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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
CO; 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.
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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).

Figure 1. Inadequate disposal of construction and demolition waste (C&DW) in Colombia. (a) “Estacién de Transferencia
(EDT) de la Carrera 50” located in Cali [28]; (b) Cauca River [29].

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, Londorio [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.
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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

Aggregates:

From natural source (quarry) and used paving
stones (recycled)

Portland Cement:
Obtained from a local supplier

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.

—
20cm

Detailed characterization can be found in
further sections.

Ordinary Portland cement (OPC) Density of
31g/ cm®
Consistency of 26.4% (Portland type I)
Detailed characterization can be found in
further sections.

Phase |

Aggregate
sampling

l

Classification
NTC-174-2000 /
INV E-500

Phase Il

Characterization of
components

v

Density of cement
INV E-307-07
Consistency of cement
INV E-310-07

v

Physical characterization
of recycled aggregates
Granulometry
NTC 7707 / INV E-213-07
Density, Absorption
NTC 237-95/ INV E-222-07
NTC 176-95/ INV E-223-07
Unitary Mass
NTC 92-1995 / INV E-217-07
Shape
INV E-230-07

v

Chemical Characterization
Solidity
NTC 126-206 / INV E-220-07
Organic Matter
NTC 127-2000/ INV E-213-07

v

Mechanical Characterization
Wear
NTC 98-1995 /
INV E-219-07

Phase Il

Mix Design
ACI 211

v

Mix Design using
recycled aggregates
from used paving
stones
NTC 2017-2004

v

Mix preparation
NTC 2017-2004

Manufacturing and
curing of specimens
INV E-302-13

Phase IV Phase V

Mechanical Evaluation
Compressive Strength
NTC 673-2010
Flexural Strength
INV E-414-2007

Performance-based mix
selection

Manufacture of new
paving stones
NTC 2017-2004

Figure 3. Methodology followed during this research project.
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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.

Type of Aggregate Number of Samples (28 Days of Age)
Mixture
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).
Natural: 2.8 g/ cm? for fine and 2.93 g/ cm? for coarse
Recycled: 1.98 g/ cm?® for fine and 1.89 g/ cm? for coarse
Natural: 1.6 for fine and 1.4 for coarse
Recycled: 14 for fine and 15 for coarse
Natural:

1460 g/cm? for fine (1) and 1530 g/cm? for fine (c)
1600 g/ cm?® for coarse (1) and 1710 g/ cm? for coarse (c)
Recycled:

1250 g/ cm? for fine (1) and 1422 g/ cm? for fine (c)
1123 g/ cm? for coarse () and 1232 g/ cm? for coarse (c)

Specific weight Aggregate

% absorption Aggregate

Unitary mass Aggregate

Natural:
Flattening and elongation A " % flattening index: 26 and % elongation index: 20
Indexes geresate Recycled:
% flattening index: 9.51 and % elongation index: 3.27
Density Cement 31+01g/ m®
Consistency Cement 26.4%




Sustainability 2021, 13, 3044

Table 3. Cont.

Type of Characterization

Parameter Component Results

Chemical

Mechanical

Natural

Solidness: resistance to % material loss: 1.4 (fine) and 3 (coarse)

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

Natural: 2 (number of organic reference)

Organic Matter Aggregate Recycled: 1 (number of organic reference)

Both values below 3, which is the limit value for use in concrete
Natural
% wear: 23
Recycled
% wear: 64

Wear Aggregate

I: loose; c: compact.

3.3. Mixture Design

This phase consisted of nine steps, which are summarized as follows in Table 4.
According to Sanchez de Guzman [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

(ii) Selection of maximum aggregate size

(iii) Air content estimation

(iv) Estimation of mixing water content

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).

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.

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

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 m® of concrete. The resulting
value of mixing water content was 203.8 kg per 1 m®.

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

(v) Determination of design resistance compressive resistance of the mixture of 42 MPa is required. To compensate for possible

(vi) Selection of water/cement ratio
(vii) Calculation of cement content

(viii) Estimation of aggregate proportions

fluctuations, it is desirable to include a safety factor. Following the standard NTC 2017,
100 kg/cm? were added to the compressive resistance, thus an approximate compressive
resistance of 50 MPa (520 kg/cm?).

This was established according to the water/cement ratio values provided by. This establishes
that for a value of 520 kg/cm? the corresponding water /cement ratio is equal to 0.36.
This was calculated using the value of mixing water content and the water/cement ratio. Thus,
it was required 565 kg per m® of concrete.

They were determined using a graphical method. The recommended value is 52% for fine
aggregate and 48% for coarse aggregate.

Due to aggregate moisture, this was performed assuming a volume of the concrete mixture of

(ix) Adjustment of water content 0.033 m® 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 60.89 242
M2 4.00 4.60 5.11 4.57 0.56 57.43 53.68 53.34 54.82 227
M3 2.64 453 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 3.84 441 3.80 0.63 39.69 39.25 38.77 39.24 0.46
M7 4.74 3.96 3.82 417 0.50 42.26 44.30 42.57 43.04 1.10
M8 4.04 447 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 0% 5.68 4.57 3.95 0% 60.89 54.82 47.69
aggregate 50% 5.06 3.98 3.80 50% 56.10 42.61 39.24
replacement 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).
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Figure 4. Mechanical properties of concrete mixtures: flexural strength, compressive strength.
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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).

Mix
Parameters (Avg Values)

M1 M2 M4

Length 20.45 20.35 20.3
Dimensions (cm) 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

10
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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/m?). 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

11
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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:

e 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.

12
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e  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.

e 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).

e  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 Tecnolégico) 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.
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Appendix A. Equivalence between NTC, INV and ASTM Standards

Table Al. 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” 21p" 2500
21hH" 2" 2500
2" 112" 5000 5000 5000
112”7 1”7 1250 5000 5000
1”7 34" 1250
3" 15" 1250 2500
15" 3/8” 1250 2500
3/8” 1/4 2500
18" 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 Drl}; ;7;113ght Appar;/r;:n ]I3)en51ty Abso}l]tt/; \3701ume 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 3159
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/cm?) at 23 °C 2.80 2.93
Apparent density (g/cm?) at 23 °C 2.68 2.81
Relative density (g/cm?) 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 m? 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
CO; 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.

fﬂﬂ;ﬂﬂ'w'JJ|;J]f‘J||"‘|‘l‘fl|‘l‘l’}wm

| M

N m ||||

Figure 1. CDW recovery plant to water-washed recycled aggregate [35].

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

SiO,

CaO Fe203 A1203 MgO SO3 NaZO K20 LOI

CEMII A-L425R

19.33

62.71 2.65 343 1.36 3.52 0.06 0.8 5.28

(a) FR1: 0/2 mm

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 pm (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.

(b) FR2: 0/4 mm (d) CR2: 8/20 mm

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, Ral, 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].

100
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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 um 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 £3.

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/dm?3) 2.12 0.06 2.29 0.05 224 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 Flj5 and LAy, 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 m? 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/m?).

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

CEMII A-L425R 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 091 0.91 0.90 0.90 0.89 0.94
Water 165 156.75 156.75 1404 140.4 143.1
CR2 8/20 mm 682.6 694.3 694.3 713.2 713.2 710.8
CR14/10 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
FR10/2 mm 188.9 192.1 192.1 1974 1974 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 - 35 - 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 (f = 0 min) and 30 min or 60 min after concrete casting (t = 30 min
or f = 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 @100 x 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 x 100 x 100 mm. Drying shrinkage was
measured using concrete prismatic specimens of 70 x 70 x 285 mm, exposed to 20 + 2 °C
and relative humidity 55 4= 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 m® of washed recycled aggregates
were employed in pavement-base layer construction.

7\ 20 MPa Plain RAC
T (30 cm thickness)

Nozeyemt;

Figure 4. Section of pavement-base built using 100% recycled aggregate.

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/ m?).

RAC-300-PC1 RAC-300-PC2 RAC-300-PC3
CEMII 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
FR10/2 mm 246.4 253.3 244.8
FR2 0/4 mm 688.8 708.1 702.3
CR14/10 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.

26



Sustainability 2022, 14, 708

All the concretes” workability and slump values were determined on-site (see Figure 5a—).

RCA-300-PC1

RCA-300-PC2

RCA-300-PC3

% =

(a) Slump: 15 cm b) Slump: 8 cm (c) Slump: 10 cm

Figure 5. On-site slump test determination.

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 6¢) to guarantee an adequate curing process. Figure 6 summarises the concrete
laying process.

Figure 6. On-site concrete laying (a), compaction (b) and curing process (c) of the concrete.

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 €100 mm x 200 mm and cubic
specimens of 150 x 150 x 150 mm for 28 days. In addition, the flexural strength was deter-
mined using prismatic samples of 100 x 100 x 400 mm at 28 days of curing. The physical
properties at 28 days were determined using cubic specimens of 100 x 100 x 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 x 70 x 285 mm
specimens. Cylindrical specimens of 100 x 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 Dry Density Absorption Accesible

(MPa) (kg/dm?) (%) 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) 323 (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 pe 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.

Time (days)

0 0.00 Time (days)
100 0\ 10 20 30 40 50 s " 10 20 30 40 50
200 —RCA-300 .00 1 —RCA-300
o RCA-285-2 \
‘fc -300 \ 150 | RCA-285-2
= RCA-270-1
X 400 - RCA-270-1
< \ RCA-270-3 £-2.00
) \ RCA-270-3
g S0 £ 250
= -4
T -600 \ p \
7 < -3.00
&0 -700 =
E -800 -z.:Z
-900 = - ~—
- — Te————
-1000 \ 4.50 = =
-1100 -5.00

(a) (b)
Figure 7. (a) drying shrinkage (x 10~°) 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 pe. However, all the concretes achieved similar last
shrinkage and total mass loss (%) values.

29



Sustainability 2022, 14, 708

-1200
~RCA-300
i RCA-285-2
£ -1000
% RCA-270-1 3"/
% RCA-270-3
g -800
=
=
w
2 600
z
[=]
-400
=200 //
)
0.00 -1.00 -2.00 -3.00 -4.00 -5.00

Mass loss (%)
Figure 8. Relationship between mass loss (%) and drying shrinkage value.

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) S tr::;;:l i;}[Pa)
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.

Depth of Penertation (cm)

Dry Desity (kg/dm?) Absorption (%)

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

100 mm ;
(a) RCA-300-PC1

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.

100 mm
(c) RCA-300-PC3

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 (x 10~%) 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 5§ 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 m® 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/m? 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 m? 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 m® 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:

e  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.

e  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.

e  Allrecycled 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.

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

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

e  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.

e  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 um) 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), 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 CO; leads to
carbonation of C-5-H which increases the porosity of cement paste. Therefore, the carbona-
tion treatment should be conducted at optimum CO, 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 CO, 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); in the waste concrete forming C-5-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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Quality of pa

rent concrete

A

v

Better the quality of parent concrete, better is the quality of
aggregates. Quality of parent concrete should be assessed
and good quality concrete should be saved for production of
recycled concrete during dismantling of a building

Demolition process

A

Demolition processes that causes minimum mini cracks in
concrete and less damage should be selected. The process
should be designed such as to cause minimum mixing of
other waste such as wood, asphalt etc. with concrete

Condition of aggregate
after crushing

A

4

Condition and quality of the aggregate should be assessed
next by examining the water absorption, impact strength etc.
The quantity of mortar attached to the aggregates and the
level of cracking of aggregates and attached mortars also can
give an idea about the quality. Based on the quality, it can be
assigned to a particular grade of concrete and utility.

Conditioning of
aggregates

A

y

Once the condition of the concrete is assessed, it can be
improved by various techniques most of which either
removes or strengthens the adhered mortar on the RCA, or
reduces its water absorption.

Grading of

aggregates

and mix design of
concrete

Natural aggregates should be optimally replaced by recycled
aggregates and should be properly graded. Additionally
proper mix design should be done considering water to
compensate for high water absorption of RCA and
superplasticizer for reduced workability. A method of mix
design for recycled aggregate concrete called Equivalent
mortar method suggests to account for the adhered mortar
content and adjust both the coarse aggregate and fresh paste
content of the mix 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.

Mixing of concrete

Various multi staged mixing procedures have been suggested
to be used for RAC. One is mixing excess water to
compensate for water absorption of RCA. Another one
suggests to mix cement paste first with recycled aggregates to
coat and fill the mini cracks.

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 XRE, 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 152.5N (%) CEM I 52.5R (%) 2/6NB (%)
CaO 67.80 68.80 18.40
SiO, 18.10 18.30 43.90

ALO; 434 3.52 10.20

Fe,05 2.60 2.97 9.87
SO, 4.06 4.05 2.26
MgO 141 1.02 2.49
P,05 - 0.14 1.43

cl 0.07 0.03 0.47

NayO - - 6.92
K,0O 0.78 0.89 1.23
ZnO 0.04 0.01 0.85
TiO, 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 um
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 04 0.4
% cement replacement 10 15 10 15
Gravel 4/16, kg/ m3 1056 1055 1029 1028
Sand 0/4 kg/ m?3 573 572 556 558
Sand 0/1 kg/m? 287 286 279 279
CEMI52.5R kg/ m?> 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 84 84 3.7 37
100 - 2d m7d m 28d
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Figure 2. Strength of parent concrete with processed MSWI bottom ash used as cement replacement.

43



Sustainability 2022, 14, 4679

Cumulative Percentage Passing

100.0

50.0

0.0

J

1

0.1

P

—4/16
—0/4
RA
T 1
1 10 100
Particle size, mm
Figure 3. Sieve analysis of aggregates used in NAC and RAC.
Table 3. Composition of mixes used in the study (kg/m?).
NAC RAC
Sand 0/1 271 271
Sand 0/4 541 378.8
Rolled gravel 4/16 997 698
RA 401.2
CEMI525N 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 x 150 x 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 x 150 x 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 x 400 mm x 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% CO; 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 /2/11/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 um 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.
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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 x 10~'¢). 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.
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Figure 6. Creep coefficient of NAC and RAC.
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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
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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 RAC VLAREMA Limits
(mg/kg) (mg/kg) (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
SO, 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
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many of the properties of concrete. Further to that, removal of the fine fraction <250 pm
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/SiO,. 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.

Optimal Synthesis Conditions

Waste Addition Application Ref. Year Country
Activator Cured C.S.
. NaOH + 60 °C
Concrete 20% MK Na,SiOs (3d) 33 MPa Paste [9] 2009 UK
NaOH + 60 °C .
Masonry — Na,SiOs (7d) 50MPa  PasteMortar  [10] 2013 Spain
Concrete 13 MPa
e — NaOH + M°C ——
Masonry - Na,5i03 (7d) 58 MPa Paste [11] 2015 Greece
Tile 50 MPa
Masonry 0% 11:1};(;12; psec MR poge [12] 2016  Colombia
20% OPC 2203 103 MPa
0% 26 MPa
- O O O O O O O O H - OO0
Concrete 30% OPC II:IIQZ%iO: 25°C 34 MPa Paste [13] 2016 Colombia
10% MK 46 MPa
Concrete o 8 MPa
T — NaOH + 80°C —— —
Masonry - NaySiO; (1d) 39 MPa Paste [14] 2016 Greece
Tile 58 MPa
NaOH + 50 °C .
Masonry — Na,SiOs (1d) — Coating [15] 2016 Italy
Ceramic 15% OPC NaOH * 25°C >8 MPa Paste [16] 2017 Colombia
Na,Si0; 25 MPa Mortar
. o NaOH + 65 °C .
Ceramic 5% Ca(OH), Na,SiOs (3d) 43 MPa Mortar [17] 2017 Spain
% 7 MP.
—O/ NaOH 71\/[ a
Masonry 10% OPC 41 MPa
0% NaOH + 54 MPa
o, Nay_SiO3
20% OPC 25°c  103MPa Paste (18] 2017  Colombia
0% NaOLH 7 MPa
Concrete 30% OPC 10 MPa
0% NaOH + 26 MPa
30%0pC NSO 34 MPa
NaOH + 90 °C
Masonry — NaySiOs (5d) 36 MPa Mortar [19] 2018 Turkey
Masonry — g:gll_lo: 25°C 42 MPa Paste [20] 2018 R. Czech
Masonry 00 GBES o NaOH+ 5o 7o MPa

+10% FA NapSiO3

. 30% GBFS NaOH + o
Ceramic +10% FA Na,SiOs 25°C 60 MPa

Paste [21] 2019 Taiwan

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.

+ Glass

" “ ~‘ slia « Cardboard/Paper
Excavation material

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 um (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.

Coarse Recycled Aggregate (CRA)

Mortar

Milling l process

CDW precursor

Fine crushing
process

White ceramic

olWeRIeO pay

Fine Recycled Aggregate (FRA) Mortar waste

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 (S5iO; +
Al,O3 = 58.8%) of the geopolymeric precursor is highlighted, with a SiO,/Al,O3 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 um, 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 SiO, AlLOj3 CaO Fe;O3 NaO K,O MgO  Others LOI
CDW precursor 47.6 11.2 21.2 59 0.6 1.1 1.1 2.3 9.1
orcC 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.
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Figure 4. X-ray diffraction of the CDW precursor.

Figure 4 shows the semi-crystalline nature of the CDW precursor, with quartz (SiO;) (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” (NaySiOs3: SiOp = 32.09%, Na,O = 11.92%, H,O = 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.

Alkaline activator: <
' P
NaOH dh Na,SiO, |

/—\ (waterglass)
[ Mixing

: ¢ -
CDW precursor ¥ l water

OPC (10%) o

hybrid cement

Coarse recycled Ccbw Fine recycled
CDW concrete brick CDW concrete aggregate mortar aggregate
(CRA) (FRA)

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%0OPC+H;0. 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/m?) ASTM C128 2029 ASTM C127 2326

Absorption (%) ASTM C128 12.12 ASTM C127 9.17

Unit weight (kg/m?) ASTM C29 1240 ASTM C29 1211

Maximum size (mm) N/A ASTM C136 254
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 ACI211.1. 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 (m?3)
CDW precursor 450 2690 0.167
orcC 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 cm® 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+0OPC and NaOHY/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.
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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-S5-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].
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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);) 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 + H,O) and a reference paste composed of
the mixture 90%CDW + 10%OPC + H,O. 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+ H,O 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 + H,O (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 + H,O 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 ]/h-g of cement. This value coincides with the maximum
heat range (12.6-36.4 ]/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%
(318 J/hg).

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
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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].

Alkali-activated hybrid Conventional concrete
concrete based on CDW based on OPC and
(binder and aggregates) natural aggregates

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 S5iO,-Al,03-CaO
ternary diagram of the results obtained, as shown in Figure 11.
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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
5i0,—-Al,03-Ca0 ternary diagram with (N,C)-A-S-H (poor in Ca?*), C-S-H, and C-A-S-H type (rich
in Ca?*) 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.

i
600um

00pm Electron Image 1 Electron Image 1

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/m?) 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

(AAHQ).
CDW Concrete Block Properties and Characteristics Result
Dimensions (length x width X height) 200 x 100 x 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 Ca%*), C-S-H, and C-A-S-H (rich in Ca?") 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/m?) 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 CO, 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.

71



Sustainability 2022, 14, 1732

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 CO, emissions is one of the most
discussed issues in the European Union. The EU aims to reduce CO, emissions values
by 40% by 2030 [12]. Moreover, up to 9% of CO, 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
CO; during a slow process called carbonation, in which CO, 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 CO, 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 CO;, 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 CO, 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 CO, absorption was measured according to
the valid Czech standard CSN 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:

e  Strength class I—corresponds to ordinary concrete in strength class C16/20
e  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-], as a reference concrete sample for strength class C16/20
RMAC-], as recycled concrete containing RA4, strength class C16/20.
RCAC-, 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
RCACH-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) RMACII, (c) RCAC], and
(d) RCACIIL

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~!). 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 CaCly, 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 x 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) 5 + CO, = CaCO; + H,O 1)

The Czech standard CSN 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 CSN 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 m® 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.

Raw material supply
(e.g., cement, water,
sand)

Production of recycled
aggregates

Electricityand heat

E

—_—

Transportation

Transportation

—

System boundary

|

Construction

Mixing of concrete

End of life

processes

generation

Reuse, recovery,
recycling potential

o B
A\ 4

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.

I II

Material (kg)

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 CO, 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 CO, was
estimated for the cement used as 0.49 kg CO;/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 L.
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~!. 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 L. All leachates had similar
pH (10.5-10.7), as well as electrical conductivity (162-232 uS.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 °Cin the duckweed assay (Supplementary Materials, Table S1).

Table 2. Physicochemical properties of leachates.

Element I I
(mg.L~1) NAC RMAC RCAC NAC RMAC RCAC
Na 3.04 + 0.05 3.96 + 0.09 <25 <25 416 +0.17 <25
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! <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 £ 0.1 106 +0 10.6 + 0.1 10.5 £+ 0.1
el (ngfr‘f_tg‘ty 225 4 12 232 + 24 191 + 11 18346 211 + 38 162 + 17

! Limit value in waste leachates 7 mg.L~!. 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 S2-54). 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 ! in the acute test for algae and
water fleas, and 640 mL.L~! 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 ™.

Concrete Mix Value Water Flea Algae GR Duckweed GR Toxicity Level
EC50 931 >1000 870
CI95% 890-n.c. - 833-912
NACI R? 0.89 0.80 0.94
NOEC 800 800 640
TC NT-1 NT-1 NT-2 Non-toxic
EC50 929 >1000 896
CI195% 894-n.c. - 838-966
RMACI R? 0.96 - 0.86
NOEC 800 800 640
TC NT-1 NT-1 NT-2 Non-toxic
EC50 >1000 >1000 911
CI95% n.c. - 864-971
RCACI R? 0.69 0.77 0.92
NOEC 800 800 640
TC NT-1 NT-1 NT-2 Non-toxic
EC50 >1000 >1000 844
CI95% - - 829-861
NACIH R? 0.11 0.82 0.99
NOEC 640 800 510
TC NT-2 NT-1 NT-2 Non-toxic
EC50 992 >1000 926
CI95% 976-n.c. n.c. 909-943
RMAC II R? 0.94 0.76 0.99
NOEC 800 800 640
TC NT-1 NT-1 NT-2 Non-toxic
EC50 >1000 >1000 928
CI 95% - - 895-966
RCACII R? 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~! in duckweed with two exceptions (in NAC-I
and RMAC-I diluted to 800 mL.L~!, 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; & = 0.05) within the same column (uppercase) and within the same row (lowercase).

I II
mL.L-1
NAC RMAC RCAC NAC RMAC RCAC
0 A 56+ 04 A 56+ 04 A 56+ 04 A 56+0.4 A 56+ 04 A 56+ 04
640 A 55+01la A 60+£02a A 544+02a A 62+£0la A 544+07a A 63+£01a
800 A 51+02a A 58+08a A 51+02a A 58+£03a A 56+0la A 59+£01a
1000 B 19+01la B 1.7+02a B 1.8+£01la B 20+0la B 19+02a B 1.8+02a
100+n A 54+02a A 57+02a A 524+00a A 59+£0la A 55+01la A 59+01a
Table 5. Total chlorophyll to total carotenoid ratio in duckweed (mean values &= SD). 100 + n—leachates
(100 mL.L~!) amended with nutrients. The letters indicate significant differences between the values
(post-hoc test; « = 0.05) within the same column (uppercase) and within the same row (lowercase).
I II
mL.L-1
NAC RMAC RCAC NAC RMAC RCAC
0 A 79+£0.2 A 79+£0.2 A 79402 A 79 +0.2 A 794+02 A 79 +0.2
510 A 70+03a A 70£05a A 76+06a A 72+02a A 70+03a A 81+04a
640 A 794+10a A 74+03a A 77+05a A 71+03a A 71+£04a A 70+03a
800 A 69+10a A 70£09a B 51+01b B 46+02b B 444+01b B 44+01b
1000 B 15+£01b B 38+05a C 394+04a B 32+07a B 38+£0la C 28+£02ab
100+n A 82+0la A 77£02a A 86+03a A 81+£03a A 83+03a A 81+£01la
7.5=
CT
L 507 NAC-I
g b
&b b NAC-II
= l B
= b % RMAC-I
= %
O 2.5- % RMAC-II
/i RCAC-1
g RCAC-II
0.0~ z

0 640

800

1000

Leachate concentration (mL.L'1)

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; « = 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~!) 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; o« = 0.05).
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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; « = 0.05).

81



Sustainability 2022, 14, 1732

1

CT
NAC-I
NAC-II

'S
|

RMAC-I
RMAC-II
RCAC-I
22 RCAC-II

oo*

INSSASANSASSNSANSAN VI

Cars (pg.cm'z)

N
|

NN NN NS
N NN RN
.: : | .t: | | lt&. l

KRR R RRRRRRNH & %

R R T
RGO =

R~
SNASASSASASNTEY]

NSSSSSSSSSNN

0 510 640 800 1000 100+n

Leachate concentration (mL.L'I)

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; o« = 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 CaCOj 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).

<

= [ NAC-I
(=]

= NAC-II
=

z I RMAC-I
2 B8 RMAC-II
[=]

£ 0 RCAC-I
c B8 RCAC-II

Time (d)

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; « = 0.05).

20 mm
S

(b)

20:amm

Figure 8. Cont.

83



Sustainability 2022, 14, 1732

()

Figure 8. Samples after carbonation test colored with phenolphthalein: (a) NAC-I, (b) NAC-II,
(¢) 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-L
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 1 1I
Carbonation
Depth (mm) NAC RMAC RCAC NAC RMAC RCAC
di 2.99 12.69 9.66 2.50 1.18 2.56
d, 6.82 8.41 7.99 5.25 3.74 1.87
ds 3.66 7.35 6.27 0.34 3.37 4.10
dy 417 11.73 12.14 2.50 6.25 1.30
dy 440+ 145 10.04 £2.22 9.01 +2.16 2.65 +1.74 3.37 £ 1.79 245+ 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 m? 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.) 996 x 1071 8.99 x 107! 8.64 x 1071 1.06 9.66 x 1071 9.34 x 107!
Climate Change—total (kg CO; eq.) 3.21 x 10? 2.59 x 102 2.21 x 10? 3.54 x 102 2.95 x 10? 2.59 x 102
Climate Change, biogenic (kg CO, eq.) 3.62 x 1071 3.18 x 1071 3.69 x 1071 3.88 x 1071 3.47 x 1071 3.95 x 1071
Climate Change, fossil (kg CO; eq.) 3.20 x 10? 2.58 x 107 2.20 x 10? 3.53 x 107 2.94 x 10? 2.58 x 102
Climate Change, LULUC (kg CO; eq.) 612 x 1071 635x 1071 695x107!  629x107'  651x 107!  7.09 x 107!
Ecotoxicity, freshwater—total (CTUe) 1.71 x 10° 1.39 x 103 1.57 x 10° 1.77 x 103 1.47 x 10% 1.65 x 103
Eutrophication, freshwater (kg P eq.) 1.07x1073  731x107* 875x107* 1.12x1073% 791 x107* 928 x 1074
Eutrophication, marine (kg N eq.) 342 x 1071 325x 107! 330x 107! 359 x 107! 343 x 107! 348 x 107!

Eutrophication, terrestrial (Mole of N eq.) 3.76 3.59 3.66 3.95 3.78 3.85
Human toxicity, cancer—total (CTUh) 9.03x 1078 441 x10% 219x10% 924x108 487 x108 277 x10°8
Human toxicity, non-cancer—total (CTUh) 675x107% 562x107® 531x10° 712x107® 605x107° 576 x10°°

Ionising rad., human health (kBq U235 eq.) 6.49 4.83 6.29 6.99 541 6.80
Land use (Pt) 5.57 x 102 4.66 x 10? 5.30 x 107 5.88 x 10? 5.01 x 107 5.63 x 10?
Ozone depletion (kg CFC-11 eq.) 373x1077 253x1077 313x1077 385x107 271x1077 328 x 1077
Particulate matter (Disease incidences) 112x 1075 637x107® 574x107° 120x107> 743 x107°®  6.83 x 107
Photochem. OZNOK/Ie\fOOré“ngT)um‘ health (kg 852 x 1071 798x 101 780 x 1071  9.02x 10! 851 x 107!  835x 107!
Resource use, fossils (M]) 2.08 x 103 1.31 x 10° 9.71 x 102 2.17 x 103 1.44 x 10° 1.12 x 10°
Resource use, mineral and metals (kg Sb eq.) 3.05x107° 643 x 107 181 x107%  330x 107> 568x107° 167 x107*
Water use (m? world equiv.) 1.27 x 10° 7.67 x 102 8.40 x 107 1.31 x 10° 8.35 x 102 9.03 x 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*, Mg?*, Ca%*, 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 54). 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

86



Sustainability 2022, 14, 1732

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 CO, 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 Matous$ek 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.

87



Sustainability 2022, 14, 1732

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 CO, than
conventional reference concrete in the same strength grade. The usual CO, 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 CO, Uptake

The alternative scenario describes the potential of concrete mixtures to capture CO; 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 CO;. The results of the calculation of the total potential
uptake are described in Table 8.

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

NACI RMACI RCACI NACII RMACII RCACII

Total CO, potential
uptake 421 4.21 421 3.53 3.53 3.53
(kg CO; per cube)

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

89



Sustainability 2022, 14, 1732

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 CO,. 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 CO, uptake is evaluated in the LCA, and the captured CO,
value was evaluated as negligible compared to the value of CO, in cement production.
However, the assumption of CO, 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~!) amended with nutrients. The letters
indicate significant differences between values (post-hoc test; o« = 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; « = 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~!) amended with nutrients. Negative values indicate growth stimulation. The letters
indicate significant differences between values (post-hoc test; o« = 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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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 m? 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 §,
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];

() 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.

(I) Extraction of raw material &

Final Disposal
(Landfill — other industries)

Recycling

Recycling
(In-situ)

-

Recycling
(Ill) Use & Operation =

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:
e  The minimization and efficient consumption of raw materials, water, and energy;

e The minimization of the use of toxic raw materials;
e  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:

e  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.

e  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.
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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 m>/day of C&DW is generated with
a percentage of 96% usable due to its ceramic nature [21], this model offers specific tools
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