographical origin) to develop robust analysis
based on a sustainability perspective that includes environmental and social aspects.

• Commonly, it is concluded that recycling is more sustainable, but from an absolute
perspective, it can cause an unacceptable impact on the environment [150]. The impact
of recycling must be considered in any LCA analysis using a case-by-case basis.

• According to the results previously explained and discussed, five main research
challenges need to be addressed to improve the applicability and effectiveness of LCA
approaches to study C&DW.

• LCA implementations found in the existing literature focus on specific locations or
cities; there is no traceability of the primary source of materials that can even be
imported from distant regions. A robust LCA approach should consider the entire
life cycle, considering socioeconomic conditions of locations or countries where raw
material is obtained and processed until it is delivered as a construction material or
product. The same consideration should be included to select the most suitable EOL
alternative of C&DW, involving long travel distances.

• Most research works are focused on recycling concrete or aggregates of different nature.
However, it is necessary to propose new approaches that provide different circular
economy strategies such as repair or repurpose to avoid reprocessing of C&DW
material that can be more expensive in terms of cost and environment. Recycling is
considered one of the less desirable among the circular economy strategies [154,155],
since it involves using resources (energy, water, additional supplies) that can be
significant compared to the extraction of virgin material. Nevertheless, due to the
nature of construction materials, it is difficult to apply many strategies compared to
electronics, industrial machines, and domestic appliances.
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• Dedicated design methodologies that include prediction of environmental impact,
maintenance tasks, and demolition processes must integrate LCA data from early
design phases. Building information modeling presents vast potential as a tool for
including LCA aspects and facilitating the waste management of buildings during
their EOL stage.

• Industry 4.0 technology and advanced techniques such as artificial intelligence, ma-
chine learning, and digital twin are required to boost new research efforts for building
project design and waste management. In addition, simulation tools and modeling
software need to include material property databases to assess and select materials
from early design phases. Thus, it facilitates calculations and the decision-making of
construction materials and their fractions when C&DW sources are considered for
replacing virgin material.

• More research is required to evaluate the role of legislation and policies in different
countries related to the waste management of C&DW and their evolution during
the last decade. For example, stimulating and controlling approaches should be
considered to move construction to a circular economy model. In addition, some new
business models associated with the servitization of buildings (co-living, working
spaces, rent-based offices) must be assessed in the use stage to compensate for possible
costs during the EOL phase.

6. Conclusions

This article aimed to consolidate and summarize relevant trends and insights from
a systematic literature review of works related to LCA and C&DW during the last two
decades. The works identified and selected were analyzed following a bibliometric and
content-based analysis. Global bibliometric parameters included the evolution of works in
time, geographical distribution of works, most relevant research centers, featured journals,
and research clusters. The content-based analysis covered objectives and methodology,
practical application, C&DW materials studied, and LCA parameters. Research gaps lie
in the need for more research dedicated to design methodologies that provide helpful
guidelines to consider the whole life cycle of buildings from early design stages, to include
a more circular economy perspective to generate additional alternatives to recycling and
recovery of C&DW, and to more broadly analyze globalized supply chains to consider the
entire life cycle impact of raw materials. Additionally, there is a need to integrate Industry
4.0 and new data-driven methods to optimize design and decision-making around the
management of construction materials. Furthermore, research is necessary to analyze the
impact of uneven evolution of legislation and policies worldwide and evaluate their impact
on long-term sustainability performance in the world construction sector.
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Appendix A. Full Search Query Employed in SCOPUS Database

TITLE-ABS-KEY ((“CDW” OR “Construction waste” OR “demolition waste”) AND
(“LCA” OR “Life cycle Assessment” OR “Life cycle Analysis” OR “Lifecycle Assessment”))
AND (LIMIT-TO (SRCTYPE, “j”) OR LIMIT-TO (SRCTYPE, “p”)) AND (LIMIT-TO (DOC-
TYPE, “ar”) OR LIMIT-TO (DOCTYPE, “cp”) OR LIMIT-TO (DOCTYPE, “re”)) AND
(LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-TO (EXACTKEYWORD, “Life Cycle”)
OR LIMIT-TO (EXACTKEYWORD, “Demolition”) OR LIMIT-TO (EXACTKEYWORD,
“Construction And Demolition Waste”) OR LIMIT-TO (EXACTKEYWORD, “Life Cycle
Assessment”) OR LIMIT-TO (EXACTKEYWORD, “Life Cycle Assessment (LCA)”) OR
LIMIT-TO (EXACTKEYWORD, “Life Cycle Analysis”) OR LIMIT-TO (EXACTKEYWORD,
“Demolition Wastes”)) AND (EXCLUDE (OA, “all”)).

Results: 201 records (21 April 2021).
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13. Kvočka, D.; Lešek, A.; Knez, F.; Ducman, V.; Panizza, M.; Tsoutis, C.; Bernardi, A. Life cycle assessment of prefabricated
geopolymeric façade cladding panels made from large fractions of recycled construction and demolition waste. Materials 2020, 13,
3931. [CrossRef] [PubMed]

14. Di Maria, A.; Eyckmans, J.; van Acker, K. Downcycling versus recycling of construction and demolition waste: Combining LCA
and LCC to support sustainable policy making. Waste Manag. 2018, 75, 3–21. [CrossRef]

15. Yeheyis, M.; Hewage, K.; Alam, M.S.; Eskicioglu, C.; Sadiq, R. An overview of construction and demolition waste management in
Canada: A life-cycle analysis approach to sustainability. Clean Technol. Environ. Policy 2013, 15, 81–91. [CrossRef]

16. Di Maria, A.; Eyckmans, J.; van Acker, K. Use of LCA and LCC to help decision-making between downcycling versus recycling of
construction and demolition waste. In Advances in Construction and Demolition Waste Recycling; Woodhead Publishing: Sawston,
UK, 2020; pp. 537–558.

17. Blengini, G.A. Life cycle of buildings, demolition and recycling potential: A case study in Turin, Italy. Build. Environ. 2009, 44,
319–330. [CrossRef]

18. Laurent, A.; Bakas, I.; Clavreul, J.; Bernstad, A.; Niero, M.; Gentil, E.; Hauschild, M.Z.; Christensen, T.H. Review of LCA studies
of solid waste management systems-Part I: Lessons learned and perspectives. Waste Manag. 2014, 34, 573–588. [CrossRef]

19. Bovea, M.D.; Powell, J.C. Developments in life cycle assessment applied to evaluate the environmental performance of construc-
tion and demolition wastes. Waste Manag. 2016, 50, 151–172. [CrossRef]

20. Vieira, D.R.; Calmon, J.L.; Coelho, F.Z. Life cycle assessment (LCA) applied to the manufacturing of common and ecological
concrete: A review. Constr. Build. Mater. 2016, 124, 656–666. [CrossRef]

21. Wu, H.; Zuo, J.; Yuan, H.; Zillante, G.; Wang, J. A review of performance assessment methods for construction and demolition
waste management. Resour. Conserv. Recycl. 2019, 150, 104407. [CrossRef]

165



Sustainability 2021, 13, 7676

22. Rosado, L.P.; Penteado, C.S.G. Municipal management of construction and demolition waste: Influence of disposal fees. Ambient.
Soc. 2020, 23, 1–21. [CrossRef]

23. Salgado, R.A.; Apul, D.; Guner, S. Life cycle assessment of seismic retrofit alternatives for reinforced concrete frame buildings. J.
Build. Eng. 2020, 28, 101064. [CrossRef]

24. Sözer, H.; Sözen, H. Waste capacity and its environmental impact of a residential district during its life cycle. Energy Rep. 2020, 6,
286–296. [CrossRef]

25. Sözer, H.; Sözen, H.; Utkucu, D. Waste potential of a building through gate-to-grave approach based on Life Cycle Assessment
(LCA). Int. J. Sustain. Dev. Plan. 2020, 15, 165–171. [CrossRef]

26. Umadevi, P.; Pradeep, T. A review on environmental, economic and social facets of construction & demolition waste management.
Int. J. Adv. Sci. Technol. 2020, 29, 4692–4697.

27. Zhang, J.; Ding, L.; Li, F.; Peng, J. Recycled aggregates from construction and demolition wastes as alternative filling materials for
highway subgrades in China. J. Clean. Prod. 2020, 255, 120223. [CrossRef]

28. Zhao, Z.; Courard, L.; Groslambert, S.; Jehin, T.; Léonard, A.; Xiao, J. Use of recycled concrete aggregates from precast block for
the production of new building blocks: An industrial scale study. Resour. Conserv. Recycl. 2020, 157, 104786. [CrossRef]

29. Agrela, F.; Díaz-López, J.L.; Rosales, J.; Cuenca-Moyano, G.M.; Cano, H.; Cabrera, M. Environmental assessment, mechanical
behavior and new leaching impact proposal of mixed recycled aggregates to be used in road construction. J. Clean. Prod. 2021,
280. [CrossRef]

30. Bogoviku, L.; Waldmann, D. Modelling of mineral construction and demolition waste dynamics through a combination of
geospatial and image analysis. J. Environ. Manag. 2021, 282. [CrossRef]

31. Bonoli, A.; Zanni, S.; Serrano-Bernardo, F. Sustainability in building and construction within the framework of circular cities and
european new green deal. The contribution of concrete recycling. Sustainability 2021, 13, 2139. [CrossRef]

32. Caneda-martínez, L.; Monasterio, M.; Moreno-juez, J.; Martínez-ramírez, S.; García, R.; Frías, M. Behaviour and properties of
eco-cement pastes elaborated with recycled concrete powder from construction and demolition wastes. Materials 2021, 14, 1299.
[CrossRef] [PubMed]

33. Li, J.; Zhang, J.; Ni, S.; Liu, L.; Walubita, L.F. Mechanical performance and environmental impacts of self-compacting concrete
with recycled demolished concrete blocks. J. Clean. Prod. 2021, 293, 126129. [CrossRef]

34. Llatas, C.; Bizcocho, N.; Soust-Verdaguer, B.; Montes, M.V.; Quiñones, R. An LCA-based model for assessing prevention versus
non-prevention of construction waste in buildings. Waste Manag. 2021, 126, 608–622. [CrossRef] [PubMed]

35. Nguyen, W.; Martinez, D.M.; Jen, G.; Duncan, J.F.; Ostertag, C.P. Interaction between global warming potential, durability, and
structural properties of fiber-reinforced concrete with high waste materials inclusion. Resour. Conserv. Recycl. 2021, 169, 105453.
[CrossRef]

36. Resch, E.; Andresen, I.; Cherubini, F.; Brattebø, H. Estimating dynamic climate change effects of material use in buildings—Timing,
uncertainty, and emission sources. Build. Environ. 2021, 187, 107399. [CrossRef]

37. Sormunen, P.; Deviatkin, I.; Horttanainen, M.; Kärki, T. An evaluation of thermoplastic composite fillers derived from construction
and demolition waste based on their economic and environmental characteristics. J. Clean. Prod. 2021, 280. [CrossRef]

38. Zhou, A.; Zhang, W.; Wei, H.; Liu, T.; Zou, D.; Guo, H. A novel approach for recycling engineering sediment waste as sustainable
supplementary cementitious materials. Resour. Conserv. Recycl. 2021, 167, 105435. [CrossRef]

39. Wang, J.; Wu, H.; Duan, H.; Zillante, G.; Zuo, J.; Yuan, H. Combining life cycle assessment and Building Information Modelling to
account for carbon emission of building demolition waste: A case study. J. Clean. Prod. 2016, 172, 3154–3166. [CrossRef]

40. Wu, Z.; Yu, A.T.W.; Poon, C.S. An off-site snapshot methodology for estimating building construction waste composition—A case
study of Hong Kong. Environ. Impact Assess. Rev. 2019, 77, 128–135. [CrossRef]

41. Butera, S.; Christensen, T.H.; Astrup, T.F. Life cycle assessment of construction and demolition waste management. Waste Manag.
2015, 44, 196–205. [CrossRef]

42. Cao, X.; Li, X.; Zhu, Y.; Zhang, Z. A comparative study of environmental performance between prefabricated and traditional
residential buildings in China. J. Clean. Prod. 2015, 109, 131–143. [CrossRef]

43. Dahlbo, H.; Bachér, J.; Lähtinen, K.; Jouttijärvi, T.; Suoheimo, P.; Mattila, T.; Sironen, S.; Myllymaa, T.; Saramäki, K. Construction
and demolition waste management—A holistic evaluation of environmental performance. J. Clean. Prod. 2015, 107, 333–341.
[CrossRef]

44. Fu, F.; Sun, J.; Pasquire, C. Carbon Emission Assessment for Steel Structure Based on Lean Construction Process. J. Intell. Robot.
Syst. Theory Appl. 2015, 79, 401–416. [CrossRef]

45. Hol, G.H.P. Building a green swimming pool by using concrete with aggregates from demolition waste. Procedia Eng. 2015, 125,
613–616. [CrossRef]

46. Ng, W.Y.; Chau, C.K. New Life of the Building Materials-Recycle, Reuse and Recovery. Energy Procedia 2015, 75, 2884–2891.
[CrossRef]
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Abstract: Research on recycled concrete aggregates (RCAs) has been progressively advanced. Beyond
replacing natural aggregates with RCA, discussions have been held on the effect of the parent
concrete and repeatedly recycled aggregate concrete. Although it has been reported that RCA can
be technically used for structural concrete, due to several other factors, RCA is mainly used for
sub-bases. Therefore, identifying these factors is the key to promoting the use of RCA. Therefore, this
review study first briefly summarizes the physical and chemical characteristics of RCA compared to
natural aggregate, and reviews the effects of parent concrete and repeatedly recycled aggregate on
next generation concrete. This study also briefly discusses the RCA standards of various countries
and the factors that hinder the widespread use of RCA. The results show that there is a correlation in
properties between parent concrete and the next generation concrete, and the properties of concrete
decrease when RCA is used repeatedly. In addition, on the basis of the literature review, factors
hindering the use of RCA were found to be unstable supply and demand, economic feasibility, and
negative perceptions.

Keywords: recycled concrete aggregate; recycled aggregate concrete; residual mortar; reusing;
sustainability

1. Introduction

According to the annual Mineral Commodity Summaries issued by the US Geological
Survey [1], 88% of about 1.5 billion tons of crushed aggregate consumed in the United
States in 2020 was used in construction and cement manufacturing. Moreover, 960 million
tons of construction sand and gravel were produced in the United States in 2020, of which
46% was used for concrete.

In Europe, it is also reported that 25% and 15% of aggregates are used in ready-mixed
concrete and precast concrete, respectively [2]. The global construction aggregate and
cement market, including developing countries such as China and India, is expected
to grow steadily by 2030 [3]. However, the dark side of this growth in construction is
related to environmental issues. The cement industry is responsible for about 7% of global
anthropogenic carbon dioxide (CO2) emission, and 36.4% of the total waste generated
in the EU-28 in 2016 came from the construction sector [4]. The annual construction
and demolition (C&D) waste in the United States has increased by about 3.5 times from
170 million tons in 2005 to 600 million tons in 2018 [5]. Shi and Xu [6] have predicted
that the mass of C&D waste in China will soon reach 650 million tons. According to the
literature of Sobotka et al. [7] published in 2016, C&D waste generated in Poland in 2022
was predicted to be 5.5 million tons, but in 2018 it already exceeded 6.7 million tons [8]. That
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confirms the C&D waste is expected to increase due to deteriorated infrastructures [9,10].
Therefore, the effective recycling of C&D waste is an immediate challenge.

The time when the use of recycled concrete aggregate (RCA) to make concrete began
was in the 40s of the 20th century, when on the one hand, there was a need to cope with
the huge amount of building debris resulting from the destruction of the war, and on the
other hand, to find a low-cost and easily accessible material for the construction of new
buildings. According to Levy and Helene 2002, via Aragão [11], it is for this reason that
1946 can be considered as the starting date of the period in which the new concept of
recycled aggregate concrete (RAC) was developed. The focus was on the construction of
new buildings using concrete and ceramic debris, mainly for foundations. The ecological
aspects, if one can speak of them at all, were certainly of very little importance. While after
1945, the increase in interest in RCA was due to the social and economic crisis (shortage of
financial resources and building materials), today’s increase in interest is the outcome of
the environmental and social crisis. The subsequent reports of the Intergovernmental Panel
of Climate Changes (IPPC) and the UN report Ecosystems and Human Well-being: Assess-
ment [12] are significant in this regard. Quite free, and in many cases uncontrolled, use of
natural resources for the purposes of civilization, runs the risk of disrupting many natural
systems [13]. The current crisis is therefore forcing an intensification of efforts to protect
the environment in all areas of human industrial activity, including the building industry.

Concrete waste, one of the major compositions of C&D waste, is produced as RCA
through the crushing, separating, and screening process, and it is used as a substitute for
natural aggregate (NA). However, since the RCA consists of original aggregate and residual
mortar, RCA and NA can be considered as similar materials, but the properties of the two
materials are different. Therefore, the properties of concrete using RCA are different from
those of using NA. In general, concrete made with RCA not only decreases the density and
workability in the fresh state but also decreases the mechanical properties and durability-
related performance of hardened state concrete compared to natural aggregate concrete
(NAC) [13–16].

The undisputed leader in concrete recycling is Japan, where the recycling of materials
from demolition and deconstructing already accounted for 92% in 2005 [17]. Moreover,
about 88% of the construction waste generated in the EU is reused [18], but due to the poor
properties of RAC mentioned above, the RCA is mainly used in the most primary way,
such as road base and road leveling [19]. Therefore, the value-added of RCA was one of
the challenging tasks, and a variety of studies were conducted to improve the properties of
RAC for using it in various areas. As research data were accumulated, it was reported that
RCA could be used for the production of structural concrete [20,21]. However, apart from
the performance of RAC, there are other major factors that hinder the use of RCA and RAC
which have not been discussed sufficiently.

Basically, the untreated RAC does not act as well as NAC in terms of mechanical
properties and durability performance [22–26]. However, the applicability of the RCA to
concrete is clear [27,28], and RCA is practically being used for concrete production [10,29].
In this context, research on RCA and RAC is progressing. Beyond the study on the
possibility of replacing NA with RCA, the effect of parent concrete on the properties of next-
generation concrete and the effect of repeated use of RCA on the properties of RCA and
RAC were investigated. The former case is important in terms of better utilization of RCA
and prediction of the property development of RAC, but the latter is particularly crucial in
the long term as it relates to the reuse of RCA. Although extensive review papers on RCA
and RAC have been published by some researchers (e.g., [30–35]), many of these deal with
the correlation between RCA replacement and the performance of RAC, there has been
little discussion on the effect of the properties of the parent concrete on the properties of the
next-generation RAC, and in particular the properties of RAC that is repeatedly recycled.
This gap may be because there are not enough data to discuss, as studies on the reuse
of RCA [36–42] have been conducted by a few researchers in recent years. Nevertheless,
identifying the factors hindering the widespread use of RCA and evaluating the effects of
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multiple recycling of RCA on the properties of concrete need to be addressed as they are
key points for achieving sustainability in the construction industry.

This paper is structured as follows. Section 1 describes the significance of this research.
Section 2 briefly addresses the properties and production of RCA. Section 3 deals with
the effect of parent concrete and multiple uses of RCA on the properties of the next-
generation RCA and RAC. This section includes a discussion of RCA standards for concrete
in selected countries and several factors that hinder the use of RCA. The last section
presents the conclusions.

2. Recycled Concrete Aggregate
2.1. Characteristics

RCA produced from C&D waste is made up of old residual mortar and NA (i.e.,
original aggregate) (Figure 1). This residual mortar sticks to the original aggregate and
is considered a major factor that distinguishes RCA from NA [43]. The presence of the
residual mortar lowers densities of the RCA and raises its water absorption capacity, and
it contributes to the reduction in the mechanical strength and durability performance of
RAC [44–47].
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Figure 2 presents the relationship between residual mortar content, water absorption
and specific gravity of NA and RCA studied by various research groups. The specific
gravity of NA is mostly distributed in the range of 2.6 to 2.8 and the water absorption ratio
is less than 2%, whereas, for the RCA, the water absorption ranges between 2% and 8%,
and the specific gravity is distributed between about 2.3 and 2.5. A direct comparison of
water absorption and density by residual mortar content may not be meaningful, as the
original aggregate of the RCA used in each literature is not the same, but it seems clear that
the content of residual mortar is inversely proportional to the density of RCA and directly
proportional to the water absorption capacity.

The content of residual mortar may also be closely related to the size of RCA. Juan
and Gutiérrez [48] investigated the effect of the size of RCA on the residual mortar con-
tent and noted that the residual mortar content of 4–8 mm fraction of RCA ranges from
33% to 55%, while it has 23% to 44% for 8–16 mm fraction. Similarly, in the study by
Suryawanshi et al. [49], it was observed that the residual mortar content in the 4.75–10 mm
fraction was 27% higher than that in the 10–20 mm fraction. On the contrary, of the total
three groups of RCA used in the study [44], two had around 3% higher residual mortar
content in the 5–10 mm fraction, while the other RCA had about 10% lower residual mortar
content in the 5–10 mm fraction. Abbas et al. [50] sorted two different RCAs into four
groups by size, respectively, and tested the residual mortar content. One of the two RCAs
had the highest residual mortar content in the order of 19 mm, 4.75 mm, 12.7 mm, and
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9.5 mm, while for another RCA, the residual mortar content gradually increased from the
smallest to the largest aggregates.
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In addition to physical characteristics, RCA differs in chemical composition from NA.
Figure 3 shows the relationship of chemical composition between calcium oxide (CaO)
and silicon dioxide (SiO2) in ordinary Portland cement, NA and RCA. Since the cement
is produced to meet the composition required by standards [73,74], CaO and SiO2 were
concentrated at about 62% and 22%, respectively [71,75–77]. For NA used in various
studies, the amount of SiO2 was in the range of about 50–63%, and CaO was mainly less
than 10% [58,75,76,78–80]. For RCA, which is a mixture of original aggregate and residual
mortar, the SiO2 content was lower and the CaO was higher than those of NA, distributed
between ordinary Portland cement and NA [58,75,76,78–83].
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Although it may not be appropriate to compare the properties of RCAs used in differ-
ent studies due to geological differences, there appears to be a correlation between the chem-
ical composition and physical properties of RCA. According to a study by Kim et al. [58],
when RCAs are obtained from the same source of parent concrete, the CaO content de-
creases and the SiO2 content increases with a lower residual mortar content.

2.2. Production of Recycled Concrete Aggregate

In order to produce RCA with the suitable size as a construction material (0–40 mm)
from massive C&D waste, concrete debris must go through a series of essential processes
in which mechanical crushing is mainly employed. This basically consists of crushing
to obtain size fractions suitable for use; magnetic separation to remove ferrous metals; a
separation by air blowers to get rid of the nonmagnetic substance, such as paper, wood,
plastic and dust; and screenings to sort the produced RCA by size (Figure 4). The quality of
the RCA produced is affected by the type and specification of the recycling facility [84,85].

Regarding the effect of the type of crushers, Matias et al. [86] reported that RCA sub-
jected to primary crushing by a jaw crusher had a lower shape index than RCA subjected to
secondary crushing using an impact crusher. In other words, the aggregate that has only un-
dergone the primary crushing has a more angular shape, and the one that has gone through
the secondary crushing was more rounded. Öztürk et al. [87] fabricated RAC mixtures with
RCA produced by impact crusher and vertical shaft crusher, respectively, and reported that
RAC with RCA from the impact crusher showed a higher compressive strength than that of
RAC from the vertical shaft crusher. On the contrary, Cepuritis et al. [88] noted that sand
produced by the vertical shaft crusher showed a consistent shape and is more favorable
for concrete than sand produced by milling or a cone crusher. Moreover, Ulsen et al. [89]
reported that the residual mortar content, density, and particle size distribution of RCA
produced by the jaw crusher and impact crusher were similar. However, the influence of
the crusher type on the aggregate may vary due to factors such as rock types [90,91].

A meaningful trend is observed between the number of crushing and the physical
characteristics of RCA. Nagataki et al. [92] crushed RCA three times by a combination of
the impact crusher and the mechanical grinder (i.e., impact crusher—mechanical grinder—
mechanical grinder), and compared its density, water absorption capacity, and residual
mortar content. Compared to the primary crushed RCA, the tertiary crushed RCA increased
in density by about 4.5%, and water absorption and residual mortar content decreased
by 1.7–2.5% and 20%, respectively. Moreover, cracks in the RCA were observed after
mechanical grinding, but the authors noted that it was negligible. Similarly, Pedro et al. [93]
first crushed RCA with a jaw crusher and secondarily crushed the RCA with a hammer mill,
and compared the density and water absorption for each RCA. As a result, a significant
change was not observed in the density, but the water absorption of all six aggregates
used in the test decreased by 0.2–1.5%. Regarding the number of crushing, the Korea
Resource Recycling Association divided the production of RCA into four stages based on
the purpose of use: primary crushing for the use of filling and leveling; secondary crushing
for sub-base of the road pavement; tertiary crushing for the production of high-quality
RCA; quaternary crushing for the production of sand for concrete [94].
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RCA can be produced in mobile or stationary recycling plants. Regarding the recycling
of C&D waste, the place where RCA is produced is one of the crucial factors. In general,
mobile plants that produce RCA at construction and demolition sites do not need to
transport C&D waste to stationary recycling plants, but the ability to remove impurities and
residual mortar is relatively low. On the other hand, stationary recycling plants can produce
high-quality RCA through several stages of crushing and screening, but transportation
of C&D waste from the construction site to the recycling plant is involved [33]. Tam and
Tam [95] stated that collecting concrete waste from different sources and managing it in
one plant can cause an average effect, which can hinder the use of high-quality RCA and
low-quality RCA for each purpose. On the contrary, Hiete [96] argued that the down-cycle
of using RCA as a sub-base for road construction and reclamation remains dominant.
Thus, for up-cycling, RCA needs to be processed in stationary plants capable of producing
high-quality RCA.

The ultimate purpose of the concrete waste recycling process is to produce high-
quality RCA that can minimize performance degradation of concrete when replacing NA
with RCA by removing the residual mortar as much as possible. Thus, the following
methods have been proposed to remove residual mortar: the hydrochloric acid dissolution
method [97,98], the freeze-and-thaw method [50], the thermal shock method [48], the
microwave method [99], and the high-performance sonic impulse method [100]. More-
over, technologies utilizing CO2 [101] and bacteria [102] have been reported to show the
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potential to improve the performance of RCA and RAC. However, in a study on the energy
consumption of RCA processing techniques conducted by Quattrone et al. [103], the fuel-fed
thermo-mechanical processes are found to consume about 36–62 times more energy in pro-
ducing RCA than traditional recycling processes consisting of crushing-separating-screening.

3. Recycled Aggregate Concrete
3.1. The Effect of Parent Concrete on the Properties of Next Generation Concrete

Research on RAC has further progressed from the effect of the RCA replacement ratio
to the effect of the parent concrete on the next generation concrete, and this replacement, as
well as the compressive strength of parent concrete are crucial in influencing the quality of
next generation concrete.

Ahmad Bhat [104] produced low-, medium- and high-strength RCAs by crushing
parent concretes with different compressive strengths of 20 MPa, 40 MPa, and 60 MPa,
respectively. Using the three RCAs produced, a total of 18 series of RACs were manu-
factured: 6 series of RAC with target strengths of 20, 40 and 60 MPa at 50% and 100%
replacement ratios using RCA obtained from the 20 MPa parent concrete; 6 series of RAC
with target strengths of 20, 40 and 60 MPa at 50% and 100% replacement ratios using RCA
obtained from 40 MPa parent concrete; another 6 series of RAC with target strengths of
20, 40 and 60 MPa at 50% and 100% replacement ratios using RCA obtained from 60 MPa
parent concrete (Figure 5). The compressive strength of the low strength concrete with
50% RCA replacement obtained from high-strength concrete was 9% higher than that of
parent concrete, and the tensile strength was the same as that of parent concrete with
NA (Figures 6 and 7). A similar result was noted that RCA obtained from high strength
parent concrete can achieve a similar compressive and tensile strength to normal strength
concrete with NA [105]. In addition, as frequently observed in other studies [106,107], RAC
with 100% RCA replacement showed lower mechanical strength than RAC with 50% RCA
replacement. Considering the lower physical performance of RCA compared to NA, it is
an expected result, and, the relationship between the strength of the parent concrete and
the strength of the next generation concrete is also observed.
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Kou and Poon [108] assessed the basic characteristics of five RCAs obtained from
concrete with different compressive strengths of 30 MPa, 45 MPa, 60 MPa, 80 MPa, and
100 MPa. As the strength of the parent concrete increased, the water absorption of RCAs
decreased, resulting in better quality. Afterwards, a total of 5 series of RACs with a 100%
replacement rate were manufactured using each RCA, and mechanical properties and
durability performances were analyzed. As a result of the mechanical properties test
of compressive, tensile strength, and elastic modulus, RAC made from RCA obtained
from high-strength concrete was found to be superior to RACs with RCA from low-
strength concrete in all tests except for the slump value. Similar trends were observed in
drying shrinkage and chloride resistance tests. The authors interpreted that the low water
absorption ratio of RCA from high-strength concrete contributes to lower drying shrinkage
and chloride penetration.

Gholampour and Ozbakkaloglu [71] made concrete mixtures with target strengths of
40 MPa and 80 MPa using RCAs produced from concretes with a compressive strength
of 20 MPa, 40 MPa, and 110 MPa, and evaluated the mechanical properties. As shown in
Table 1, the performance of concrete made of RCA from high-strength concrete was superior
to those of medium- and low-strength concrete with all the selected properties. Unlike the
test results in [108], the slump values of RAC made of RCA from high-strength concrete
were the same as that of concrete made of RCA produced from medium-strength concrete,
and were more workable than that made from low-strength concrete. In particular, for the
creep deformation, RAC with low-strength RA was 60% higher than that of high-strength
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RCA. On the contrary, Padmini et al. [61] reported that low-strength parent concrete,
which has a relatively weaker binding force between the residual mortar and the original
aggregates than that of high-strength concrete, separates most residual mortar from the
RCA surface during the crushing process; thus, a specific gravity of RCA decreases and the
water absorption increases as the strength of parent concrete increases. It was observed
that the residual mortar content in RCA obtained from the low-strength concrete was less,
and for this reason, the RCA of a small size (i.e., 10 mm) may have more residual mortar
rather than aggregates, which could lead to a greater reduction in mechanical properties.
Wang et al. [109] noted that the level of residual mortar content may not be an absolute
factor in determining the properties of concrete. In the study, it was reported that the RCA
from high-strength parent concrete reduced the shrinkage of RAC at a water-to-cement
ratio of 0.30, even though the RCA had a higher residual mortar content compared to
that of RAC with RCA from low-strength parent concrete. However, at the water-to-
cement ratios of 0.45 and 0.60, the shrinkage of RAC increased in the order of RCA from
low-strength, medium-strength, and high-strength concrete. The authors explained that
the lower porosity and uniformly hardened residual mortar of RCA from high-strength
concrete could contribute to an increased shrinkage deformation of RAC.

Table 1. Fresh and hardened properties of RAC with RCA from low-, medium-, and high strength parent concrete [71].

Test RAC1 RAC2 RAC3 RAC4

Compressive strength of parent concrete, MPa 40 110 20 110

Target strength, MPa 40 80

Slump, mm 115 115 140 150

Density, kg/m3 Fresh 2351 2364 2356 2407

Hardened 2330 2345 2341 2381

Compressive strength, MPa 32.0 36.8 64.3 80.1

Elastic modulus, GPa 26.7 29.1 31.9 41.5

Tensile strength, MPa 3.22 3.36 3.90 5.11

Geng et al. [110] evaluated the effect of the service time of parent concrete (i.e., 1 year,
18 years, and 40 years) on strength development. The compressive strength development
of NAC at 1 day was 33% compared to that at 28 days, while for the RAC with the service
life of 1 year, 18 years and 40 years, the strength development decreased to 30%, 24%,
11%, respectively. However, after longer periods of hardening after 28 days to 90 days,
the strength of NAC increased by 17%, whereas RAC gained 21–29%. Therefore, it was
emphasized that the existing prediction model for strength development for NAC may not
be suitable for RAC.

Something which seems to be of particular importance in the context of RCA use for
production of RAC is the possible reactivity of RA as a consequence of NA’s reactivity. It is
well known that alkali-silica reaction (ASR) is one of the major causes of concrete degrada-
tion. In the case of RAC, this problem can be significant depending on the percentage of
RCA as a substitute of NA and because of the obvious crushing process [22].

3.2. The Effect of Repeated Use of Recycled Concrete Aggregate

Generally, research on RAC has been focused on concrete made from RCA obtained
from NAC. However, some researchers studied the reuse of RCA by investigating the effect
of repeatedly reused RCA on the properties of RAC. The scheme of repeated use of RCA is
shown in Figure 8.
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Huda and Alam [37] evaluated the effect of RCA reuse on the properties of RCA and
RAC by repeating the crushing and casting of RAC a total of three times. For the physical
characteristics of RCA, compared to the first generation RCA, the density of the second and
third generation RCA decreased by 10% and 14%, respectively, and the water absorption
rate increased by 1.9% and 4.2%. For the fresh state properties of the RAC, as the number
of reuse of RCA increased from the first generation to the third generation, the slump
decreased by 6% and 15%, and air content increased by 0.3% and 0.5%, respectively. For the
mechanical properties, compared with the first generation RAC, the compressive strength
and tensile strength of the third generation RAC decreased by 21% and 36%, respectively,
and the elastic modulus decreased by 5%. However, the strengths of the second generation
RAC increased by 1% to 2%. Similar observations were found in several studies. In the
study performed by Salesa et al. [41], the compressive strength and elastic modulus of
the first and second generation RACs were evaluated. Except for the slump of the second
generation RAC, which decreased by 9% compared to that of the first generation RAC,
significant changes were not observed in the compressive strength and elastic modulus.
Zhu et al. [40] observed that the residual mortar content of RCA increased to 38%, 55% and
62% in proportion to the number of recycling. As expected, the slump value, compressive
strength and elastic modulus decreased. According to Zhu et al. [36], decreases in the
durability performance of RAC, such as resistance against the freeze–thaw action, chloride
penetration and carbonation were observed as RCA was repeatedly reused.

Comprehensively, it seems clear that the multiple uses of RCA result in the low quality
of RAC [38]. Marie and Quiasrawi [42] noted that the second generation RCA can replace
NA up to 20% to make the acceptable quality of RAC, while Abed et al. [111] concluded
that up to 50% of the second generation RCA can optimally replace NA. However, the
studies referenced in this section appear to address changes in the properties of RCA
and RAC that occur when RCA is reused without pretreatment. Therefore, further study
can be recommended to evaluate the physical properties of concrete after improving the
quality by pre-treating RCA such as removing residual mortar. In addition, a detailed
investigation into the durability characteristics of repeatedly recycled RAC is required [112].
Current research into repeatedly recycled RAC evaluates the characteristics of concrete
manufactured and crushed in a laboratory, and the consideration of carbonation exposed to
the natural environment is insufficient. Carbonation is one of the factors to be considered
as it reduces the pH of concrete and contributes to the corrosion of reinforcement [113,114].

The authors of this review paper believe that it is purposeful, although it is not the only
possibility in RAC technology, to consider the repeated use of RCA. The main argument
seems to be the depletion of NA deposits, as well as the ecological aspect related to the
life cycle of concrete. Concrete can become more environmentally friendly when CO2
absorption of not only concrete elements but also the RCA is more accurately recognized.
Concrete during its life cycle absorbs CO2 emitted during cement production and other
anthropogenic activities. Different values are given in the literature, from 7.6 to 24%. The
disagreement in evaluation is due to different factors influencing concrete carbonation
(among others, compressive strength, cement amount, age of concrete structure). This
amount can be increased if concrete is treated as a source of material with a greater CO2
absorption capacity as a result of the larger specific surface area of the aggregate [115].
Repeated use of RCA would provide an even greater opportunity for this. Undoubtedly, it
leads to a polemic as to what is more important, whether these include technological or
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ecological aspects. Therefore, it is even more legitimate to carry out research and analysis
on both of them.

3.3. Standards of Recycled Aggregate for Concrete

The first approaches to the standardization of established technological procedures
concerning RCA appeared in the late 1970s and early 1980s, first in Japan in 1977 and
then in the USA (ASTM C 32-82 and C 125-79) [116] and in some European countries
(Germany—DIN 4226-100, Denmark, Great Britain—BS 8500-2) and Brazil (following [11]).

The lack of specific legislation regulating the requirements for the properties of RCA
and concretes in some countries is due to the currently still insufficient natural reserves in
these countries and the general perception that concrete with RCA has significantly worse
properties. In Poland, for example, issues concerning RCA and RAC are only reflected in
standards PN-EN 12620:2013 [117] and PN-EN—206:2014 [118]. The Polish Committee for
Standardization has adopted draft standards (FprEN 12620:2017, FprEN 13139:2017 and
FprEN 13242:2017 [119–121]), which include requirements for RCA, but so far they have
not been incorporated by the European Parliament in the harmonized standards package.

The standards of RCA for concrete established in selected countries and several
requirements are shown in Table 2.

Table 2. Physical characteristics of RCA specified in some standards.

Standard Classification Minimal Density,
kg/m3

Maximal Water
Absorption, %

Maximal Chloride,
Content, %

Maximal Sulphate
Content, %

JIS A5021 [124] (Japan) High 2500 3 0.04 -

JIS A5022 [123] (Japan) Medium 2300 5 0.04 -

JIS A5023 [122] (Japan) Low - 7 0.04 -

GB/T 25177 [125] (China)

Class 1 2450 3 0.06 2

Class 2 2350 5 0.06 2

Class 3 2250 8 0.06 2

WBTC-No.12 [126] (Hong Kong) - 2000 10 0.05 -

KS F2527 [127] (Korea) - 2500 3 - -

RILEM [128]

Type I 1500 20 - 1

Type II 2000 10 - 1

Type III 2400 3 - 1

HB-155 [131] (Australia) - 2100 6 0.05 0.5

NBR-15116 [129] (Brazil) - - 7 1 1

LNEC-E471 [130] (Portugal) - 2200 7 - 0.8

EHE-08 [132] (Spain) - - 7 - 1

Japanese standards classify RCAs for concrete into three levels: low quality [122],
medium quality [123] and high quality [124] based on the purpose of use. The low-quality
RCA is produced by crushing concrete waste and is used for members where do not
require high strength and high durability, and the medium-quality RCA can mainly be
used where they are not affected by drying shrinkage and freezing and thawing action
except for specific cases. The high-quality RCA is obtained by advanced treatments, and
there seems to be no restriction on its use. Chinese standard [125] also divides the quality
of RCA into three classes, and the density of RCA is based on the saturated surface-dry
condition instead of an oven-dry state. Differently, the Hong Kong [126] and Korean
standards [127] do not divide RCA into several groups. The Korean standard [127] requires
a minimum oven-dry density of 2500 kg/m3 and a maximum water absorption of 3%, etc.
Compared to the other Asian counties mentioned above, Hong Kong specifications [126]
seem to have more relaxed requirements (i.e., a minimum oven-dry density of 2000 kg/m3

and a maximum water absorption of 10%); however, the use of RAC with 100% RCA
replacement is limited to a minor concrete structure, such as concrete benches and planter
walls. RILEM [128] classified RCA into three categories: RCA obtained from masonry
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waste (type 1), RCA obtained from concrete waste (type 2), and a combination of RCA and
NA (type 3). NBR-15116 [129], LNEC-E471 [130], HB-155 [131] EHE-08 [132] referred to
the study by Gonçalves and Brito [133]. Compared to the Asian standards mentioned, the
water absorption of these standards is rather high, in the range of 6–7%, but the sulphate
content is tightly controlled. Spanish standards EHE-08 [132] recommend the use of a
superplasticizer when replacing more than 20% of RCA due to the high absorption capacity
of RCA. The Polish standard PN-EN 12620:2013 [117] classifies aggregates into natural,
recycled and artificial and allows their use in concrete technology provided they meet
criteria for impurities that may affect the quality of concrete, including water soluble
sulphate content and alkaline reactivity for RCAs.

Although the standards may have been established according to the individual cir-
cumstances of each country, the density and water absorption ratio required by Japanese,
Korean, and Chinese standards are higher than those of other standards. Taking into
account the distribution of the absorption rate of RCAs shown in Figure 2, obtaining the
high-quality RCA with a water absorption ratio of less than 3% is considered to need more
advanced facilities than the typical RCA production process.

3.4. Barriers to the Use of Recycled Aggregate Concrete in Practice

Various studies have been conducted on the feasibility of improving the mechanical
properties and durability performance of RAC [134–137]. Hossain et al. [138] conducted a
life cycle assessment of RCA and NA production, and concluded that RCA produced from
C&D waste reduced non-renewable energy consumption and greenhouse gas emission by
58% and 65%, respectively. Similarly, the better environmental benefits of replacing NA
with RCA have been reported [139–142], but there are some obstacles to using RCA and
RAC in practice.

3.4.1. Imbalance in Supply and Demand

According to a case study carried out by Böhmer et al. [143], concrete waste accounts
for about 25–40% of C&D waste. Assuming that the proportion of the aggregates are
50–60%, due to the losses incurred in the various treatment processes, the actual amount
that can be obtained will be less. With the exception of studies to maximize the use of
powder and dust generated during the waste concrete process [46,144,145], imbalance in
supply and demand of RCA can be a barrier to the recycling of C&D waste [146,147]. In
Korea, the mandatory use ratio of RCA is specified for concrete work in certain construction
projects, but if the supply of RCA is difficult due to the distance between the construction
site and the RCA supplier, the mandatory use is exempted [148,149].

3.4.2. Economic Viability

Economic viability is an important factor influencing C&D waste management.
Manowong [150] mentioned that metal-oriented recycling, which is easily perceived as
having economic value, is prioritized in some countries. In the interview study conducted
by Wu et al. [151], one interviewee noted that if a regulatory infraction is the most profitable
option, it is more likely to be chosen. In fact, due to the limit of monitoring by governments
and easy access to illegal reclamation, cases of illegal waste dumping and reclamation are
frequently reported [152–154].

Martínez-Lage et al. [155] analyzed the economic feasibility of recycling C&D waste
and stated that distance is one of the major factors affecting cost. A case study in a region
in Spain showed that the insufficient number of recycling plants and unfavorable locations
would increase transportation distances and, as a result, the use of RAC could increase
costs further. Similar analyses were found by [156,157]. Hiete [96] argued that recycling of
C&D waste is most attractive in high-density areas where demand and supply are matched
due to the short transport distance, while areas with a low population density are not
economically effective. Nunes et al. [158] analyzed two recycling plants with a production
capacity of 20 tons and 100 tons per hour, respectively. The authors concluded that C&D
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waste recycling plants operated by private companies may not be financially suitable under
current market conditions in Brazil.

3.4.3. Negative Perceptions

Several studies mentioned the negative perception of stakeholders as one of the
obstacles to the use of C&D waste [159–161]. It has been mentioned above that the quality of
RCA varies significantly depending on the processing process, and that various equipment
and technologies are required to obtain the high-quality RCA. Moreover, the quality may
vary depending on the environment exposed during the service life [162].

According to Jong et al. and Taylor-Lange et al. [163,164], concrete with fly ash slightly
increased the possibility of indoor radioactive pollution compared to conventional concrete.
A large amount of uranium is detected in the waste concrete generated by the demolition of
nuclear facilities [165]. In 2011, in Seoul, Korea, radioactivity was detected on asphalt roads
mixed with C&D waste, resulting in a negative perception of the Korean public about C&D
waste materials. These are, for now, individual suggestions in the literature, which in the
opinion of the authors of this paper, should be analyzed and emphasized more distinctly.

4. Conclusions

The analysis of the literature cited in this paper has allowed the authors to select
scientific content, some of which is worthy of research development, particularly in the
ecological aspect. The most important threads are presented below.

It is obvious that concrete with RCA is a technologically demanding material of worse
quality. The amount of the residual mortar in RCA is considered to be one of the factors
that directly reduce properties of RAC. Due to the presence of the residual mortar, RCA has
higher water absorption and a lower density in comparison to natural aggregate. However,
the rational approach to using RCA for producing next generation concrete, first of all
by considering an optimal RCA replacement ratio and the selection of parent concrete
types of higher compressive strength seems to be an opportunity to mitigate quality loss of
concrete. These two factors are crucial in influencing the quality of next generation concrete
with RCA.

Moreover, it is advisable to look for advanced technologies, giving a chance to produce
RCA of higher quality with a significant amount of residual mortar removed, and, as a
result, RAC of comparable or even higher quality in comparison to concrete types with
natural aggregate. This is particularly justified in the case of repeated use of RCA when the
residual mortar content attached to a single RCA increases with the increasing number of
RCA reuse cycles. It is the opinion of the authors of this review paper that the repeated
use of RCA is prosperous from the ecological viewpoint, reducing the depletion of natural
aggregate deposits and enhancing the life cycle of concrete. Clearly, more research data
including carbonation degree evaluation of RAC are needed to identify a clear trend.

Undoubtedly, harmonization and unification of standards for RCA in individual
countries would optimize the rational management not only on an individual scale, but
also globally. The latter seems particularly important in the context of a widely perceived
and environmentally aware protection. It seems to be crucial because barriers such as
economic viability and negative perception of stakeholders in many countries act as factors
hindering the practical use of RCA and RAC.
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