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Mirjana Miletić, Dragan Komatina and Marija Mosurović Ružičić
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Preface

Since the publication of the Club of Rome’s report “The Limits to Growth” in 1972, the need for

a non-linear economic model became clear. This notion was further emphasized with the planetary

boundaries theory, underscoring the demand for innovative production and consumption systems.

Recently, the circular economy (CE) concept, championed by the Ellen MacArthur Foundation,

has gained global recognition. While the CE aligns with key public policies such as the United

Nations’ Sustainable Development Goals and the European Green Deal, significant challenges and

opportunities remain in advancing the CE across value chains—especially in the construction sector,

which wields substantial economic influence while confronting environmental and social issues. This

reprint addresses critical topics, including the following:

• Development of eco-friendly concrete and hybrid cements from recycled materials.

• Technological innovations like 3D printing and chemical activation to optimize material reuse.

• Environmental and economic evaluations of sustainable construction practices.

• Durability and mechanical enhancements in concrete and mortars using recycled aggregates.

• Implementation of sustainable building strategies in circular cities and communities.

• Examination of CE models, regulatory frameworks, and best practices globally.

In essence, the reprint fosters collaboration among stakeholders and promotes sustainable

business models to tackle pressing environmental challenges in construction with a vision to drive

a global adoption of CE principles.

Anibal C. Maury-Ramirez and Nele De Belie

Guest Editors
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Residential Buildings: A Case Study of Santiago de Cali
(Colombia)
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Abstract: Although the circular economy principles date back to the late 1960s, only with the recent
stimulus from the European Commission and the Ellen McArthur Foundation has this concept gained
attention worldwide. The City Hall of Santiago de Cali (Colombia) is implementing a circular econ-
omy model through a sustainable construction handbook and its certification. Among others, these
stimulate the use of eco-concrete using fly ash and blast furnace slag coming from local industries
(industrial symbiosis). Although concretes with these supplementary cementitious materials have
been widely investigated regarding mechanical and durability properties, the economic and envi-
ronmental impacts have been scarcely and independently evaluated, making the material selection
a complex process. Therefore, this article presents the environmental and economic assessment of
eco-concretes using fly ash and blast furnace slag for the design of a house located in Santiago de
Cali (Colombia). The environmental and economic impacts are estimated by means of the environ-
mental life cycle assessment (LCA) and life cycle costing (LCC), which are methodologies based on
the ISO and ASTM standards implemented in the online software Building for Environmental and
Economic Sustainability (BEES), which was selected for this case study. The results indicate that
40% fly ash concrete or 50% blast furnace slag would be recommended for reducing acidification
or global warming potential, respectively. However, considering the existing public policies, the
best option for the case study is 50% slag concrete. These results are of significant importance as
they allow providing data-based recommendations for designers during the selection of the different
eco-concretes. Additionally, these results might help establish a national roadmap to reduce carbon
dioxide emissions from the construction sector, which are projected to continue increasing until 2050.

Keywords: supplementary cementitious materials; ordinary Portland cement; eco-concrete; LCA;
LCC; fly ash; blast furnace slag; planetary boundaries; industrial symbiosis; circular economy

1. Introduction

The implementation of sustainable development principles in the design of buildings
and infrastructure brings important challenges but also huge opportunities regarding
innovation in construction materials that balance environmental, social and economic
impacts. A current approach to integrate these concepts is circular economy (CE), which is
a development paradigm that started to be built by the Club of Rome in 1968 with their
MIT report “The limits to growth” published in 1972 [1]. Later, these principles were also
incorporated in the Brundtland Report “Our Common Future” published by the World
Commission on Environment and Development in 1987. Moreover, the United Nations
Organization implicitly included CE principles in the Millennium (2000) and Sustainable
Development Goals (2015), respectively. More recently, the European Commission and

Sustainability 2023, 15, 12032. https://doi.org/10.3390/su151512032 https://www.mdpi.com/journal/sustainability1
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Ellen MacArthur Foundation have designed important initiatives to develop the circular
economy in different sectors worldwide. This is also supported by the advances in life
cycle thinking, planetary and social boundaries [2,3]. A more detailed timeline for CE can
be found in Figure 1.

Figure 1. Circular economy timeline.

Using a public policy, consisting of a sustainability construction handbook and its
certification, the City Hall of Santiago de Cali (Colombia) is implementing a CE model for
the construction sector, which understands the circular economy as a consumption and
production system that works for the efficiency in the consumption of materials, energy and
water, considering the circular use of material flows and the resilience of ecosystems [4,5].
To do so, alliances and collaborations among different stakeholders are required for the
implementation of technological innovations and the promotion of business models that
respond to the fundamentals of sustainable development [5]. In addition to other strategies,
the CE stimulates products such as recycled aggregates or eco-aggregates, eco-concretes and
eco-mortars, eco-prefabricated products and modules, and smart construction materials [6].
These products satisfy the construction sector demand but also consider the following local
waste valorization and material development experiences:

(a) Design of a system to generate air purification and self-cleaning on the surfaces of the
tunnel of Colombia Avenue (Cali) using a photocatalytic mortar and UV-A lighting.
This design project includes economic and environmental performances [7].

(b) Evaluation of semi-intensive green roofs with drainage layers made out of recycled
and reused materials. Recycled rubber, recycled polyethylene (PET) bottles and
recycled high-density polyethylene (HDPE) trays were evaluated as drainage layers
regarding their hydraulic, thermal and mechanical performances in prototyped green
roofs [8,9].

(c) Evaluation of the mechanical properties of concrete using recycled aggregates obtained
from old paving stones coming from Almaguer (Cauca, Colombia). The results
showed promising results with a mix replacing 50% of the natural fine aggregate with
recycled ones [10].

(d) Evaluation of the effect in mortars of the partial replacement of Portland cement
by ash from the paper industry. In particular, the fly ash was coming from the coal
combustion in the manufacturing process of a local paper company [11].

Based on the previous technical results, making decisions about the best construction
material for a specific application on a building or infrastructure is a complex process which
is normally based on the designer’s experience. Moreover, although sustainable building
materials have been intensively investigated regarding their mechanical and durability
properties, their environmental and economic impacts have been scarcely and indepen-
dently evaluated. For example, although several articles have been recently published
to evaluate the environmental impact of ordinary Portland cement (OPC) replacements
with FA and BFS [12–15], few articles have applied the life cycle assessment (LCA) and
life cycle costing (LCC) results to the materials selection for buildings and infrastructure.

2
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This is because these studies used a cradle to gate approach, which does not include the
construction, use and operation, and end of life of buildings or infrastructure. Moreover,
few articles have integrated LCA and LCC results to the planetary boundaries and national
development strategies [16].

In relation to the cases which applied LCA and LCC for materials selection with a
wider system boundary, the environmental impacts and cost analysis of using copper
slag as cement replacement (5%, 10%, and 15%) in concretes with compressive strengths
of 20.7 MPa, 27.5 MPa, 34.5 MPa, and 41.40 MPa at 28 days for low-rise and mid-rise
structures in the Philippines was performed. Based on the results, the use of copper slag
was established as being beneficial to the abiotic depletion potential (fossil) and global
warming potential, but it exerted damaging effects on abiotic depletion and human toxicity
potentials, respectively. Moreover, the use of the copper slag as a partial cement replacement
was found to reduce building costs by 1.4% and carbon emissions by 12.8% [17]. Similarly,
the environmental, economic, and social impacts of using 20% fly ash as cement replacement
(7FA20) in early-age high-strength concretes with compressive strengths of 55 MPa at 7 days
(7OPC) and 28 days (28OPC) for two bridges in the Philippines were analyzed. The results
show a higher impact of 7OPC on 17 midpoint and 3 endpoint indicators when compared
to 28OPC. The most significant midpoint impacts based on normalization are fossil resource
scarcity, global warming potential, ozone formation, human carcinogenicity toxicity, and
terrestrial ecotoxicity. The global warming potential of 7OPC was quantified to be 636 kg
CO2 eq compared to 549 kg CO2 eq of 28OPC concrete. Utilizing fly ash decreased the
damage to resources (11%), human health (16%), and the environment (16%). Analysis
of concrete constituents indicated that using chemical admixtures to obtain early high
strength contributed significantly to fossil resource scarcity and resource damage [18]. In
addition, the environmental impacts from building materials for the construction of a
residence project in Brazil were determined. The results indicate a substantial waste of
non-renewable energy, increasing global warming and harm to human health in this type
of construction [19].

It is worth mentioning that FA and BFS are local wastes that have the potential of
significantly reducing the current consumption of ordinary Portland cement (industrial
symbiosis), which is projected to continue increasing in the global south region until 2050,
as indicated by the recent Global Consensus on Sustainability in the Built Environment [20].
So, by systems to exchange waste and by-products, industrial symbiosis is a promising tool
for innovative green growth of the construction sector, as this engages diverse organizations
in a network to foster eco-innovation, long-term culture change and mutual benefits [21,22].

Therefore, taking into account that using life cycle assessment and life cycle costing
allows consolidating, comparing, and assessing sustainability impacts [23], this article
presents the selection process of eco-concretes with blast furnace slag (BSF) and fly ash (FA)
to be used in a sustainable house in Santiago de Cali (Colombia).

2. Case Study

In the course of Sustainability in Construction from the Master of Civil Engineering of
PUJCali, a sustainable house was designed for a family of five persons in Santiago de Cali
(Colombia). To do so, a flat land of 150 m2 and a budget of 100,000 USD were available.
Considering the above indicated requirements and the local climatic conditions, students
designed a one-floor house, which includes energy and water efficiency strategies, with
four bedrooms, two bathrooms, a visitor´s toilet, living room, dining room and terrace.
In addition, considering the high seismic risk of Santiago de Cali and high probability of
an earthquake occurrence, and looking for a flexible architectural design, the following
structural elements with 28 MPa compressive strength were considered: aerial beams
(0.30 m × 0.35 m), columns (0.30 m × 0.30 m) and foundation beams (0.40 m × 0.3 m).
Finally, for selecting the best eco-concrete, a matrix with their environmental impact
categories, concrete products and associated scores that range from 1 for the best option

3
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(with lower environmental impact values), 2 for the second-best option, and so on was
used. A general view of the designed house is given in Figure 2.
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3. Methodology

The LCA and LCC standard methods developed by the American Society for Testing
and Materials (ASTM) and the International Organization for Standardization (ISO) were
followed in this research, respectively. In both cases, the open access and online software
Building for Environmental and Economic Sustainability (BEES) version 2.1, developed by
the National Institute of Standards and Technology (NIST) from the U.S. Department of
Commerce, was selected for the integrated development of LCA and LCC [25]. Using a
Microsoft SQL server, BEES integrates Simapro version 8.0 and Ecoinvent 2017, which was
recently ranked among the top databases for construction supplies [18]. For this case study,
the following concrete mixes with a compressive strength of 28 MPa using Portland cement
(reference), fly ash and blast furnace slag were assessed (Tables 1 and 2). More details
about the technical challenges and limitations of using FA and BFS in concrete can be found
in the recent state-of-the-art book which focus on the properties of concrete containing
supplementary cementitious materials in the fresh and hardened state [26].

Table 1. Mix design for concrete with different contents of fly ash and compressive strength of
28 MPa [25].

Material
No Fly Ash or Slag 20% Fly Ash 30% Fly Ash 40% Fly Ash

(Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3)

Portland cement 365.2 307.3 276.5 243.2
Slag cement 0 0 0 0
Fly ash 0 77.1 118.7 162.6
Crushed coarse aggregate 678.6 678.6 678.6 678.6
Natural coarse aggregate 316.2 316.2 316.2 316.2
Crushed fine aggregate 87.4 87.4 87.4 87.4
Natural fine aggregate 656.4 656.4 656.4 656.4
Light weight aggregate 0 0 0 0
Accelerator (accel.) 0.37 0.56 0.56 0.93
Air entrainer 0.04 0.04 0.06 0.06
Water reducer and accel. 0.11 0.11 0.11 0.11
High range water red. and accel. 0 0 0 0
Water 154.8 154.8 154.8 154.8
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Table 2. Mix design for concrete with different contents of blast furnace slag and compressive strength
of 28 MPa [25].

Material
30% Slag 40% Slag 50% Slag 20% FA, 30% Slag
(Kg/m3) (Kg/m3) (Kg/m3) (Kg/m3)

Portland cement 255.6 219.1 182.6 192.2
Slag cement 109.6 146.1 182.6 115.1
Fly ash 0 0 0 77.1
Crushed coarse aggregate 678.6 678.6 678.6 678.6
Natural coarse aggregate 316.2 316.2 316.2 316.2
Crushed fine aggregate 87.4 87.4 87.4 87.4
Natural fine aggregate 656.4 656.4 656.4 656.4
Light weight aggregate 0 0 0 0
Accelerator (accel.) 0.56 0.93 1.11 1.11
Air entrainer 0.04 0.04 0.04 0.04
Water reducer and accel. 0.11 0.11 0.11 0.11
High range water red. and accel. 0 0 0 0
Water 154.8 154.8 154.8 154.8

3.1. Life Cycle Assessment (LCA)

In particular, ISO indicates following four phases for LCAs: (a) objective and scope
(ISO 14041), (b) inventory analysis (ISO 14041), (c) impact assessment (ISO 14042), and
(d) results interpretation (ISO 14043) (Figure 3).
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First, in relation to the objective and scope, the case study was performed using a
cradle-to-grave approach, a service life of 60 years (without maintenance or reparation
activities), and a functional unit of 1 yd3 or 0.76 m3 for beams and columns. Also, the
system boundaries include all concrete mix components (fly ash, blast furnace slag, Port-
land cement, coarse and fine aggregates, admixtures), steel reinforcing and plywood forms.
Second, regarding the inventory analysis, the inlet and outlets from the functional unit were
estimated using several information sources such as previous LCAs, existing EPDs, and
expert interviews, which were information already included and validated in the software
BEES. Moreover, a distance of 120 km (74.6 mi) was set based on the concrete and the
cement average delivery distance reported within Latin America and the Caribbean [27].
Third, considering the environmental impact categories developed by the U.S. Environ-
mental Protection Agency (EPA), National Institute of Standards and Technology (NIST)
and International Environmental Product Declaration System (EPD System), the BEES
environmental impact categories were selected for this case study. Finally, in order to
interpretate the results, the relative importance weights based on the BEES stakeholder
panel were used (Table 3).

Table 3. Relative importance weights based on the BEES Stakeholder Panel [25].

Impact Category Relative Importance Weight (%)

Climate change 29
Primary energy consumption 10
Human health criteria air 9
Human health cancer 8
Water consumption 8
Ecological toxicity 7
Eutrophication 6
Land use 6
Human health non-cancer 5
Smog formation 4
Acidification 3
Indoor air quality 3
Ozone depletion 2

It is worth mentioning that in this case study, the following conceptualization and
monitoring units of the impact categories were used:

Acidification: Acidifying compounds such as sulfur and nitrogen, hydrogen chloride
and ammonia can reach water, air and soil from ecosystems attacking flora and fauna. For
example, a reduction in coniferous forests and an increase in fish mortality due to acidifica-
tion has been reported, which is normally indicated by kilograms of SO2 equivalents (kg
SO2 eq).

Climate change: Also identified as global warming potential (GWP), climate change
refers to the increase in the average global temperature as consequence of the greenhouse
gas emissions (GHGs). Major GHGs come from the combustion of fossil fuels (e.g., oil, coal
and natural gas). The GWP from the GHG emissions is estimated by kilogram of carbon
dioxide equivalent (kg CO2 eq).

Ecological toxicity: This impact indicates the potential damage to land and water
ecosystems, which is estimated by comparative toxic units for ecosystems (CTUe). This
estimates the potentially affected fraction (PAF) of species integrated over time and volume
per unit mass of a chemical released.

Eutrophication: This indicator refers to the potential toxic impacts caused by the
excessive presence of mineral nutrients (i.e., nitrogen and phosphorous) on soil or water
from an ecosystem. This phenomenon enhances algae growth in water, which normally
block fishes’ access to oxygen, causing their death. Eutrophication potential is normally
estimated in kilograms of nitrogen equivalents (kg N eq).
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Human health: This impact refers to potential effects on human health, which can be
associated to cancer, non-cancer, or respiratory problems. The characterization factors for
human toxicity are estimated by comparative toxic units for human toxicity (CTUh). These
estimate the increase in morbidity (i.e., cancer or non-cancer) in the total human population
per unit mass of a contaminant released. On the other hand, inhaling fine particulates
from air might result in serious health problems (e.g., asthma). This impact category is
reported in kilograms of particulate matter of size less than or equal to 2.5 µm equivalents
(PM2.5 eq).

Indoor air quality: This impact, also known as (IAQ), is associated with the respiratory
problems caused by the excessive concentration of pollutant gases inside buildings or even
infrastructure (e.g., tunnels and parking lots). Although there is no general consensus
about the estimation method, this indicator is normally associated with the presence of
volatile organic compounds (VOCs), which is very much controlled in building materials.

Land use: Although this is a composed factor normally measuring impacts on soil
properties, BEES only considers the surface area of land occupied or transformed within
the system boundaries. So, this is estimated by square meters (m2).

Ozone depletion: This impact measures the damage potential caused by depleting
gases (e.g., chlorofluorocarbons—CFCs) on the ozone layer, which protects life on earth
from short wave radiation. Ozone depletion is reported in kilograms of trichlorofluo-
rmethane, also known as Freon-11, equivalents (CFC-11 eq).

Primary energy consumption: This refers to the required energy along the production
system and the embodied energy in the products. Primary energy consumption can include
non-renewable (e.g., coming from fossil fuels and nuclear power) and renewable energies
(e.g., coming from hydropower, wind power and biomass). So, these impact categories are
estimated using the cumulative energy demand method (CED) in megajoules (MJ).

Smog formation: This impact is associated with the photochemical oxidation potential
caused by the formation of photochemical oxidants, including ozone (O3), under certain
environmental conditions (e.g., UV radiation) and air pollutants (e.g., NOX, VOCs). This is
estimated in kilograms of O3 equivalents (O3 eq) or ethylene equivalents (C2H4 eq).

Water consumption: Although water access and availability are different from region
to region, this factor is associated with the consumption of freshwater, which controls the
availability or scarcity of water in the system boundaries. The impact potential is estimated
in liters (L).

3.2. Life Cycle Costing (LCC)

Determining the economic impacts of concrete products with BEES is an easier process
than measuring the environmental ones. This because available data and standard methods
for developing economic performance evaluations exist. The most appropriate method for
determining the economic impacts of building products is the LCC method following the
ASTM standard for the life cycle costing of building related investments [28].

In this case study, the total LCC of a concrete product (CLCC) is the sum of the present
values of first cost (CFirst) and future costs (CFuture) minus the residual value (RV), as shown
in the following equation:

CLCC = CFirst + CFuture − RV (1)

Based on the LCC methodology and BEES requirements, the study period was de-
fined as 60 years (in agreement with the LCA), installation costs of approx. 77.59 USD
(343,315 COP per m3), discount rate of 3%, and social cost of CO2 emissions was $12/ton
(Table 4), as suggested by BEES.
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Table 4. Social cost of carbon per metric ton [25].

Time (Year) Cost (USD)

2010 12
2015 13
2020 15
2025 17
2030 19
2035 22
2040 26
2045 28
2050 32

4. Results

The online software BEES was set using the conditions previously described in the LCA
methodology for the selection of the best eco-concrete using BFS and FA for a sustainable
house to be constructed in Santiago de Cali (Colombia). With this aim, concrete products
(i.e., beams and columns) were classified for each environmental category from 1 to 8
based on the environmental impact, where 1 indicated the smallest and 8 indicated the
biggest impact, respectively. For instance, the results of the environmental impact on global
warming potential from the house beams and columns can be seen in Figures 4 and 5,
respectively. In this case, numbers 1 and 8 were assigned to 50% slag concrete and 100%
OPC concrete (reference), respectively. These results were the same for all environmental
impact factors evaluated except for acidification, in which the trend was different with
number 1 assigned to 40% fly ash concrete as can be seen in Figures 6 and 7 for beams and
columns, respectively.

On the other hand, the economic performance of the beams and columns for the
sustainable house can be seen in Figures 8 and 9. It is evident that there are no significant
differences between the cost of the evaluated concrete mixes even when including social
carbon costs. So, based on this LCC, there is no evidence to conclude that using by-products
in concrete might substantially increase the construction costs.

So, following the proposed methodology to select the best eco-concrete for the sustain-
able house, a matrix which displays the environmental and economic impact categories
and different concrete products was elaborated (Table 5). Based on this, the 1st option is
the 50% slag concrete, which is followed by the 20–30% fly ash–slag concrete and the 40%
slag concrete (3rd option). This result does not apply for acidification, where the lowest
environmental impact is obtained with the 40% fly ash (1st option), which is followed by
the 30% fly ash concrete (2nd option), and the 20–30% fly ash–slag concrete (3rd option).
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Table 5. Concrete products scores for the different environmental and economic impact categories.

Impact Category 100%
PC

20%
FA

30%
FA

40%
FA

30%
Slag

40%
Slag

50%
Slag

20% FA,
30% Slag

Global warming 8 7 6 4 5 3 1 2
Primary energy consumption (nr)1 8 7 6 4 5 3 1 2
Primary energy consumption (r)2 8 7 6 4 5 3 1 2
Human health criteria air 8 7 6 4 5 3 1 2
Human health cancer 8 7 6 4 5 3 1 2
Water consumption 8 7 6 4 5 3 1 2
Ecological toxicity 8 7 6 4 5 3 1 2
Eutrophication 8 7 6 4 5 3 1 2
Land use 8 7 6 4 5 3 1 2
Human health non-cancer 8 7 6 4 5 3 1 2
Smog formation 8 7 6 4 5 3 1 2
Acidification 8 4 2 1 7 6 5 3
Ozone depletion 8 7 6 4 5 3 1 2
Indoor air quality 8 7 6 4 5 3 1 2
EP3: beams and columns 1 1 1 1 1 1 1 1

Abbreviations: (nr)1: non-renewable, (r)2: renewable, EP3: economic performance.

In order to make a final decision about the best eco-concrete for the selected case study,
global and local scales were considered. At the global scale, the concept of planetary bound-
aries stated by Rockstrom et al. (2009) was considered [2]. The nine planetary boundaries
are: climate change, ocean acidification, stratospheric ozone depletion, biogeochemical
flows, global freshwater use, change in land use, biodiversity loss, atmospheric aerosol
loading and chemical pollution. From these boundaries, climate change, biogeochemical
flows (nitrogen cycle) and biodiversity loss have been already exceeded (Figure 10). As the
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transgression of one or more planetary boundaries may be deleterious or even catastrophic
due to the risk of crossing thresholds that will trigger non-linear and abrupt environmental
change within continental to planetary scale systems, the most important environmental
problem for the selected case study would be climate change compared to acidification.
Similarly, at the local scale, it was considered that Santiago de Cali is implementing a net
zero carbon building program sponsored by the World Green Building Council [29]. Based
on the previous considerations, the best option for the beams and column’s project is the
50% slag concrete. However, attention has to be paid to the release of hydrogen chloride,
ammonia, sulfur and nitrogen, which may, in gaseous state or dissolved in water or fixed
on solid particles reach ecosystems through dissolution in rain or wet deposition, affecting
trees, soil, buildings, animals and humans.

Figure 10. Planetary boundaries stated by Rockstrom et al. (2009) [2].

On the other hand, based on the order of magnitude of the environmental impacts
from the house, particularly on global warming, the amount of CO2 equivalent produced
by the concrete structure made with 50% slag concrete is 379.3 kg equivalent CO2 (Table 6),
which is approx. 27% smaller than the equivalent CO2 that might be released by traditional
concrete (100% OPC). This percentage is slightly higher than the average obtained in
Colombia (3 to 25%) with other waste valorization strategies in the cement industry [30].

Table 6. Equivalent CO2 released by different concrete elements from the designed sustainable house
in Santiago de Cali (Colombia).

Element kg CO2/yd3 kg CO2/m3 Concrete (m3) kgCO2/House

Beams 50% slag
concrete (aerial) 12 15.8 7.88 124.5

Beams 50% slag
concrete (foundation) 12 15.8 9.00 142.2

Columns 50% slag
concrete 15.3 20.1 5.60 112.6

Total 379.3

Therefore, considering the current use of fly ash and blast furnace slag in Colombia,
which are 3.5 and 72.3 kg per ton of cement, a gradual and safe transition plan for the
cement industry should be designed to achieve the sustainable development goals in 2050,
particularly regarding climate change. In order to do so, it is important to indicate that the
growing annual CO2 emissions from Colombia in 2021 were 91.7 million tons, which is
2.5 times smaller than the decreasing CO2 annual emissions from Spain, which is a country
belonging to the European Union with a similar population size (Figure 11). Moreover,
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with 5.87 million CO2 tons in 2021, the Colombian cement industry had lower emissions
than the oil, gas and coal sectors (Figure 12).

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 14 
 

Columns 50% slag  
concrete 

15.3 20.1 5.60 112.6 

Total 379.3 

Therefore, considering the current use of fly ash and blast furnace slag in Colombia, 
which are 3.5 and 72.3 kg per ton of cement, a gradual and safe transition plan for the 
cement industry should be designed to achieve the sustainable development goals in 2050, 
particularly regarding climate change. In order to do so, it is important to indicate that the 
growing annual CO2 emissions from Colombia in 2021 were 91.7 million tons, which is 2.5 
times smaller than the decreasing CO2 annual emissions from Spain, which is a country 
belonging to the European Union with a similar population size (Figure 11). Moreover, 
with 5.87 million CO2 tons in 2021, the Colombian cement industry had lower emissions 
than the oil, gas and coal sectors (Figure 12). 

 
Figure 11. Annual CO2 emissions from fossil fuels and industry of Colombia and Spain taken from 
Our World in Data based on the Global Carbon Project (2022) [31]. 

 
Figure 12. CO2 emissions by fuels and industry of Colombia taken from Our World in Data based 
on the Global Carbon Project (2022) [31]. 

5. Conclusions 
First, the performed LCA and LCC using the software BEES allows estimating the 

environmental and economic impacts of using fly ash and blast furnace slag as replace-
ments of Portland cement in concrete. In this case study, 40% fly ash concrete or 50% blast 
furnace slag concrete would be recommended for reducing acidification or global warm-
ing potential, respectively. Second, considering the net zero carbon program signed by 

Figure 11. Annual CO2 emissions from fossil fuels and industry of Colombia and Spain taken from
Our World in Data based on the Global Carbon Project (2022) [31].

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 14 
 

Columns 50% slag  
concrete 

15.3 20.1 5.60 112.6 

Total 379.3 

Therefore, considering the current use of fly ash and blast furnace slag in Colombia, 
which are 3.5 and 72.3 kg per ton of cement, a gradual and safe transition plan for the 
cement industry should be designed to achieve the sustainable development goals in 2050, 
particularly regarding climate change. In order to do so, it is important to indicate that the 
growing annual CO2 emissions from Colombia in 2021 were 91.7 million tons, which is 2.5 
times smaller than the decreasing CO2 annual emissions from Spain, which is a country 
belonging to the European Union with a similar population size (Figure 11). Moreover, 
with 5.87 million CO2 tons in 2021, the Colombian cement industry had lower emissions 
than the oil, gas and coal sectors (Figure 12). 

 
Figure 11. Annual CO2 emissions from fossil fuels and industry of Colombia and Spain taken from 
Our World in Data based on the Global Carbon Project (2022) [31]. 

 
Figure 12. CO2 emissions by fuels and industry of Colombia taken from Our World in Data based 
on the Global Carbon Project (2022) [31]. 

5. Conclusions 
First, the performed LCA and LCC using the software BEES allows estimating the 

environmental and economic impacts of using fly ash and blast furnace slag as replace-
ments of Portland cement in concrete. In this case study, 40% fly ash concrete or 50% blast 
furnace slag concrete would be recommended for reducing acidification or global warm-
ing potential, respectively. Second, considering the net zero carbon program signed by 

Figure 12. CO2 emissions by fuels and industry of Colombia taken from Our World in Data based on
the Global Carbon Project (2022) [31].

5. Conclusions

First, the performed LCA and LCC using the software BEES allows estimating the
environmental and economic impacts of using fly ash and blast furnace slag as replacements
of Portland cement in concrete. In this case study, 40% fly ash concrete or 50% blast
furnace slag concrete would be recommended for reducing acidification or global warming
potential, respectively. Second, considering the net zero carbon program signed by Santiago
de Cali and the planetary boundaries, the best option for the sustainable house is the 50%
blast furnace slag concrete.

Third, the article describes the environmental and economic differences from valoriz-
ing wastes potentially coming from thermoelectric power plants and steel plants in the
construction sector under the concept of industrial symbiosis. Future research includes
durability differences between concrete using blast furnace slag and fly ash. Also, the social
impacts of eco-concretes are taken into account for future works. Finally, considering the
current and projected consumption of cement in Colombia, detailed roadmaps to decar-
bonize the construction sector of Santiago de Cali and other major cities such as Bogotá,
Medellin and Barranquilla are required. These roadmaps should work on decarbonizing
construction materials as performed with FA and BFS, reducing the needed quantity of
materials for new developments and stimulating the rehabilitation of existing buildings
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and infrastructure. The last strategies can be implemented through public policies that
stimulate the use of sustainable building materials as used with the CE model from Santiago
de Cali, but they also limit the embedded CO2 per area in new developments, reduce taxes
for building and infrastructure rehabilitation, stimulate research and development in the
construction sector, and support standardization committees such as on sustainability life
cycle assessment, which is urgently required at the national level to develop Colombian
databases.
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Abstract: Although the use of primary aluminum dross as cement replacement has shown promising
results in mortars and concretes, there is a knowledge gap between the effect of the secondary dross
inactivation process and particle sizes on the mechanical properties and consistency. So, by using
X-ray diffraction, laser granulometry, and scanning electron microscopy, this article describes first
the inactivation process applied to a secondary aluminum dross. Second, this manuscript presents
the fresh and hardened properties of mortar mixes containing 5, 10, and 20% inactivated secondary
aluminum dross with three different particle sizes (i.e., fine, intermediate, and coarse). Mortar flow
test results indicate that compressive and flexural strengths of mixes containing up to 20% fine and
intermediate aluminum dross as cement replacement were satisfactory, respectively. These results
have the potential to reduce the environmental and health impacts caused by cement production and
secondary aluminum dross disposal, respectively. Moreover, the durability aspects of the mortar
mixes, as well as the effectivity of the investigated inactivation process, are identified as future
research topics.

Keywords: aluminum dross; eco-mortar; dross inactivation; dross particle size; mechanical properties;
industrial symbiosis; circular economy; sustainable building materials; sustainable construction

1. Introduction

Although there are significant environmental impacts at local and global scales, the
construction sector is strongly connected to economic growth and social development by
promoting a large number of jobs (direct and indirect) and energizing other subsectors
of the economy [1]. The last is particularly important in developing countries such as
Colombia, which was ranked third (13 Mt), after Brazil (56.6 Mt) and Mexico (40.0 Mt),
based on cement production in Latin America and the Caribbean [2]. So, in order to
minimize the environmental impacts while increasing social development and economic
growth, the City Hall of Santiago de Cali is evaluating the implementation of a circular
economy model for the construction sector, which understands circular economy (CE) 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 promotion of business models that respond to
the fundamentals of sustainable development [3]. Among other strategies, the CE model
stimulates the use of eco-concretes and eco-mortars that replace cement with by-products
from local industries [4].
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Aluminum dross is a by-product of aluminum production that can be classified based
on the aluminum content in white (15 to 70% Al), black (12 to 18% Al), and salt cake (3 to
5% Al). Most frequently, white aluminum dross is reprocessed due to its high quality. On
the other hand, black dross and aluminum salt cake, which are normally landfilled, have
been investigated in building materials as additive, calcium aluminate cement, cement, and
fine aggregate replacements [5] (Figure 1).
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Pereira et al. (2000) investigated the use of salt cake, containing oxides of aluminum,
as a replacement for cement and sand in mortars. They reported satisfactory cement
replacement around 10% and sand replacement from 30% to 50% [6]. As supplementary
cementitious materials, Elinwa and Mbadike (2011) produced concrete by replacing various
percentages of cement with aluminum waste. From their results, it was found that the
compressive and flexural strengths of concrete with replacement levels of 10 to 15% are
comparable to those of control concrete. Another result was that concrete-containing
aluminum waste retards the concrete setting times, which is desirable for hot-weather
concreting [7]. Similarly, Reddy & Neeraja (2016) studied the use of aluminum dross as a
cement replacement in concrete. They reported that for up to 15% replacement of cement by
secondary aluminum dross, the performance is comparable with conventional concrete [8].
In the same way, Mailar et al. (2016) reported superior mechanical and durability properties
with a concrete by replacing 20% of the cement with aluminum dross. They also noticed
a delay in the setting process [9]. Aditionally, Panditharadhya et al. (2018) investigated
the partial replacement of Portland cement with aluminum dross (5%, 10%, 15%, and 20%)
and its combined use with a pozzolan in concrete. They reported that by increasing the
percentage of dross, the mixture required more water to keep a normal consistency. They
also found that as the percentage of dross replacement increased, the initial setting time
increased, but the final setting time decreased. Regarding the mechanical properties, they
observed that as the percentage of cement substitution increased, the compressive, tensile,
and flexural strengths decreased, an aspect that was associated with the increase of voids
in the mixture by the addition of dross [10]. A detailed compilation of these results is
presented in Table 1.
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Table 1. Results from mortars and concretes using aluminum dross and salt cake as supplementary
cementitious materials.

Reference Material with Aluminum By-Products as
Cement Phase

Compressive
Strength

Flexural
Strength

Consistency Indicated
by the Setting Time

[6] Mortar with 10% aluminum salt cake ↔ ↔ N.A.
[7] Concrete with 10 to 15% aluminum dross ↔ ↔ ↑
[8] Concrete with 15% aluminum dross ↔ ↔ N.A.
[9] Concrete with 20% aluminum dross ↑ ↑ ↑
[10] Concrete with 5%, 10%, 15% and

20% aluminum dross ↓ ↓ ↓

↑: Increase, ↓: Decrease,↔: Not affected.

Although the above-mentioned aluminum dross and salt cake valorization experiences
are significantly important for sustainable development, as they reduce Portland cement
consumption and mitigate landfill-associated problems, the relationship between the dross
characteristics and the mechanical performance of the investigated building materials is
not completely clear. In this sense, it is quite important to understand the aluminum
dross inactivation process, which will certainly impact the dross properties and, therefore,
the mechanical performance of building materials using this by-product. For example,
Dai and Apelian (2017) used primary (rich in aluminum and magnesium) and secondary
(complex impurities mixture) aluminum dross in cement mortars and studied the effect
of particle size, weight fraction, and dross origin on the mechanical properties of mortar
specimens. Obtaining only promising results with the primary dross, they concluded that
these factors have important effects on the uniformity of the microstructure of mortar
specimens [11]. Therefore, this research aims to fill the knowledge gap in the relationship
between secondary aluminum dross inactivation and particle size and the mechanical
performance of mortars containing 5, 10, and 20% aluminum dross as cement replacement.

2. Materials and Methods

The proposed methodology for this study consisted of five phases, which are
(1) Preliminaries, (2) By-product Characterization, (3) Mix Design, (4) Mortars and Proper-
ties, and (5) Results Analysis (Figure 2). It is noteworthy that the Colombian norms—NTC
standards—are an adaptation of the American Society for Testing and Materials (ASTM)
standards (Appendix A) and were used in this project. A brief description of each phase is
presented as follows:
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The first phase included all the preliminary activities to obtain the materials for
mortar manufacturing. In this case, river sand from the Cauca River (fine aggregate), high
early strength cement (Argos), and aluminum dross—a by-product obtained from a local
aluminum industry—were selected. The chemical properties of the cement are presented
in Appendix B, which is based on a quality control report done by the producer during
the project.

The second phase aimed to exclusively characterize the aluminum dross by means of sieve
analysis, X-ray diffraction (Rigaku Multiflex with Search/Match analysis), SEM—Scanning
Electron Microscopy (Japanese Manufacturer of Scientific Instruments JEOL Model JSM-
6490)—and laser granulometry (Malverm Instruments Model Mastersizer 2000). The
X-ray diffraction measurements were obtained with Brag-Brentano geometry and Cu
kα. The angular range was 2θ = 6◦–110◦ in steps of 0.02◦, and the counting time was
8 s/step. SEM analysis at 100×, 1000×, and 5000× on gold-coated samples was employed
to examine the morphology. The particle-size measurements were conducted using the
laser diffraction method with wet dispersion in water. The characterization of aluminum
dross was done before and after inactivation and also after grinding to obtain the fine
(≤75 µm), intermediate (75–150 µm), and coarse particle sizes (150–300 µm).

The aim of the third phase was the mortar mix design using characterization of the
fine aggregate and cement. The mix design methodology was developed by Sánchez de
Guzmán [13] and requires definition of a goal of compressive strength and consistency,
which in this case were 28 MPa and plasticity over 110% in the mortar test flow. Additionally,
this methodology requires the characterization of all components, which in this case was
done through sieve analyses (NTC 77), absorption and density (NTC 237 and 176), unit
weight (NTC 92), and organic matter (NTC 127) for the fine aggregate characterization.
Similarly, fineness (NTC 33), setting time (NTC 118), normal consistency (NTC 110), and
density (NTC 221) were used for the cement [14–21].

In the fourth phase, after the mix design was obtained for the reference mortar, mixes
with cement replacements of 5, 10, and 20% (on a weight basis) using aluminum dross with
different particle sizes (fine, intermediate, and coarse) were manufactured. Investigated
mixes were then evaluated using three replicates regarding their fresh and hardened
properties using the consistency (NTC 5784), density (NTC 1926), compressive and flexural
strengths (NTC 220 and NTC 120), SEM analyses, and density and absorption tests [22–25].
Thus, mix designations, descriptions, and sample numbers are presented in Table 2.

Table 2. Mortar mix designation, aluminum dross content, and particle size.

Mix
Designation

Aluminum Dross
Content (%)

Aluminum Dross
Particle Size (µm)

REF 0 0
5F 5 Fine (≤75 µm)
5I 5 Intermediate (75–150 µm)
5C 5 Coarse (150–300 µm)
10F 10 Fine (≤75 µm)
10I 10 Intermediate (75–150 µm)
10C 10 Coarse (150–300 µm)
20F 20 Fine (≤75 µm)
20I 20 Intermediate (75–150 µm)
20C 20 Coarse (150–300 µm)

Lastly, the fifth phase consisted of analyzing the results for selecting the best-performance
mortar mixtures in terms of the obtained mechanical properties and consistency. In
this case, mix design and application criteria such as NTC–2017 were used to perform
the analysis [26].
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3. Results Analysis
3.1. Preliminary Activities

The aim of this phase was to obtain high-quality raw materials for the mortars, es-
pecially regarding the aluminum dross. Twenty-five kilograms of this by-product was
obtained from a local industry that mainly produces aluminum profiles by primary and
secondary processes that generate white dross, black dross, and salt cake. The dross used in
this study is that which passes through a 2 mm sieve and is collected from different batches
following the Orozco-Erazo et al. (2022) procedure [27].

At the university laboratory, the aluminum dross inactivation was done by water
immersion for 5 days, followed by drying in an oven at 115 to 120 ◦C for 24 h. In this
process, which is represented by equation (1), water reacts with aluminum nitride (AlN) to
form ammonia (NH3) and aluminum oxide (Al2O3), as indicated by Shinzato & Hypolito
(2005) [28]. Finally, the aluminum dross was exposed to air for 7 days. The whole process
was also called dross washing due to the use of water as the main inactivator.

AlN + H2O→ NH3 + Al(OH)3 (1)

Afterwards, the dross was exposed to abrasion at the Los Angeles machine, which
was operated at 1000 rpm with 12 iron balls for 30 min. Then, a separation process with
sieves #50 (300 µm opening size), #100 (150 µm opening size), #200 (75 µm opening size),
and a bottom sieve was performed to classify the different particle sizes required. More
details from the aluminum dross collection and inactivation processes can be observed
in Figure 3.
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3.2. By-Product Characterization
3.2.1. Aluminum Dross Inactivation

The washing process or inactivation of the aluminum dross caused chemical and
physical changes that were detected by XRD, SEM, and laser granulometry. First, there was
a reduction in aluminum nitride (AlN) and formation of aluminum hydroxide (Al (OH)3).
This can be observed when comparing the XRD analyses after (a) and before (b) washing in
Figure 4. There was a reduction in and appearance of peaks 2 and 6, respectively.
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Second, there was agglomeration of the dross particles, which increased the particle
size range from 20–800 µm to 100–1000 µm (Figure 5). Also, some morphological changes
can be observed in Figure 6 with the SEM analyses at 100×, 1000×, and 5000× from alu-
minum dross washed (a) and without washing (b). The appearance of larger particles with
softer surfaces (fiber type) after the aluminum dross inactivation is noticeable. Similarly,
the increase in particle size due to dross inactivation can be observed in the higher specific
surface area, uniformity coefficient, and average particle diameter that were calculated
from the laser granulometry results and compiled in Table 3.

3.2.2. Aluminum Dross Grinding

Although the aluminum dross grinding did not cause chemical changes, there were
significant ones in the physical properties, mainly particle size. Laser granulometry results
indicate a particle size between 100 and 600 µm, with an average particle diameter of
234.9 µm for the coarse fraction of the aluminum dross. Similarly, a particle size between
30 and 300 µm, with an average particle diameter of 80.0 µm for the intermediate fraction.
Also, a particle size between 1 and 100 µm, with an average particle diameter of 22.9 µm,
was determined for the fine fraction (Figure 7).
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Table 3. Specific surface, uniformity coefficient, and average particle diameter of aluminum dross at
different conditions.

Dross Condition Specific Surface (m2/g)
Uniformity
Coefficient Average Particle Diameter (µm)

Washed dross 0.121 1.03 243.105
Dross without washing 0.316 1.71 92.432
Coarse dross (washed) 0.329 0.48 234.895

Intermediate dross (washed) 0.500 0.624 80.022
Fine dross (washed) 0.829 0.809 22.912
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the aluminum dross will be part of the cementitious phase in this research, it is important
to compare these parameters with those obtained for the cement. In this context, with a
specific surface of 0.342 m2/g (3420 cm2/g), cement is much more similar to coarse dross.
Considering its uniform coefficient of 0.701, cement is much more similar to intermediate
and fine dross. Also, in relation to its average particle diameter, fine dross almost doubles
(22.9 µm) that of the used cement (14.36 µm).

3.3. Mix Design

Following the corresponding standards, first, the fine aggregate—which is river sand
from the Cauca River (Colombia)—was physically characterized by calculating the sand
density at saturated and surface-dried conditions, absorption, natural humidity, fineness
modulus and nominal max. particle size. These two last parameters were calculated from
the sieve analysis and granulometric curve presented in Figure 8. The parameters used in
the reference mortar mix design are presented in Table 4.
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Table 4. Physical parameters of the fine aggregate and cement used in the mortar mix design.

Parameter Value

Sand density a 2.68 g/cm3

Sand absorption 2.56%
Sand natural humidity 8.50%
Sand fineness modulus 2.31

Sand nominal max. particle size 4.75 mm (Sieve #4)
Initial setting time (cement) 53 min
Final setting time (cement) 195 min (3.25 h)

Cement density 2.88 g/cm3

a Fine aggregate at saturated and surface-dried conditions.

Second, the reference mortar composition was determined by the mix design method
proposed by Sanchez Guzman (2011) [13], which requires defining the compressive strength
(28 MPa) and consistency (plastic) of the mortar. So, using the physical characterization of
the fine aggregate and cement, the following mix composition was defined for one cubic
meter of reference mortar (Table 5). Then, mixes with cement replacements of 5, 10, and
20% aluminum dross (fine, intermediate, and coarse) were performed to this mix design.
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Table 5. Components for one cubic meter of reference mortar with a compressive strength of 28 MPa
and plastic consistency.

Component Mass (kg) Volume (L)

Fine aggregate 1255.0 a 467.94
Cement 550.0 190.97
Water 340.0 340.0

a Fine aggregate at saturated and surface-dried conditions.

3.4. Fresh and Hardened Properties of Mortars

Mortar flow results show that mortar mixes with aluminum dross content up to
20% did not substantially affect their design consistencies, which were over 110% in all
cases. However, there was a slight consistency decrease when increasing the aluminum
dross content in the mortar mixes. These results are in agreement with those reported
in [10], where there was a decrease in the consistency, indicated by a decrease in the final
setting time.

On the other hand, the mechanical properties indicated by the compressive strength at
7, 28, and 56 days of the investigated mortar mixes are presented in Figure 9. Results show
that mortar mixes containing up to 20% fine aluminum dross satisfy the required 28 MPa
compressive strength after 28 and 56 days. On the contrary, samples using 20% aluminum
dross with coarse and intermediate particle sizes did not satisfy the compressive strength
required in the mix design. Although there was an increase in the mechanical performance
after 7, 28, and 56 days of casting, this was not enough to achieve the required performance
in these samples. This trend was also reported by Panditharadhya, Mulangi, and Shankar
(2019), who studied concrete with 5%, 10%, 15%, and 20% aluminum dross [10].
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Figure 9. Compressive strength at 7, 28, and 56 days from the different mortar mixes partially
replacing cement (0, 5, 10, and 20%) with coarse (C), intermediate (I), and fine (F) aluminum dross.

Similar to the compressive strength, the flexural strength decreased with the aluminum
dross content used in the mortar samples (Figure 10). In this case, mortar mixes containing
up to 20% aluminum dross with fine and intermediate particle sizes have acceptable
mechanical performances. For example, these satisfactorily comply with the minimum
mechanical resistance required for paving stones (4.2 MPa according to the NTC 2017
standard). Similar flexural strengths were obtained recently by one of the authors using
recycled aggregates obtained from old paving stones in Cauca (Colombia) [29].
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Moreover, when analyzing the correlation between the compressive and flexural
strengths (Figure 11), it is observed that the compressive strength is between five and seven
times the flexural strength, which is in agreement with other reported results. Similarly, the
decreasing trend in the flexural and compressive strengths when increasing the amount
of aluminum dross from 0% (REF) to 20% can be explained by the combined effect of the
mortar porosity and dross particle sizes. Indeed, although not reflected in the density
and absorption tests, there was a slight porosity increase observed in the SEM images
at 100×, 2000×, and 5000× of mortar samples (Figure 12). This porosity was produced
by the residual gases (e.g., NH3) released during the curing process by the aluminum
dross. This can be confirmed through the XRD analyses (Figure 4), where there was a
reduction in peaks 2 and 6, but still, there was not complete elimination of the aluminum
nitride. However, compressive and flexural strengths reported here with the secondary
aluminum dross are significantly higher than those reported by Dai and Apelian (2017)
when evaluating mortars with 20% secondary dross. They reported a decrease in the mortar
flexural strengths from 86 to 100% for fine and coarse particle sizes, respectively [11].
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Finally, it must be pointed out that prior to real-scale application of the investigated
mortars, their durability aspects and environmental impacts should be investigated to
include a complete life-cycle approach to evaluation. Also, optimization of the dross inacti-
vation process is identified as a key factor in significantly contributing to the net zero carbon
program signed by Santiago de Cali, which is aimed at reducing the current and projected
consumption of cement in Colombia, the third-largest CO2 producer from cement in the
Latin America region, after Brazil and Mexico (Figure 13) [30,31]. So, simultaneous research
is currently being performed by the authors on the design of an industrial-scale production
process and a financial feasibility analysis for a specific case study. The findings validated
the potential of the proposed recovery process and provided insights into determining the
market price for the resulting product [32].
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4. Conclusions

This article described first the inactivation of aluminum dross and second the evalua-
tion of this aluminum dross with three different particle sizes as supplementary cemen-
titious materials in mortar mixes designed for a compressive strength of 28 MPa and a
plastic consistency of 110% in the mortar flow test. Mortar flow test results and compres-
sive and flexural strengths of mortar mixes containing up to 20% fine and intermediate
aluminum dross as cement replacement were satisfactory. However, mortar mixes con-
taining 20% coarse aluminum dross did not satisfy the design applications. This might be
attributed to the combined effect of a higher mortar porosity and large dross particle size.
Mortar porosity was increased by the gases released by the aluminum dross during the
curing process. Although aluminum nitride reacted with water to form ammonia and alu-
minum oxide during the aluminum dross inactivation process, there was still non-reacted
AlN releasing gaseous NH3 during the curing process of this mortar mix.

Although more research should be performed prior to the mortar’s real-scale applica-
tion, this article reports the importance of industrial symbiosis between the construction
and aluminum industries from Santiago de Cali (Colombia) in reducing carbon dioxide
emissions due to the lower consumption of cement. Also, this reports the use of aluminum
dross as a supplementary cementitious material in mortars to reduce the potential impacts
on the environment and public health caused by aluminum dross disposal.
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Appendix A

This section presents the equivalence between the NTC and ASTM Standards used in
this research project (Table A1).

Table A1. Equivalence between NTC and ASTM standards.

NTC Standard ASTM Standard

NTC–77 Método de ensayo para el análisis por tamizado de los
agregados finos y gruesos

ASTM C136/C136M-19 Standard Test Method for Sieve Analysis of Fine
and Coarse Aggregates

NTC–237 Método de ensayo para determinar la densidad relativa
(gravedad especifica) y la absorción del agregado fino

ASTM C128-22 Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Fine Aggregate

NTC–176 Método de ensayo para determinar la densidad relativa
(gravedad específica) y la absorción del agregado grueso

ASTM C127-15 Standard Test Method for Relative Density (Specific
Gravity) and Absorption of Coarse Aggregate

NTC–92 Método de ensayo para la determinación de la densidad
volumétrica (masa unitaria) y vacíos en agregados

ASTM C29/C29M-17a Standard Test Method for Bulk Density (“Unit
Weight”) and Voids in Aggregate

NTC–33 Método de ensayo para determinar la finura del cemento
hidráulico por medio del aparato Blaine de permeabilidad al aire

ASTM C204-23 Standard Test Methods for Fineness of Hydraulic
Cement by Air-Permeability Apparatus

NTC–118 Método de ensayo para determinar el tiempo de fraguado del
cemento hidráulico mediante aguja de Vicat

ASTM C191-21 Standard Test Methods for Time of Setting of Hydraulic
Cement by Vicat Needle

NTC–110 Cantidad de agua requerida para la consistencia normal de
una pasta de cemento hidráulico

ASTM C187-23 Standard Test Method for Amount of Water Required for
Normal Consistency of Hydraulic Cement Paste

NTC–221 Método de ensayo para determinar la densidad del
cemento hidráulico ASTM C188-17 Standard Test Method for Density of Hydraulic Cement

NTC–5784 Método de ensayo para determinar la fluidez de morteros de
cemento hidráulico

ASTM C1437-20 Standard Test Method for Flow of Hydraulic
Cement Mortar

NTC–1926 Método de ensayo para determinar la densidad (masa
unitaria), el rendimiento y el contenido de aire por gravimetría
del concreto

ASTM C138/C138M-23 Standard Test Method for Density (Unit
Weight), Yield, and Air Content (Gravimetric) of Concrete

NTC–220 Determinación de la resistencia de morteros de cemento
hidráulico a la compresión, usando cubos de 50 mm o 2 pulgadas
de lado

ASTM C109/C109M-21 Standard Test Method for Compressive Strength
of Hydraulic Cement Mortars (Using 2-in. or [50 mm] Cube Specimens)

NTC–120 Método de ensayo para determinar la resistencia a la flexión
de morteros de cemento hidráulico

ASTM C348-21 Standard Test Method for Flexural Strength of
Hydraulic-Cement Mortars

NTC–2017 Adoquines de concreto para pavimento ASTM C1319-23 Standard Specification for Concrete Grid Paving Units

Appendix B

This section describes the chemical properties of the cement used in this project. This
information comes from a quality control report performed by the cement producer from 1
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to 30 September 2021 in the manufacturing plant located in Yumbo (Colombia). Table A2
presents the main cement phases and compounds statistically analyzed from thirty samples
of cement. With 68%, C3S (alite) and C2S (belite) represent the major phases responsible
for the mechanical performance. Similarly, the C3A (aluminate) phase, which is lower
than the maximum allowed (15%), is responsible for the early strength obtained. Finally,
it is observed that the chemical compounds are among the limits established for cement
durability. This is particularly important regarding MgO (periclase) and alkali compounds
(K2O and N2O).

Table A2. Main cement phases and compounds of the cement used in this project.

Abbreviation Average SD CV Max Min Range

C3S 53.91 1.07 1.98 56.65 52.25 4.40
C2S 14.44 0.86 5.96 16.39 12.95 3.45

C4AF 11.83 0.21 1.77 12.25 11.42 0.83
C3A 4.85 0.29 6.06 5.54 4.39 1.15
SiO2 20.85 0.32 1.56 21.55 20.33 1.22

Al2O3 4.68 0.12 2.57 4.94 4.44 0.50
Fe2O3 4.26 0.02 0.41 4.29 4.23 0.07
CaO 61.77 0.47 0.75 62.72 60.71 2.00
MgO 1.38 0.03 2.23 1.43 1.33 0.11
Na2O 0.12 0.00 3.40 0.13 0.12 0.02
K2O 0.20 0.02 10.61 0.24 0.16 0.08
SO3 2.93 0.13 4.43 3.23 2.66 0.56

Free lime 0.97 0.18 18.65 1.49 0.67 0.82
Alkaline

equivalent 0.26 0.02 6.39 0.29 0.23 0.07

SD: Standard Deviation, CV: Variation Coefficient, Max: Maximum datum, Min: Minimum datum.
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Abstract: In light of globalization and escalating environmental concerns, society is increasingly
confronted with the challenge of implementing the concept of a circular economy, which promotes
the recycle of waste materials and offers a promising solution. Aluminum dross, a byproduct of the
aluminum production process, poses environmental issues when not properly managed. Therefore,
this study examined the technical and financial feasibility of implementing an industrial process
for the recovery and transformation of aluminum dross into raw materials for use in cementitious
materials. From a technical perspective, two processes were evaluated: washing and the grindability
of the material. An X-ray diffraction analysis allowed to verify an approximately 88% reduction in
AlN (a compound that produces ammonia gases when reacting with water) after washing the material.
The most efficient grinding process was achieved using an impact mill. The financial feasibility study
was carried out through cash flow forecasting, which revealed that a minimum selling price of USD
0.12 per kilogram of processed material could generate a return rate of 9.7% over a five-year period.
These results present opportunities for the metal and construction industries to develop products with
low CO2 emissions by reintegrating aluminum dross into a productive cycle. Moreover, this work
serves as a valuable reference for policymakers and environmental authorities seeking to formulate
new legislation or incentives that encourage companies to invest in environmentally focused projects.

Keywords: aluminum dross; waste management; circular economy; feasibility study; cement–matrix
composites; industrial symbiosis

1. Introduction

Aluminum is one of the most commonly used materials in manufacturing, construc-
tion, transportation, and packaging, among other industries, and it has a significant impact
on the world economy. Global aluminum production grew by 139% in the last decade,
reaching its peak in 2023 (International Aluminium Institute, 2023) [1], with countries such
as China, India, and Russia leading the production. While the increased use of aluminum
brings dynamism to international markets, it also leads to negative environmental impacts.
For example, during the production process, waste such as white aluminum dross (AD)
is generated. This waste is classified as hazardous due to the heavy metals that can leach
from landfills into water sources. Additionally, one of its components, aluminum nitride
(AlN), undergoes a transformation into ammonia gas (NH3) when exposed to water. This
transformation not only affects the environment but also poses risks to human health due to
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its irritating and corrosive nature. Considering the aforementioned context, it is necessary
to seek alternatives that strike a balance between economic growth, social welfare, and
environmental issues. This entails developing profitable and sustainable strategies in the
long term, such as the recycling of production waste within circular economy models
(Moreno, 2018) [2].

Dross is an inevitable residue generated during the aluminum smelting process as
a result of the reaction between the liquid aluminum surface and the atmosphere. It is
categorized into three types based on the production technique: white, black, and saline
dross (David & Kopac, 2013) [3]. White dross is produced during the production of primary
and secondary aluminum in extrusion plants, rolling mills, and foundries. Its name stems
from its light color. On the other hand, black and saline dross are produced in recycling
processes and are characterized by their dark color. Black dross typically has a granular
shape and contains more salts and gases compared to white dross, while saline dross has
fewer metal residues and more impurities.

The structure and composition of dross cannot be predicted precisely, as various
factors such as temperature, alloy composition, and atmospheric conditions influence
the oxidation process. However, dross generally consists of aluminum oxides, residual
metallic aluminum, nitride, carbide, aluminum sulfide, salts, and some alloying elements
(Dai, 2012) [4]. The chemical composition of AD (aluminum dross) varies depends on the
alloying elements present in the casting process. However, it is typically composed mainly
of aluminum oxide (Al2O3), spinel (MgAl2O4), and sodium chloride (NaCl) in higher
proportions. Other reported compounds include silicon dioxide (SiO2), sodium superoxide
(Na2O), ferric oxide (Fe2O3), aluminum metal, diaoyudaoite (NaAl11O17), aluminum oxide
nitride (Al5O6N), hibonite (CaAl12O19), fluorite (CaF2), and calcite (CaCO3). Additionally,
AD may contain traces of silicon (Si), aluminum carbide (Al4C3), magnesium fluoride
(MgF2), sodium tetrachloroaluminate (NaAlCl4), potassium tetrachloroaluminate (KAlCl4),
magnesium oxide (MgO), parascandolaite (KMgF3), and elpasolite (K2NaAlF6). Other
minor crystalline phases identified through X-ray diffraction analysis (XRD) include cryolite
(Na3AlF6) and potassium chloride (KCl) (Mahinroosta & Allahverdi, 2018; Srivastava &
Meshram, 2023) [5,6].

There are opportunities for the reincorporation of AD into various production chains
due to its Al2O3 content, which can be utilized as a mineral addition in the production of
construction materials, among other applications. Several studies in the literature have
reported the use of AD as a source of Al2O3. For instance, it has been employed in the
manufacturing of calcium aluminate cement (Ünlü & Drouet, 2002) [7] and refractories
(Ibarra Castro et al., 2009) [8] as well as in the production and synthesis of different
composite materials (Ewais et al., 2009; Huang et al., 2014; Kim et al., 2009; Murayama et al.,
2009; Yoshimura et al., 2008) [9–13]. AD has also been used as a substitute for cementitious
material (Pereira et al., 2000) [14] and in the production of cellular concrete (Araújo &
Tenório, 2005; Hwang & Song, 1997) [15,16], aluminous cement manufacturing (Ewais
et al., 2009) [9], partial replacement of fine aggregate in mortars (Borhan & Janna, 2016;
Llanos & Rodríguez, 2011; Pereira et al., 2000; Puertas et al., 1999) [14,17–19], concrete block
production (Shinzato & Hypolito, 2005) [20], and conventional concrete manufacturing
(Elinwa & Mbadike, 2011; Mailar et al., 2016; Ozerkan et al., 2014; Reddy & Neeraja,
2016) [21–24].

The results of these studies indicate the potential to explore circular economy alterna-
tives with this hazardous waste, thereby contributing to the reduction of the 2.5 million
tons of dross that are annually disposed of in landfills worldwide. These landfills generate
undesirable heat, liquid leachate with heavy metals, and approximately 40 million m3 of
toxic, flammable, and foul-smelling gases such as ammonia, phosphine, hydrogen sulfide,
and methane (David & Kopac, 2013) [3]. However, it should be noted that while the physi-
cal, chemical, and mechanical properties of certain applications for the reuse of dross have
been studied, no technical and financial feasibility studies for its industrial-scale production
have been conducted so far. Thus, this project aims to contribute with a proposal for the
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application of white dross, facilitating its reincorporation into a closed production cycle. To
achieve this, the physicochemical characterization of the material was conducted to identify
its potential uses. Subsequently, an industrial-scale production process was designed for
a specific application case in a Colombian aluminum manufacturer. Finally, a financial
feasibility analysis was carried out to assess its implementation.

2. Materials and Methods
2.1. Materials

The present study utilized AD obtained from Alumina S.A, a company located in
Santiago de Cali, Colombia. This AD is categorized as white dross, originating from
primary and secondary foundries. It is noteworthy to mention that this waste is classified
as hazardous due to the potential leaching of heavy metals into groundwater from landfills,
and the emission of hydrogen gases (H2), NH3, and methane (CH4) upon interaction with
aqueous substances, which are hazardous to both health and the environment (Dai, 2012;
Siddique Pasley, 2003; Tang et al., 2022) [4,25,26].

2.2. Methods

In the present study, the methodology depicted in Figure 1 was followed. This diagram
illustrates a sequential approach used in the research process. Initially, various applications
of AD were explored through a comprehensive literature review, and the Disney method,
which involves four thinking styles sequentially employed to analyze problems and gener-
ate ideas, was applied. This approach led to the identification of five feasible alternatives.
Subsequently, the analytic hierarchy process (AHP) method was employed to determine the
most favorable alternative. Following the selection of the preferred alternative, treatments
and laboratory tests were conducted to obtain transformation parameters for AD. Finally,
the industrial-scale process design and a corresponding financial analysis were carried out
to assess the technical and financial viability of AD recovery and transformation in the case
study.
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2.2.1. Identification of the Most Favorable Alternatives

A multi-criteria selection process was conducted using the AHP method based on the
identified feasible alternatives (Saaty, 2008) [27]. Experts from various fields participated in
defining the evaluation criteria and their respective weights of importance, as presented in
Table 1.

Table 1. Selection criteria application of the AHP method.

Criterion Weight Score Scale

C1: Associated
implementation cost 10%

0 High cost

1 Average cost

2 Low cost

C2: Technical feasibility of
implementation 16%

0 High level of implementation difficulty

1 Medium difficulty level

2 Low difficulty level

C3: Availability of
information on the alternative

6%

0 No information

1 Information is limited

2 High amount of information available

C4: Compliance with design
constraints established by

stakeholders
41%

0 Affects or worsens properties

1 Does not affect or improve properties

2 Properties are maintained or improved

C5: Environmental impact 28%

0 High environmental impact

1 Average environmental impact

2 Low environmental impact

The research paper evaluated the identified alternatives based on five criteria. Criterion
C1 assessed the costs of implementing AD in the alternative. Criterion C2 evaluated
the feasibility of implementing the alternatives in terms of equipment, materials, and
workspace. Criterion C3 was based on information from the literature review. Criterion
C4 evaluated if the alternative could affect the final product’s properties and performance,
while criterion C5 assessed energy consumption and waste generated by the alternatives.

Then, scores on a scale of 0 to 2 for each criterion were assigned. Criteria C1, C2, and C5
were scored based on high cost, high difficulty, or high environmental impact, receiving a
score of zero. Criteria C3 and C4 were evaluated based on high information availability and
compliance with specifications, receiving a score of two. After scoring each alternative, a
pair comparison matrix was constructed, and the priority vector’s consistency was verified.
The alternative with the highest total hierarchical analysis score was then selected.

2.2.2. Transformation of Aluminum Dross (Laboratory Scale)

After identifying the most promising alternative, the required chemical treatments
and physical transformations were carried out to prepare the AD for industrial use. In this
regard, a washing process was initially conducted on the AD; the material was distributed
on a surface, and approximately 20 L of water were added daily for five days. Subsequently,
the washed aluminum dross (WAD) was dried in an oven at a temperature of 120 ◦C for
24 h. Chemical analyses were conducted using XRD and EDS techniques to evaluate the
composition of the AD before and after washing. The XRD analysis was performed using a
Bruker model D8 Advance series 1 with CuK-α radiation (λ = 1.5406 Å), employing a step
size of 0.02◦ for each 3 s. In addition, scanning electron microscopy (SEM) was employed
to examine the morphology of the material, utilizing a JOEL model JSM-6490 with a gold

34



Sustainability 2023, 15, 13952

sample coating. The effect of washing on the material’s morphology was also assessed
using SEM in the same electron microscope.

Furthermore, to meet the particle size requirements outlined in ASTM C618-19 (Stan-
dard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in
Concrete) [28], it was necessary to evaluate the grinding process for WAD to ensure it met
the specified size criteria. Specifically, at least 66% of the material should pass through
a sieve size of 325 (particle size < 45 µm). To prepare the AD for reincorporation, it was
important to analyze its grindability in different equipment and methods to identify the
most efficient particle reduction mechanisms.

Two grinding methods were examined: ball mill grinding and impact grinding. Ball
mill grinding was conducted using a mill with a capacity of 500 g, operating at a speed of
90 rpm. Various grinding times were tested, including 15, 30, 45, 60, 90, 120, and 150 min, in
order to assess the effect of grinding duration on the material. In contrast, impact grinding
was performed using a ring mill with a capacity of 100 g. The grinding times evaluated
were 2, 4, 6, 8, and 10 min. For durations exceeding 2 min, the intervals of grinding were
followed by 10 min of rest, as impact grinding tends to cause significant wear on the mill.

2.2.3. Development of an Industrial Process for Transforming Aluminum Dross

Based on the findings, a production process was proposed, including the required
machinery and personnel. To determine the plant layout, the systematic layout planning
(SLP) method was applied (Suhardini et al., 2017) [29]. This involved defining the macro
and micro location, creating a relationship matrix to establish distances between working
areas, and using a diagram of relationships to determine the appropriate order for the
plant’s different areas. Finally, the Guerchet method was used to calculate the areas of
occupation for each equipment and propose a general distribution for the plant.

Additionally, to determine the operational parameters, various equipment options
were evaluated, and a choice was made based on the minimum installed capacity needed
for a scenario where a Colombian aluminum manufacturer applies the circular economy
principle, as the aim is to encourage waste-generating companies to implement such pro-
cesses and develop new business ventures. Production times and workforce requirements
were established by analyzing process activities and equipment capabilities using a logistics
process simulation software (SIMIO version 9.1).

2.2.4. Assessing the Financial Viability of Utilizing Aluminum Dross in the Chosen
Application

After defining and validating the requirements for implementing the AD recovery
production process, the necessary investments and operating costs were estimated. Using
this information, a 5-year projection of the project’s income statement and cash flow was
created. Financial evaluation indicators such as net present value (NPV), internal rate of
return (IRR), and benefit/cost ratio (B/C) were then calculated (Ross et al., 2010) [30]. As
there is currently no active market for AD that is suitable for reincorporation into other
industrial applications, the sale price that meets the minimum viability conditions for a
project (NPV = 0) was determined. This sale price is important for potential investors
and allows for the development of a market for AD as recovered waste material in the
construction sector by industrial symbiosis.

3. Results and Discussion

This section presents the outcomes of the analysis and selection of the application
alternative and proposes a transformation process for the reuse of AD. The feasibility
of implementing this process has been validated through a case study conducted in a
Colombian aluminum manufacturing company.
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3.1. Exploring Potential Applications of Aluminum Dross and Selecting an Optimal Use

The utilization of dross as an engineering product or as a component in an engineered
product system is a subject of interest due to various reasons. Firstly, recycling Al2O3 from
dross can offer an alternative source to many primary materials. Secondly, if the dross
can be directed towards a valuable product, aluminum smelters can profit by charging an
entry fee for handling and processing of residual dross, which can be utilized for producing
new or existing products, thereby improving some of its physical, mechanical, or chemical
characteristics (Crespo, 2015) [31].

To achieve the above objectives, an analysis of possible uses of WAD was conducted,
employing the ideation technique known as the Disney method. The method involved ex-
ploring various alternatives through the dreamy, realistic, and critical phases and ultimately
evaluating the possible risks (Appendix A).

After applying the Disney method, it was determined that five alternatives successfully
passed through each phase of the analysis. The selected alternatives for further investigation
were identified as follows: NMP refractories without additions, preparation of gamma
alumina (γ-Al2O3) via a hydrometallurgical process, partial replacement of Portland cement
for concrete production, replacement of Portland cement in the production of mortars, and
production of polypropylene compound and aluminum dross. These options are marked
with an asterisk (*) in Table A1.

Table 2 presents the matrix used to determine the final decision vector, which rep-
resents the best alternative considering the priority vectors of the criteria, the priority
vectors of the alternatives for each criterion, and the assigned importance values for each
criterion. The analysis resulted in the identification of the two most favorable alternatives
for the utilization of AD: A4 (27.8%) and A3 (24.5%). These alternatives involve the partial
replacement of Portland cement for the production of mortars and concrete, respectively.
Based on these findings, a circular economy approach was implemented, focusing on
the recovery of AD for its incorporation into cementitious matrices such as mortars and
concrete. Appendix B shows the procedure that was carried out to obtain Table 2.

Table 2. Final decision vector determination matrix (best alternative).

Alternatives
Vector of Priorities by Criterion Final

Vector
Best

AlternativeC1 C2 C3 C4 C5

A1 5.6% 35.8% 9.1% 7.7% 28.1% 17.4%

A4
A3

A2 13.0% 6.5% 9.1% 23.1% 5.1% 13.8%

A3 34.2% 15.5% 27.3% 23.1% 28.1% 24.5%

A4 34.2% 35.8% 27.3% 23.1% 28.1% 27.8%

A5 13.0% 6.5% 27.3% 23.1% 10.8% 16.4%

Vector
Criteria 9.9% 16.1% 6.2% 41.6% 26.2%

3.2. Circular Economy Proposal for the Recovery of Aluminum Dross

Pilot processing tests for use in cementitious matrices: Pilot processing tests for
the utilization of AD in cementitious matrices were conducted to validate its suitability
for such applications. It is important to note that AD primarily consists of aluminum
oxide (15–30% Al2O3), but it may also contain approximately 8.0% AlN, a compound that
produces ammonia gases upon contact with water (Attia et al., 2018; López-Delgado et al.,
2020) [32,33]. The presence of AlN in cement-based mixtures poses risks to both worker
safety and the formation of voids within the cementitious matrix due to the trapped gas
(Dai, 2012; Lemos Micolta et al., 2020; Mahinroosta & Allahverdi, 2018) [4,5,34].

To address this issue, a “washing” or inactivation process was implemented to reduce
the percentage of aluminum nitrides in the AD before its incorporation into cementitious
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matrices. This washing process aimed to minimize the risks associated with ammonia gas
generation and ensure the integrity and performance of the cement-based materials. The
AD underwent a series of processing steps to prepare it for use in cementitious matrices.
Initially, the collected AD was subjected to sieving using mesh #10 (Figure 2a–c). This
sieving process helped to remove any larger particles or impurities present in the material.
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Figure 2. (a) AD at the collection site, (b) initial sieve, (c) AD, (d) washing process, and (e) drying
process.

For the subsequent washing process, the AD was dispersed and evenly distributed
on a suitable surface. Approximately 20 L of water per day were added to the AD over a
period of 5 days (Figure 2d). After the washing process, the wet AD was dried in an oven
at a temperature of 120 ◦C for 24 h (Figure 2e). This drying step aimed to remove excess
moisture from the material.

In order to confirm the removal of AlN from AD and determine the effect of the
washing process on chemical and morphological characteristics, dross evaluation was
performed before and after washing using XRD and SEM. The results of the chemical char-
acterization conducted by X-ray diffraction (XRD) are presented in Table 3. It was observed
that the percentage of AlN decreased from 18.2% in AD to 2.2% in WAD, confirming the
successful removal of aluminum nitrides through the washing process. Additionally, a
significant increase in the presence of gibbsite was observed, which can be attributed to
the interaction between aluminum phases (Al) and water (H2O) used during the washing
process (Singh, 1982) [35]. Furthermore, compounds such as aluminum oxide, iron oxides,
and quartz showed an increase in their percentage, while the percentages of aluminum and
spinel decreased. These findings provide valuable insights into the changes in the chemical
composition of the AD following the washing process.
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Table 3. XRD results with percentage values of the presence of chemical compounds in AD and
WAD.

Compound Chemical Formula Content (%)

AD WAD

Gibbsite Al(OH)3 3.7 27.5

Aluminum Nitrides AlN 18.2 2.2

Aluminum Oxide Al2O3 14.8 17.1

Aluminum Al 6.3 3.86

Diaoyudaoite NaAl11O17 0 0.81

Iron Oxides Fe2O3 0.3 2.4

Quartz SiO2 1.5 5.2

Spinel MgAl2O4 34 25.5

On the other hand, Figure 3 displays the surface morphology of the AD particles,
revealing an apparent presence of aluminum oxide, spinel, and aluminum nitrides. Addi-
tionally, the micrographs of WAD demonstrated the presence of other crystal structures
derived from aluminum oxide, such as corundum. These findings are consistent with previ-
ous studies (Braulio et al., 2011; Chaplianko & Nikichanov, 2021; Zuo et al., 2021) [36–38].
Notably, the micrographs indicated a change in the material’s morphology following the
washing process, with an increased presence of structures exhibiting a crystalline morphology.
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The results of the millability test conducted in the ball mill are presented in Figure 4.
The findings indicate that even with the maximum grinding time evaluated (150 min),
only 18% of the particles achieved the desired size of 45 µm. The influence of time on
the particle size change was not clearly observed. In a study conducted by Ramezani and
Neitzert in 2012 (Ramezani & Neitzert, 2012) [39] on the grinding process of aluminum
powder using a planetary ball mill, it was observed that prolonged grinding time led to
morphological changes in aluminum particles, resulting in their transformation into flakes
and a substantial increase in size from approximately 32 µm to over 1400 µm within just
one hour. These findings provide insights into the behavior observed in Figure 4, which

38



Sustainability 2023, 15, 13952

could be attributed to a lamination process involving the soft phases present in the WAD,
such as aluminum (Al).
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Figure 5a illustrates the granulometric distribution curves of the WAD material pro-
cessed in the impact mill. This grinding method yielded a particle size distribution where
up to 56.21% of the particles were smaller than 45 µm, achieved within a processing time
of 10 min. Although the obtained results do not fully meet the particle size requirements
set by ASTM C618-19, a projection based on the kinetic analysis of grinding proposed by
Leyva Ramírez et al. (Leyva Ramírez et al., 2009) [40] demonstrated that a particle size
distribution with 66% of material below 55 µm (maximum retained in sieve 325 of 34%)
could be achieved within a time frame of 12 min (Figure 5b). While no specific studies
were found regarding the vibrational impact mill grinding process for aluminum dross or
pure aluminum, ref. (Karakas & Kanca, 2020) [41] conducted a study on the grindability
of alpha iron oxide using this technique. They observed a reduction in particle size by
approximately 76.6%. This suggests that the ring mill, which imparts more energy to
the system compared to a ball mill (Plescia & Tempesta, 2017) [42], has the potential to
break down flakes and achieve smaller particle sizes despite the deformation phenomenon
mentioned earlier.
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3.3. Development of an Industrial Process for Transforming Aluminum Dross

Proposal to implement at a production process for the recovery of aluminum dross
on an industrial scale: The process design and operational scheme were developed based
on the results obtained from the laboratory pilot test and the analysis of available equip-
ment options in the market. In order to achieve this, the necessary machinery for dross
transformation was identified, the plant layout was designed, and the required workforce
for operation was defined. To validate the design, data from a specific case study in a
Colombian aluminum production company were utilized. The objective is to encourage the
implementation of circular economy processes by the companies responsible for generating
the waste while also enabling the development of new business opportunities. Additionally,
the analysis presented in this proposal may be of interest to potential investors seeking to
establish the production process as an independent business model.

Production process flow and equipment: Figure 6 presents the flowchart with the
activities associated with the AD recovery process. This dross transformation allows the
waste to become raw material to be used as a partial replacement for Portland cement.

Sustainability 2023, 15, x FOR PEER REVIEW  10  of  22 
 

Proposal to implement at a production process for the recovery of aluminum dross 

on an industrial scale: The process design and operational scheme were developed based 

on the results obtained from the laboratory pilot test and the analysis of available equip-

ment options in the market. In order to achieve this, the necessary machinery for dross 

transformation was identified, the plant layout was designed, and the required workforce 

for operation was defined. To validate  the design, data  from a specific case study  in a 

Colombian aluminum production company were utilized. The objective is to encourage 

the implementation of circular economy processes by the companies responsible for gen-

erating  the waste while also enabling  the development of new business opportunities. 

Additionally, the analysis presented in this proposal may be of interest to potential inves-

tors seeking to establish the production process as an independent business model. 

Production process flow and equipment: Figure 6 presents  the flowchart with  the 

activities associated with the AD recovery process. This dross transformation allows the 

waste to become raw material to be used as a partial replacement for Portland cement. 

 

Figure 6. Dross transformation flowchart. 

The process consists of several activities, including transportation, raw material re-

ception, six operations, three storage stages, and two operational decisions. Depending on 

the location of the recovery plant, the material may need to be transported internally or 

externally from the aluminum production plant. If road transport is required, a dry bulk 

truck equipped with a rear valve for material extraction is necessary. In the analyzed case, 

75 tons of AD are transported internally on a monthly basis from the main plant to the 

recovery plant. 

Upon arrival at the reception area, the truck undergoes inspection and weighing. The 

material is then transferred through a hose to a conical bottom storage silo with automatic 

dosing and cumulative weighing capabilities, which are desirable features for storing this 

type of material. The silo is connected to a pool with a washing wheel where the dross-
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The process consists of several activities, including transportation, raw material re-
ception, six operations, three storage stages, and two operational decisions. Depending on
the location of the recovery plant, the material may need to be transported internally or
externally from the aluminum production plant. If road transport is required, a dry bulk
truck equipped with a rear valve for material extraction is necessary. In the analyzed case,
75 tons of AD are transported internally on a monthly basis from the main plant to the
recovery plant.

Upon arrival at the reception area, the truck undergoes inspection and weighing. The
material is then transferred through a hose to a conical bottom storage silo with automatic
dosing and cumulative weighing capabilities, which are desirable features for storing this
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type of material. The silo is connected to a pool with a washing wheel where the dross-
washing process takes place. An endless screw transports the fine dross from the bottom of
the tank to a drain wheel, which recovers, drains, and discharges the material into another
endless screw connected to a tilting rotary furnace model FARB-2, where the dross is dried.

The dry dross is stored in another silo designated for the product in the process,
which will supply the ALPA MZ500 impact mill. This mill is used to reduce the particle
size of the dross to meet ASTM C618-19 standards. The vibratory mill rapidly rotates the
material, subjecting it to powerful impacts and frictional forces, resulting in the production
of ultra-fine and uniform powder. This stage is crucial, as it ensures that the particle size of
the dross is suitable for replacing cement in the manufacturing of mortars.

The milled dross is stored in a final silo for the finished products and then undergoes
the packaging and storage activities. The transformed dross is packed in semi-extendable
Kraft paper bags with filling valves. The paper used weighs between 82 and 95 g/m2 and
is designed with anti-tear technology to minimize damage during transport and handling.
Micro perforations are incorporated into the bags to eliminate air accumulation during the
filling process. Although the bags have a maximum capacity of 50 kg, it is recommended to
pack them in 30 kg bags to ensure better ergonomic conditions for workers during loading
(Hernández & Nieves, 2015) [43]. These bags are then arranged on pallets measuring 1 m x
1.2 m and stored in the designated storage area. Table 4 presents a comprehensive list of
the equipment chosen for the various stages of the dross recovery process, including their
respective installed capacities and acquisition prices.

Table 4. Equipment required in the process.

Process Machine Speed (kg/h) Capacity (kg/mth)

Raw material inspection and weighing Floor scale N/A 80,000
Raw material storage Storage silo N/A 30,000

Drying Tilting rotary furnace FARB-2 667 118,667
In-process product storage Storage silo N/A 30,000

Milling Vibratory mill MZ 500 532 94,667
Finished product storage Storage silo N/A 30,000

Packing Manual packing 421 75,000

The production capacities per hour for each activity were estimated based on the
installed capacities of the equipment and the process configuration, as illustrated in Table 5.

Table 5. Capacity by process activities.

Activity Capacity

Washing 686 kg/h
Drying 667 kg/h
Milling 479 kg/h
Packed 421 kg/h

Storage (total capacity) 30,000 kg

With the specified processing capacities, the equipment utilization for the washing
tanks, rotary furnace, vibratory mill, and packaging ranges between 40% and 60%, resulting
in a processing rate of 3125 kg per day.

Location and Plant Layout: Considering that the waste-generating plant is situated in
the Valle del Cauca department, potential locations in proximity to this area were reviewed.
Utilizing Logware software version 5.0, the optimal coordinates for the recovery plant were
determined. The chosen location for the plant is within the ACOPI industrial zone in the
city of Yumbo.

Subsequently, the space requirements for establishing the plant were assessed. Based
on the process requirements, eleven specific areas were defined: truck entrance, raw
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material reception and storage area, washing area, drying zone, storage area for washed
and dry dross, grinding area, storage area for milled dross, packing area, storage area
for packed dross, office areas (management/customer service), and washrooms/dressing
rooms. These areas were further analyzed using the relationship matrix presented in
Figure 7.
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Figure 7. Relationship matrix.

The relationship diagram shown in Figure 8 was established to determine the appro-
priate distances between different zones within the plant. The first space is used for a
transport activity which is represented by a horizontal arrow. Triangles represent storage
activities, circles refer to operations, vertical arrow denotes administrative areas and the
half oval refer to service areas.
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This diagram served as the foundation for the general distribution of the plant, which
can be seen in Figure 9.
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Figure 9. General plant layout.

To calculate the required areas, the Guerchet method was applied, considering the
equipment dimensions and the space requirements for work and storage areas. The finished
product storage area considered the size and capacity of pallets for stacking the packaged
material. Based on these considerations, it was determined that the plant requires an area
of 283 m2. Figure 10 presents the theoretical plant distribution in equivalent surface units
(ESU), with a conversion base of four used for the dimension conversions.
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Workforce Requirements: Based on the technical specifications of the equipment and
the installed capacity of the process, parameters such as processing time and speed were
established. By utilizing SIMIO software, the process was simulated using the waste
generation amount of 75 tons per month as per the application case. The simulation
revealed that the process requires 12 h to complete. However, considering preparation
times, cleaning, active breaks, and administrative activities, this translates to two work
shifts of 8 h each. Each shift requires two operatives to execute all process activities.
Therefore, a total of four operatives needs to be hired. Additionally, the hiring of a plant
manager is necessary to oversee process control and staff inspection. It is important to note
that the workforce analysis focused solely on the personnel required for production and
did not consider commercial or administrative activities.
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3.4. Financial Analysis for the Application Case

Once the resources required for the AD transformation were determined, the total
investment value for equipment and adaptations was calculated at USD 43,000 (Meneses-
Núñez et al., 2022) [44]. Subsequently, a financial projection of the income statement was
conducted, serving as the basis for projecting cash flow over a 5-year period, as presented
in Table 6. The cash flows were projected with a constant inflation rate of 3.6%, based on
the projections from the Colombian central bank at the time the study. Additionally, a tax
rate of 35% was considered in accordance with the tax regulations for 2022.

Table 6. Projected cash flow.

Project Cash Flow 0 1 2 3 4 5

Operational Profit 7.527 10.848 11.393 11.957 12.542
Operating taxes 2.635 3.797 3.987 4.185 4.390

Net Operating Income 4.893 7.051 7.405 7.772 8.152
+ Depreciation or amortization 4.283 4.283 4.283 4.283 4.283

Gross Cash Flow 9.176 11.335 11.689 12.055 12.435
− Fixed Asset Investments 42.835

Project Free Cash Flow 42.835 9.176 11.335 11.689 12.055 12.435

Among the most significant direct costs, workforce expenses account for 45% of the
total production cost, followed by energy costs representing 19.5% of the total. In this
particular application case, no cost was assigned to the raw material, as the waste generator
itself will be responsible for transforming it into a reusable material.

Regarding the total investments required, it was determined that 50% of the financing
would be obtained from financial institutions at an annual effective rate of 8.7%. This rate
was based on the financing rates available to the company in the application case from
the financial sector. With this capital structure in place, a weighted average cost of capital
(WACC) of 9.7% annually was calculated.

Using these data, the sales value per kilogram of recovered dross was determined to
satisfy the expression NPV = 0, forming the basis for projecting the cash flow income. It
was found that the sale price must be at least USD 0.12 per kilogram for the project to be
feasible. This price corresponds to having an internal rate of return (IRR) equal to or greater
than the WACC and a benefit-to-cost ratio of 1. According to financial theory, this implies
that the project’s revenues compensate for investments and operating costs and generate
returns that are at least equal to the cost of capital.

These findings not only demonstrate the feasibility of the specific project in the Colom-
bian case but also contribute to the broader field of research by showcasing a circular
economy application that goes beyond technical validation. Analyzing the financial impli-
cations of implementing such a project highlights the potential for developing new markets
with a stronger environmental focus. Calculation of the minimum market price serves as
an initial step that reveals opportunities for the expansion of environmentally-oriented
markets. In fact, the City Hall of Santiago de Cali (Colombia) is evaluating a circular
economy model for the construction sector, which stimulates the use of sustainable build-
ing materials containing by-products coming from different local industrial sectors [45].
Although initial evaluation has been oriented towards the environmental and economic
waste valorization coming from the steel production and coal combustion factories [46],
the local aluminum industry has a great potential to generate supplementary cementitious
materials as reported here.

4. Conclusions

The chemical characterization through XRD revealed that the washing process resulted
in a significant reduction in the AlN content, decreasing from 18.2% in AD to 2.3% in WAD.
This finding holds considerable importance as it is well known that AlN, when exposed
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to water, produces ammonia gases, which can be harmful to the health of operators.
Furthermore, when used in cementitious materials, the accumulation of these gases during
mixing with water can lead to void formation, potentially compromising the mechanical
properties of the materials.

The impact mill yielded superior results, achieving up to 56.21% of particles smaller
than 45 µm in just 10 min of processing. Kinetic analysis projected that 66% of material
with particle sizes below 55 µm can be obtained in 12 min. This is crucial to satisfy the
particle size requirements stipulated by ASTM C618-19 for the use of WAD in cementitious
matrices.

With the chosen equipment’s capacity, an estimated 80,000 kg of aluminum dross can
be recycled monthly. A manufacturing plant of 283 m2 can be allocated to accommodate
various operation stages, ensuring ample space for the 11 defined areas involved in the
process. These capacity and facility requirements are pivotal considerations for the practical
implementation of AD recycling. To execute the proposed process in the case study, an
investment of USD 43,000 is required. Cash flow analysis revealed that a minimum selling
price of USD 0.12/kg of processed material can generate a return rate of at least 9.7%
over a five-year period. These findings hold significance for aluminum factories, cement
producers, investment institutions, policymakers, and environmental authorities, as they
illustrate the potential for cultivating a new market for this material, with both economic
and environmental implications at the forefront.
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Al Aluminum
Al4C3 Aluminum carbide
AD Aluminum dross
AlN Aluminum nitride
Al2O3 Aluminum oxide
Al5O6N Aluminum oxide nitride
NH3 Ammonia
ASTM American Society for Testing and Materials
AHP Analytic hierarchy process
B/C Benefit/cost ratio
CaCO3 Calcite
CaO Calcium oxide
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ACOPI Colombian Association of Micro, Small, and Medium Enterprises
CR Consistency ratio
CuK-α Copper k-α
Na3AlF6 Cryolite
NaAl11O17 Diaoyudaoite
K2NaAlF6 Elpasolite
EDS Energy-dispersive X-ray spectroscopy
ESU Equivalent surface units
Fe2O3 Ferric oxide
CaF2 Fluorite
γ-Al2O3 Gamma alumina
CaAl12O19 Hibonite
H2 Hydrogen gases
IRR Internal rate of return
MgF2 Magnesium fluoride
MgO Magnesium oxide
CH4 Methane
NPV Net present value
NMP Non-metallic products
KMgF3 Parascandolaite
KCl Potassium chloride
KAlCl4 Potassium tetrachloroaluminate
PV Priority vector
SEM Scanning electron microscopy
Si Silicon
SiO2 Silicon dioxide
NaCl Sodium chloride
Na2O Sodium superoxide
NaAlCl4 Sodium tetrachloroaluminate
MgAl2O4 Spinel
SLP Systematic layout planning
WAD Washed aluminum dross
λ Wavelength
WACC Weighted average cost of capital
XRD X-ray diffraction analysis

Appendix A

Table A1. Disney Method: Recovering Alternatives for Aluminum Dross.

Dreamer (Why Not?) Realistic (How?) Critical (What is Wrong?)

Guarantee Creativity Ensures Feasibility Prevents Possible Risks

Expanded clay aggregates (Bajare et al.,
2012) [47]

Removal of impurities by heat treatment,
preparation of clay pastes and
non-metallic products (NMP) samples,
drying, and finally synthesis in an oven
at 1170–1210 ◦C.

• Risk of not having the necessary
implements for the process;

• Risk of not achieving the removal of
impurities;

• Risk of increased costs.

*NMP refractories without additions
(Ramaswamy et al., 2019) [48]

Washing the NMP at 200 ◦C to remove
salts, calcination at 100 ◦C, and NMP
compaction and calcination at 1500 ◦C.
Thermal shock tests at 660 ◦C.

• Risk of not having the necessary
implements for the process.;

• Risk of not achieving salt removal;
• Risk of increased costs.
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Table A1. Cont.

Dreamer (Why Not?) Realistic (How?) Critical (What is Wrong?)

Guarantee Creativity Ensures Feasibility Prevents Possible Risks

Preparation of gamma alumina (γ-Al2O3)
by pyrometallurgical process
(Mahinroosta & Allahverdi, 2018) [5]

The NMP is fed to the plasma flame, and
argon is used as the carrier gas. The
particle size to be obtained is 8 µm.

• Sophisticated and expensive
process;

• Risk due to the difficulty of
implementation.

*Preparation of gamma alumina
(γ-Al2O3) by hydrometallurgical process
(Shen et al., 2021). [49]

These processes consist of three steps:
alkaline or acid solution of NMP,
precipitation of the filter liquid, and
calcination of the precipitate.

• Risk of not having the necessary
implements for the process;

• Risk of not achieving the removal of
impurities;

• Risk of increased costs.

Replacement of aluminum powder as a
foaming agent for synthesizing light
cellular concrete (Liu et al., 2017). [50]

Grinding and sieving to achieve a particle
size of 45 µm.

• Risk of not having the necessary
implements for the process;

• Risk of increased costs.

*Partial replacement of Portland cement
for concrete production (Elinwa &
Mbadike, 2011; Javali et al., 2017; Mailar
et al., 2016; Ozerkan et al., 2014; Reddy &
Neeraja, 2016) [21–24,51]

The dross should be ground, sieved using
a 90 µm sieve, and a shutdown process
should be carried out.

• Risk of not having the necessary
implements for the process;

• Risk of not achieving contact with
cement companies.

*Replacement of Portland cement in
mortar production (Dai & Apelian, 2017;
Pereira et al., 2000) [14,52]

The dross should be washed in distilled
water, dried on a heating plate, and then
added to the mortar mixture.

• Risk of not having the necessary
implements for the process;

• Risk of not achieving contact with
cement companies.

Production of ceramics based on
magnesium titanate and aluminum
(Ewais & Besisa, 2018) [53]

Grinding and sieving to achieve a particle
size less than 90 µm; powders must be
mixed using a mill, impurities are
removed with boiling water and then
with cold water, and the synthesized
materials are obtained by cooking at
1300 ◦C.

• Risk of not having the necessary
implements for the process;

• Risk of increased costs.

*Production of polypropylene compound
and aluminum dross (Adeosun et al.,
2012; Samat et al., 2017) [54,55]

Lumps of dross should be crushed and
sieved into particles of size from 53 µm to
150 µm.

• Risk of not having the necessary
implements for the process;

• Risk of increased costs;
• Risk of not achieving contact with

polypropylene companies.

Production of silicate-based glass
(Mahinroosta & Allahverdi, 2018) [5].

The NMP-washing process must be
carried out, and the residue or mineral
glass of low silicon content must be
melted in a CaO–Al2O3 system.

• Risk of not having the necessary
implements for the process;

• Risk of increased costs;
• Risk due to the difficulty of

implementation.

Appendix B

The scores assigned to the five selected alternatives in the AHP are presented in
Table A2. It is noteworthy that Alternative 1 had the highest associated cost due to the
high energy consumption required in the sintering process of refractories. In terms of
“ease of implementation”, Alternatives 1 and 4 were classified as having a low level of
difficulty in implementation, as the necessary equipment and spaces for the development
of these applications, such as mills, muffles, and sieves, are available for this study. In
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contrast, in the “environmental impact” criterion, Alternatives 1, 3, and 4 were evaluated
as having a low impact. This is because the substitution of raw materials like cement
with post-industrial waste like AD leads to a dual benefit of reducing the use of materials
with high carbon footprint and utilizing a waste that could cause environmental harm if
disposed of improperly.

Table A2. Evaluation of AHP criteria for each alternative.

Alternatives

Criteria

C1: Cost C2: Ease of
Implementation

C3:
Availability of

Information

C4:
Specification
Compliance

C5:
Environmental

Impact

1 NMP refractories
without additions 0 2 1 1 2

2
Preparation of gamma
alumina (γ-Al2O3) by
hydrometallurgical process

1 0 1 2 0

3
Partial replacement of
Portland cement for
concrete production

2 1 2 2 2

4 Replacement of Portland
cement in mortar production 2 2 2 2 2

5 Production of polypropylene
composite and AD 1 0 2 2 1

For the purpose of establishing the relationships between the alternatives and criteria,
a visual tool (Table A3) was employed to ensure the proportionality and transitivity of the
paired comparisons assigned to the AHP methodology, thereby affirming the consistency
of the results. The table shows the proportional relationship between the reference and
the comparison, be it an alternative or criterion. Moving columns to the right indicates
a directly proportional relationship between the number of movements (e.g., C2 = 3C3),
whereas moving columns to the left signifies an inversely proportional relationship (e.g.,
A1 = 1/5 A3).

Table A3. Visual tool to establish comparisons between criteria and alternatives.

More Preference than Reference ← Reference→ Less Preference than Reference

1/9 1/8 1/7 1/6 1/5 1/4 1/3 1/2 1 2 3 4 5 6 7 8 9

Criteria comparison C4 C5 C2 C1 C3
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om
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ri
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rn
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n C1 A3
A4

A2
A5 A1

C2 A1
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A5
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A1
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A5 A2
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After establishing the relationships between criteria and alternatives using the visual
tool, the assigned values were transferred to the AHP comparison matrix (Table A4).
This allowed the determination of the priority vector (PV), which represents the relative
importance of the criteria when compared to each other and the alternatives when compared
within each criterion. Additionally, the consistency ratio (CR) was calculated for each of
the 5 × 5 paired matrices using the AHP. It is worth noting that the consistency ratios for
all cases were found to be less than 10%, indicating that the comparisons adhere to the
principles of transitivity and proportionality.

Table A4 shows the relative importance of the selection criteria when compared
to each other. It is evident that C4 (compliance with specifications) holds the highest
significance, with a priority of 41.6%, followed by C5 (environmental impact) with 26.2%.
Additionally, when comparing the alternatives within each criterion, certain patterns
emerge. For C1 (cost), Alternatives A3 and A4 have the lowest cost priority, both at 34%.
In terms of C2 (reliability of implementation), A1 and A4 exhibit higher priority (36%).
Regarding C3 (availability of information), A3, A4, and A5 indicate a higher level of
information availability. In terms of C4 (compliance with specifications), all alternatives
require compliance at a priority of 27% except for A1. Lastly, A1, A3, and A4 are noted for
their higher environmental impact (C5), with a priority of 28%.

Table A4. Matrix of comparison by pairs according to criteria and alternatives for each criterion.

Criteria C1 C2 C3 C4 C5 PV CR C3 A1 A2 A3 A4 A5 PV CR

C1 1 1/2 2 1/4 1/3 9.9%

1.4%

A1 1 1 1/3 1/3 1/3 9.1%

0.0%

C2 2 1 3 1/3 1/2 16.1% A2 1 1 1/3 1/3 1/3 9.1%

C3 1 1/3 1 1/5 1/4 6.2% A3 3 3 1 1 1 27.3%

C4 4 3 5 1 2 41.6% A4 3 3 1 1 1 27.3%

C5 3 2 4 1/2 1 26.2% A5 3 3 1 1 1 27.3%

C1 A1 A2 A3 A4 A5 PV CR C4 A1 A2 A3 A4 A5 PV CR

A1 1 1/3 1/5 1/5 1/3 5.6%

1.2%

A1 1 1/3 1/3 1/3 1/3 7.7%

0.0%

A2 3 1 1/3 1/3 1 13.0% A2 3 1 1 1 1 23.1%

A3 5 3 1 1 3 34.2% A3 3 1 1 1 1 23.1%

A4 5 3 1 1 3 34.2% A4 3 1 1 1 1 23.1%

A5 3 1 1/3 1/3 1 13.0% A5 3 1 1 1 1 23.1%

C2 A1 A2 A3 A4 A5 PV CR C5 A1 A2 A3 A4 A5 PV CR

A1 1 5 3 1 5 35.8%

1.2%

A1 1 5 1 1 3 28.1%

0.9%

A2 1/5 1 1/3 1/5 1 6.5% A2 1/5 1 1/5 1/5 1/3 5.1%

A3 1/3 3 1 1/3 3 15.5% A3 1 5 1 1 3 28.1%

A4 1 5 3 1 5 35.8% A4 1 5 1 1 3 28.1%

A5 1/5 1 1/3 1/5 1 6.5% A5 1/3 3 1/3 1/3 1 10.8%
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Abstract: This article evaluates the synthesis, characterization and 3D printing of hybrid cements
based on high (70%) contents of powders from concrete waste (CoW), ceramic waste (CeW) and red
clay brick waste (RCBW) from construction and demolition waste. For the synthesis of the hybrid
cements, 30% (by weight) of ordinary Portland cement (OPC) was added. Sodium sulphate (Na2SO4)
(4%) was used as a chemical activator. The effect of the liquid/solid ratio on the properties in the fresh
state of the mixes was studied by means of minislump, flowability index, and buildability tests. The
compressive strength was evaluated at 3, 7, 28 and 90 days of curing at room temperature (≈25 ◦C),
obtaining strengths of up to 30.7 MPa (CoW), 37.0 MPa (CeW) and 33.2 MPa (RCBW) with an L/S
ratio of 0.30. The results obtained allowed selecting the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes
as optimal for carrying out 3D printing tests on a laboratory scale, successfully printing elements
with good print quality, adequate buildability, and compressive strength (CoW 0.30 = 18.2 MPa,
CeW 0.33 = 27.7 MPa and RCBW 0.38 = 21.7 MPa) higher than the structural limit (≥17.5 MPa)
established for concrete by Colombian Regulations for Earthquake Resistant Construction (NSR-10).

Keywords: additive manufacturing; 3D printing; construction and demolition waste; sodium sulphate;
alkali-activated materials; geopolymers

1. Introduction

The worldwide 3D printing construction market was valued at USD 11 million in 2021
and expected to grow to USD 48 million in 2030, according to Grand View Research [1]. In
fact, the implementation of additive manufacturing technology in the construction sector
has brought into play a new market and given rise to multiple advantages for this industry
compared to conventional construction methods. Among such advantages are a higher
construction speed [2], reduced labour costs [3], greater energy efficiency [4], lower con-
sumption of materials [5], decreased waste generation and the possibility of producing
elements with complex geometries almost impossible to obtain using conventional meth-
ods [6]. As highlighted in [7], factors necessary to position 3D printing as a sustainable
construction method include using non-conventional cementitious materials [8], including
alkali-activated cements, geopolymers and hybrid cements [9–14].

Synthesis of these non-conventional cementitious materials is based on chemical
activation of a material rich in aluminosilicates (precursor) through the use of alkaline
activators (hydroxide type (ROH, R(OH)2), weak acid salts (R2CO3), strong acid salts
(Na2SO4, CaSO4·2H2O), and siliceous salts R2O(n)SiO2, where R is an alkaline ion of
the Na, K or Li type [15]. This process gives rise to materials with physical, mechanical
and durable properties similar or even superior to traditional cementitious materials
such as ordinary Portland cement (OPC) [16]. Another advantage of these types of non-
conventional cementitious material is their potential to reduce the carbon footprint, making
it possible to call them environmentally friendly cements [17,18].
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In particular, hybrid cements are able to use a small amount (≤30%) of OPC that pro-
motes a gain of strength at room temperature (≈25 ◦C) and that can be chemically activated
with smaller amounts (2–6% by weight) of Na2SO4 (sodium sulphate) [19]. Na2SO4 has
a lower economic and energy cost than traditional alkaline activators (NaOH (sodium
hydroxide) and Na2SiO3 (waterglass)) [20]. The chemical activation mechanism of these
hybrid cements (OPC ≤ 30%) via incorporation of Na2SO4 has been described by other
authors [21]. The role of the SO4

2− ion in these non-conventional binders consists of
(1) accelerating the hydration process of the alite (C3S) phase present in the clinker; (2) the
formation of ettringite from the reaction with the celite phase (C3A); and (3) the formation
of NaOH as a by-product of the reaction between Na2SO4 and Portlandite (Ca(OH)2) gen-
erated during the hydration of calcium silicates (C3S (alite) and C2S (belite)) present in the
clinker. An additional hypothesis derived from these reactions is that the Ca(OH)2 and
NaOH formed can alkaline-activate the reactive phase of the precursor (aluminosilicate)
and form (N,C)-A-S-H type hybrid gels [21].

Precursors that can be used for the synthesis of alkali-activated materials include a
wide range of pozzolanic additions (Supplementary Cementitious Materials (SCM)) of
natural or artificial origin, and industrial by-products with high aluminosilicate contents,
including natural pozzolans, fly ash, steel slag and thermally activated clays (metakaolin),
among others. Construction and demolition waste (CDW) is made up mostly of concrete
waste (CoW), ceramic waste (CeW) and red clay brick waste (RCBW). All of these are
aluminosilicate in nature, so they feature a certain degree of reactivity to equally be used as
precursors. In this regard, in previous studies [22,23], it was shown that the fine fractions
(powders) of CDW can be used through chemical activation processes in the synthesis of
alkali-activated materials, geopolymers and/or hybrid cements.

According to Raza et al. [11], the use of alkali-activated materials in 3D printing
was introduced in 2016 by Xia and Sanjayan [14], and from that moment this research
topic quickly became an innovative trend for research groups around the world. The
application of CDW-based alkali-activated materials however in the field of 3D printing has
hardly been explored at all. As highlighted in [7], regardless of its nature, the cementitious
material suitable for 3D printing must have an adequate extrusion capacity (mouldable
and extrudable material), be fluid, be buildable, with an adequate setting time (open time),
have dimensional stability (low shrinkage), and achieve a certain level of mechanical
strength to be used in structural applications. In this context, Şahin et al. [24] studied
the rheological properties for 3D printing of geopolymers based on hollow brick (HB),
red clay brick (RCB), roof tile (RT) and glass (G), activated with combinations of sodium
hydroxide (NaOH), calcium hydroxide (Ca(OH)2) and sodium silicate (Na2SiO3). The
mix activated with 6.25 M NaOH and 10% Ca(OH)2 exhibited the best rheological and
mechanical properties and was selected for laboratory-scale 3D printing tests. Based on
that study [24] and using the same geopolymeric cement, Ilcan et al. [25] demonstrated
the possibility of incorporating a fine aggregate of recycled concrete (aggregate-to-binder
ratio of 0.38) in the production of low and high viscosity mortars, successfully applying
the aggregate in 3D printing without affecting the rheological and mechanical properties
of the mortar mixes. Demiral et al. [26] subsequently evaluated the effect of anisotropy
(dependence on the direction of 3D printing) on compressive strength in three directions
(perpendicular, parallel and lateral) and flexural strength in two directions (perpendicular
and lateral), in the geopolymeric mortars produced in the abovementioned study [25]. They
further evaluated the adhesion between layers through direct and indirect traction tests.
The authors conclude that interlayer adhesion influences the anisotropic behaviour of 3D
printed elements. They state however that 3D-printed specimens tested in the direction
perpendicular to the printing direction showed similar performance to mould-casted
specimens, indicating that interlayer adhesion had little influence in the perpendicular
loading direction.

Despite the recent advances, the use of low economic, low energy cost alternative
activators such as sodium sulphate (Na2SO4) in the synthesis of hybrid cements based on
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high CDW contents and their application in 3D printing has not yet been reported. This
article aims to synthesize and characterize hybrid cements based on high contents (70% by
weight) of concrete waste (CoW), ceramic waste (CeW), and red clay brick waste (RCBW),
derived from the fine fraction (powder) of construction and demolition waste (CDW), and
ordinary Portland cement (OPC) (30% by weight). Na2SO4 was used for the chemical
activation of the hybrid cements. The effect of the liquid/solid (L/S) ratio on the properties
of the fresh state (mini slump, flowability index, workability, and open time) and hardened
state (compressive strength) of the mixtures was evaluated, and the optimal ranges of these
properties were determined for their application in 3D printing. The optimal mixtures
were used in laboratory-scale printing tests, demonstrating their potential application in
additive manufacturing processes. These are the first reported results of 3D printing for
this type of hybrid cement based on CDW powders.

2. Materials and Methods
2.1. Raw Materials

Concrete waste (CoW), ceramic waste (CeW) and red clay brick waste (RCBW) from
construction and demolition activities (CDW) were used to produce the mixes. These
residues were finely ground using a ball mill. The particle size was estimated by laser
granulometry using a Mastersizer-2000 equipment (Malvern Panalytical, Madrid, Spain).
For the synthesis of hybrid cements, ordinary Portland cement (OPC) was used. An
Ultrapyc 3000 helium pycnometer (Anton Paar, Graz, Austria) was used to determine
the density of the raw materials. The chemical composition was determined by X-ray
fluorescence (XRF) using a MagiX-Pro PW-2440 spectrometer (Phillips, Eindhoven, The
Netherlands). Industrial grade sodium sulphate (Na2SO4) was used for chemical activation
of hybrid cements produced.

2.2. Production of Mixes and Characterization

A total of 10 mixes (hybrid cements) (Table 1) were designed based on a 70% precursor
content (CoW, CeW or RCBW) and the addition of 30% (by weight) of OPC. In order to
evaluate the effect of the liquid/solid (L/S) ratio on the fresh and hardened properties of
the mixes, this design variable was modified between 0.30–0.38. For the calculation of the
L/S ratio, liquids correspond to the mixing water and solids correspond to the sum of the
waste and the OPC (precursor). The Na2SO4 content was 4% by weight with respect to
the precursor (waste + OPC). The determination of this optimal content (4% by weight) of
chemical activator (Na2SO4) was based on a previous study [19].

Table 1. Design of mixes and proportioning of raw materials.

Mix L/S Ratio
Proportion (g)

Waste OPC Na2SO4 Water

CoW 0.30 0.30 70 30 4 30
CoW 0.33 0.33 70 30 4 33
CoW 0.36 0.36 70 30 4 36
CeW 0.30 0.30 70 30 4 30
CeW 0.33 0.33 70 30 4 33
CeW 0.36 0.36 70 30 4 36
RCBW 0.30 0.30 70 30 4 30
RCBW 0.33 0.33 70 30 4 33
RCBW 0.36 0.36 70 30 4 36
RCBW 0.38 0.38 70 30 4 38

The mixes were produced in a Hobart mixer with a mixing time of 5 min. Initially,
the waste (precursor) was dry homogenized with the addition of OPC. Subsequently, the
chemical activator, previously dissolved in the mixing water, was added to the mix.
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In order to correlate the rheological behaviour of hybrid cements with their 3D printing
capacity, the mixes were characterized in the fresh state by adapting minislump, flow rate
and buildability tests. The minislump (Figure 1a) was determined as the settlement shown
by the mix due to its own weight after removing the conical mold according to ASTM C230
standard [27].
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Figure 1. Characterization tests in the fresh state of the mixes: (a) minislump, (b) flowability index
and (c) buildability of the mixes.

Flowability index (Figure 1b) was determined according to the procedure established
in ASTM C230 [27], taking into account the average diameter reached by the mix after
being subjected to 25 drops from the flow table. Buildability (Figure 1c) was determined
from the collapse caused by an 800 g weight placed on the mix immediately after carrying
out the minislump test. This weight (800 g) is equivalent to the fresh weight of the mix
used to fill the conical mould.

The setting time (initial and final) of the mixes was determined according to the
procedure described in the ASTM C191 standard (method B) [28] using a Vicat apparatus.
Additionally, the effect of setting time on ultrasonic pulse velocity was evaluated using
a Pundit PL-200 unit (Proceq, Schwerzenbach, Swiss) with P-type wave transducers of
54 kHz frequency, a pulse voltage of 200 V, and a sensor gain of 500×. For the measurement
of ultrasonic pulse velocity in the fresh state, an acrylic cubic mould with a side of 75 mm
and a wall thickness of 1.3 mm was used. Additionally, the effect of mixing time on the loss
of workability of the mixes was established through the minislump and flowability tests.
This evaluation was carried out up to a maximum mixing time of 90 min. Together, these
tests allowed us to study the open time of the mixes for 3D printing.

The compressive strength of the hybrid cements was evaluated in an INSTRON 3369
(Instron, Norwood, MA, USA) universal testing machine with a 50 kN capacity, using a
testing speed of 1 mm/min. Conventionally moulded 20 mm cubes were tested to calculate
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the average strength of the mixes at 3, 7, 28 and 90 days of curing at room temperature
(25 ◦C) (relative humidity (RH) ≈ 80%). Each value of strength corresponds to the average
of three test samples.

2.3. Additive Manufacturing (3D Printing) and Tests

The additive manufacturing process carried out is summarized in Figure 2, starting
with the computer-aided design (CAD) of a solid part exported in .STL format, followed by
the printing parameterization process through the free software Ultimaker Cura 5.0 and
generating a file in .gcode format. Finally, the execution of the printing process was carried
out using a Creality Ender-3 printer (Creality, Shenzhen, China), to which a Ceramic 3D
Printer Kit (Eazao) was adapted. The optimum printing speed was 7 mm/s. The nozzle
used corresponds to a circular geometry of 8 mm in diameter. The parameterization of the
3D printing process included a layer height of 6 mm, with the layer height/width ratio
being 0.75 (6 mm/8 mm). This optimum ratio (0.75) was determined following preliminary
printing tests.
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Figure 2. Graphic summary of the methodology followed for the additive manufacturing process
(3D printing).

To evaluate the printability of the mixes, hollow (without filling) cylindrical specimens
of 50.8 mm in diameter × 101.6 mm in height (17 layers) were printed (Figure 2). At the
end of the printing tests, the actual heights of the 3D specimens were verified with the help
of a metric rule to validate their buildability.

Solid beam-type specimens of 45 mm × 30 mm × 140 mm (width × height × length)
were printed to evaluate the mechanical strength (compressive and flexural) of the 3D
printed mixes. A total of 3 solid beams were produced for each mix. A concentric filling
pattern (from outside to inside) was used, considering 100% filling. The specimens were
removed from the impression base (plate) 24 h after their production and were subjected to
a curing process in a controlled environment (RH≈ 80% and 25 ◦C) until the corresponding
test age.

The beams were flexural tested (3 points) after 7 days and the compressive strength
was determined at 7 and 28 days with the halves of the flexural test beams (Figure 3),
according to the procedure described in the UNE-EN 1015 standard [29]. The direction
of application of the flexural and compressive loads was perpendicular to the direction
of printing (Figure 3). Additionally, the density, absorption and porosity at 28 days were
determined according to the ASTM C642 standard [30] from beams of the same type.
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The ultrasonic pulse velocity was determinate at 28 days on solid 3D-printed cylinders
50.8 mm in diameter and 50.8 mm in height according to the procedure established in
ASTM C597 [31]. These results were compared with that obtained in specimens made using
the conventional casting process (mould-casted). A Pundit 200 instrument was used with
P-wave transducers of 54 kHz frequency, a pulse voltage of 100 V and a sensor gain of 1×.
Before the measurements, a calibration of the wave transmission time was carried out with
the calibration pattern of the equipment. The specimens were tested in a dry condition
(ambiently dried). The measurements were made on the lower and upper faces of the
specimens (direction perpendicular to the printing direction) (Figure 3). The ultrasonic
pulse velocity reported for each mix corresponds to the average of three measurements.

The macroscopic observation of the interface zone between layers was carried out
through the inspection of a cross section of the 3D printing specimens in a stereomicroscope.
The microstructural analysis was performed on this same area by means of scanning
electron microscopy (SEM), using a JEOL JSM-6490LV microscope (Jeol, Tokio, Japan) with
an accelerating voltage of 20 kV. An Oxford Instruments Link-Isis X-ray spectrometer was
coupled to the microscope (EDS).

3. Results and Discussion
3.1. Materials Characterization

The results of the chemical composition demonstrate the aluminosilicate nature (SiO2
+ Al2O3) of the CoW, CeW and RCBW, representing 44.4, 75.4 and 77.4% of their total
composition, respectively (Table 2).

The densities of the CoW, CeW and RCBW were 2.68, 2.71 and 2.75 g/cm3, respectively.
The OPC meanwhile reported a density of 3.00 g/cm3. The average particle size of the
CoW, CeW and RCBW was 24.6, 25.8 and 23.6 µm, respectively (Figure 4). The average
particle size of the OPC was 22.5 µm.
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Table 2. Chemical composition of raw materials (XRF).

Material SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O Others LOI 1

CoW 36.1 8.3 28.7 6.8 1.9 0.6 0.6 1.1 15.9
CeW 59.3 16.1 9.8 5.5 0.8 0.5 1.6 2.3 4.1

RCBW 59.0 18.4 5.4 7.8 2.4 1.1 1.5 1.5 2.9
OPC 19.4 4.1 55.7 4.7 1.7 0.3 0.3 4.6 9.2

1 Loss on ignition (LOI)
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3.2. Fresh Properties
3.2.1. Minislump, Flow Rate and Buildability

The effect of the L/S ratio on the properties in the fresh state of the CoW, CeW and
RCBW mixes, included in Table 1, can be seen in Figure 5 (minislump), Figure 6 (flowability
index) and Figure 7 (buildability). In general, it is observed that the higher the L/S ratio,
the higher the workability (minislump and flowability) of the mixes and as a consequence
the lower the buildability, a behaviour that has been reported elsewhere [32]. According
to Tay et al. [33], a high water content reduces the internal frictions between the cement
particles and resulting in greater flowability. Additionally, it is evident that waste type
exerts some control over the rheology of the mixes, suggesting that optimization of each
mix design must consider the properties in the fresh state that the type of waste fosters
and the effects of these on the 3D printing process. In this regard, the CoW mixes tend to
be the most flowability (lowest water demand), followed by the CeW mixes and then the
RCBW mixes; the latter demand a higher L/S ratio (0.38) to achieve the level of workability
required by the 3D printing process.

In the case of the minislump (Figure 5) and flowability (Figure 6), the CeW 0.30 and
RCBW 0.30 and 0.33 mixes have a very dry consistency and fall below the optimal printing
region. In relation to the above, the mixes must have an acceptable extrusion capacity,
which is affected by a very dry consistency. In contrast, the CoW 0.36 mix had a very fluid
consistency that places it above the optimal printing area. Regarding buildability (Figure 7),
the very fluid mixes reported a low shape retention capacity (buildability < 80%), which
affects the ability to support the weight of the subsequent layers without collapsing and
this behaviour is not adequate for the 3D printing process. In contrast, the very dry mixes
presented a high buildability (close to 100%), but at the same time a low extrusion capacity
(equally unsuitable for 3D printing). In conclusion, it was necessary to find a balance
between flowability and buildability in selecting the optimal mixes. Considering this,
only the mixes with minislump between 10–20 mm, flowability index between 2.0–2.4 and
buildability greater than 80% could be used in the 3D printing process. These correspond
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to mixes CoW 0.30; CeW 0.33 and RCBW 0.38. The results of the printing tests of these
mixes are included in Section 3.4.1.
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3.2.2. Open Time

Open time is defined as the time interval in which the mix is able to be printed before
its properties in the fresh state are altered [34]. 3D printing actually requires a sufficient
setting time to maintain the consistency of the mix during the extrusion, pumping and
deposition process, and thus avoid possible blockages in the pipe and/or nozzle of the
printer. However, at the same time a mix with adequate buildability is required; a property
that is promoted with short setting times that ensure the necessary strength for the lower
layers to support the weight of the upper layers. The open time adjustment must also
take into account that a very short setting time could affect adhesion between layers and
therefore the mechanical strength of the printed element [2]. Given the above, the effect of
L/S ratio on the setting time of the mixes is presented in Figure 8.
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In general, it can be seen that the higher the L/S ratio, the longer the setting time of the
mixes. It is also possible to identify that waste type influences initial and final setting times
of the mixes. The shortest times are registered for RCBW mixes, followed by CeW mixes
and CoW mixes, with the longest times. The RCBW 0.30, 0.33, 0.36 and 0.38 mixes recorded
initial setting times of 80, 170, 200 and 250 min, respectively. The CeW 0.30, 0.33 and 0.36
mixes had initial setting times of 160, 200 and 270 min, respectively, while the CoW 0.30,
0.33 and 0.36 mixes reported respective initial setting times of 180, 270 and 310 min.

Ultrasonic pulse velocity monitoring, according to Uppalapati et al. [35], is sensitive to
hydrate formation and microstructural changes associated with the setting—hardening—of
cementitious materials. Figure 9 relates the ultrasonic pulse velocity of the CoW 0.30,
CeW 0.33 and RCBW 0.36 mixes during their setting process. It should be recalled that
these mixes were selected as optimal during the evaluation of their properties in the fresh
state (Section 3.2.1) and featured initial setting times of 180 min (CoW 0.30), 200 min
(CeW 0.33), and 250 min (RCBW 0.38). In Figure 9 a direct correlation is seen between
the hardening process of the mixes and the ultrasonic pulse velocity reported, steadily
increasing as the mix gradually sets. The ultrasonic pulse velocity for the RCBW 0.38, CeW
0.33 and CoW 0.30 mixes in the initial setting time (needle penetration = 25 mm) were
≈1365, ≈1340 and ≈1510 m/s, respectively. These values coincide with those reported
elsewhere [35] for alkali-activated materials during the initial setting time (1450–1550 m/s).
Values above 1650–1750 m/s meanwhile are normally associated with the final setting time
of cementitious materials.
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Furthermore, it can be seen in Figure 9 that the ultrasonic pulse velocity curves have the
greatest slope (acceleration) during the first minutes (10–40 min). This demonstrates that,
before the initial setting, the mixes underwent important changes in their microstructure
and properties in the fresh state (flowability), even though with the Vicat needle there were
no changes in depth of needle penetration (≈40 mm) in that same time interval (10–40 min).
This finding allows to conclude that the conventional setting time test (apart from Vicat)
is not the most appropriate method to study the open time of mixes for 3D printing and
that it is necessary to use other techniques, such as ultrasonic pulse, for more detailed
monitoring of reaction kinetics and changes in the fresh state. In this regard, the changes
in the velocity of the ultrasonic pulse during the first minutes can be associated with the
stages of dissolution (Step I), flocculation (Step II), gelation (Step III) and polycondensation
(Step IV) [36]. These stages occur during the hydration process of hybrid cements as
consequence of the chemical activation [21].

As mentioned in [7], the open time is usually less than the initial setting time (needle
penetration = 25 mm); its experimental evaluation, via tests of loss of flowability as a
function of time, is important. Extending the mixing time during 3D printing tests extends
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the open time of the mixes, while maintaining the mixes static following the completion of
the initial mixing process reduces their useful life. The effect of mixing time (up to 90 min)
on the minislump and flowability index of the mixes is thus presented in Figures 10 and 11,
respectively.
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It was generally observed that after 10–30 min of mixing, the mixes suffered a notable
loss of workability (minislump and flowability) and therefore of their 3D printing capacity,
results that agree with those reported by Ilcan et al. [25], Zhang et al. [37] and those of
commercial products such as Sikacrete-751 3D, Sikacrete-752 3D and Sikacrete-7100 3D [38].
In conclusion, based on the results obtained in this study, it was established that the open
times of the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes were 30, 20 and 10 min, respectively.
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3.3. Compressive Strength of the Mixes

The evolution of the compressive strength of the CoW, CeW and RCBW mixes is
presented in Figure 12. In general, it is observed that the highest mechanical strengths are
promoted at lower L/S ratios. Indeed, the maximum compressive strengths (90 days) of
the CoW, CeW and RCBW mixes were obtained with an L/S ratio of 0.30 and achieved
values of 30.7, 37.0 and 33.2 MPa, respectively.
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It is evident meanwhile that waste type influences the mechanical performance of the
mixes, and this may be related to the degree of chemical reactivity of each material. It should
be noted that, in this study, the effect of particle size was controlled and a very similar
average size and granulometric distribution was ensured for the three wastes (Figure 4).
In this regard, controlling the particle size is considered fundamental for comparative
purposes, since this property has a strong influence on the degree of reactivity of the
precursor. Clarifying the above, the best mechanical performances for the same L/S ratio
were produced by the CeW, followed by the RCBW and lastly the CoW. These mechanical
results agree with those reported in other studies [22,23] using residues of the same nature
(CDW) and alkaline activation processes.

Regarding the mechanical behaviour of the three mixes previously selected as optimal
for the 3D printing process, their compressive strengths were 24.9 MPa (CoW 0.30), 26.4 MPa
(CeW 0.33) and 19.5 MPa (RCBW 0.38) at 28 days of curing and 30.7 MPa (CoW 0.30),
31.8 MPa (CeW 0.33) and 23.5 MPa (RCBW 0.38) at 90 days of curing. In the case of the CeW
and RCBW mixes, the optimal L/S ratios in the fresh state (0.33 and 0.38) do not coincide
with the L/S ratio that promotes the best mechanical performance (0.30). This conflict has
been described by other authors [2], recognizing that, in some cases, the need to obtain a
fluid mix for 3D printing demands a high mixing water content (high L/S ratio) and this
affects the compressive strength of the mixes. This was the case for the RCBW 0.38 mix,
which reported the lowest mechanical performance among the mixes optimized for the 3D
printing process.

3.4. 3D Printing Tests
3.4.1. Printability and Buildability

In order to validate the application potential of the mixes previously defined as optimal
(CoW 0.30; CeW 0.33; RCBW 0.38), the extrusion and 3D printing capacity at laboratory
scale was evaluated according to the parameters described in the methodology (Section 2.3).
Figure 13 shows the results of this 3D printing test, which correspond to the printing of
hollow (without filling) cylinders of 50.8 mm in diameter × 101.6 mm in height (equivalent
to 17 layers of 6 mm thickness). As can be seen, in general, all three mixes were found to
have an adequate extrusion and 3D printing capacity, obtaining homogeneous portions
and a good surface finish, without the presence of defects, discontinuities (breaks) and/or
macro-pores that may compromise the aspect or appearance of the printed element. Some
small defects can be seen on the surface of the specimens corresponding to CoW, however
these do not compromise the final properties of the element.

Additionally, the buildability of the three mixes was verified by measuring the actual
height of the 3D printed cylinders. The results show a high level of buildability (close to
97–99%), in accordance with the characterization in the fresh state previously reported
(Figure 7). This result is considered important, since a high degree of fresh deformation
(low buildability) can affect the final height of the element compared to the initial model.
This difference would lead to an adjustment of the height of the element through the
computerized design (CAD) of the part and the parameterization (G-code) necessary to
execute the 3D printing process, altering the number of layers.

3.4.2. Physical-Mechanical Behaviour

Table 3 presents the density, absorption and porosity results for the 3D printed spec-
imens corresponding to the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes. As can be seen,
the L/S ratio has a significant influence on the physical properties. The higher the L/S
ratio, the higher the absorption and the porosity and therefore the lower the density of the
3D specimens obtained. The RCBW 0.38 mix reported the lowest apparent density value
(1.92 g/cm3), followed by CeW 0.33 (1.96 g/cm3) and finally CoW 0.30 (1.97 g/cm3) with
the highest reported apparent density.
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Table 3. Density, absorption and porosity of the 3D printed specimens (ASTM C642) [30].

Mix Absorption
(%)

Bulk Density, Dry
(g/cm3)

Apparent Density
(g/cm3)

Permeable Pore Volume
(%)

CoW 0.30 26.9 1.55 1.97 42.4
CeW 0.33 28.5 1.52 1.96 43.9

RCBW 0.38 32.6 1.44 1.92 47.6
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Regarding the mechanical characterization of the 3D printed specimens, Table 4
presents the results of flexural (7 days) and compressive strength (7 and 28 days). In this
regard, the highest compressive strength was reported by the CeW 0.33 mix, achieving a
value of 27.7 MPa at 28 days. The RCBW 0.38 and CoW 0.30 mixes meanwhile attained
values of 21.7 MPa and 18.2 MPa at 28 days, respectively. It should be noted that these
values are above the structural limit (17.5 MPa) established for concrete mixes according to
the Colombian Regulations for Earthquake Resistant Construction (NSR-10).

Table 4. Flexural and compressive strength of the 3D printed specimens.

Mix

Flexural Strength
(MPa)

Compressive Strength
(MPa)

7 Days 7 Days 28 Days

CoW 0.30 4.9 11.5 18.2
CeW 0.33 4.6 12.7 27.7

RCBW 0.38 4.4 10.5 21.7

Meanwhile, the results of compressive strength of the 3D specimens coincide with
the previously reported mechanical performance at the paste level (CeW > RCBW > CoW).
It should be noted that, in the present study, the effect of the direction of the test on the
compressive strength of the 3D printed specimens was not evaluated. However, some
authors [26,39] show that in the direction of test used (perpendicular to the printing
direction) the highest strength values are obtained.

Regarding the flexural strength (7 days) of the 3D printed specimens, it is evident that
the reported values fluctuated between 4.4 and 4.9 MPa, these values being equivalent to
36.2–42.6% of the reported compressive strength of the 7 days of curing with these same
mixes. In conventional concrete, this equivalence (flexural/compressive) is lower and nor-
mally ranges between 10–20% of the compressive strength. According to Kaliyavaradhan
et al. [34], the perpendicular test direction, which corresponds to the one used in this study
(Figure 4), promotes the best results for determining the flexural strength of 3D printed
elements. In this regard, Demiral et al. [26] highlight that the flexural strength of 3D-printed
specimens tested in the perpendicular direction may be even higher than that reported for
conventional (mould-casted) specimens.

In relation to the above and to compare the quality of the 3D printed specimens versus
conventional mould-casted specimens, an ultrasonic pulse test was performed 28 days after
curing according to the procedure described in the methodology (Section 2.3).

The results are presented in Table 5, where it is highlighted that the 3D printed speci-
mens achieve an ultrasonic pulse velocity (CoW = 98.9%; CeW = 98.7%; RCBW = 98.2%)
very similar to that of conventional specimens. Indeed, the ultrasonic pulse velocity of the
3D printed specimens corresponding to the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes was
3114, 3313 and 3238 m/s, respectively. In comparison, the conventional specimens reported
values of 3149 m/s (CoW), 3356 m/s (CeW) and 3297 m/s (RCBW).

Table 5. Results of the ultrasonic pulse test of the 3D printed and conventional (mold-casted)
specimens.

Mix Cylinder Ultrasonic Pulse Velocity
(m/s)

CoW 0.30
3D printed 3114 ± 12

Mould-casted 3149 ± 11

CeW 0.33
3D printed 3313 ± 10

Mould-casted 3356 ± 23

RCBW 0.38
3D printed 3238 ± 12

Mould-casted 3297 ± 13
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According to the literature, the ultrasonic pulse velocity of concrete samples ranges
from 3000 m/s (low quality concrete) to 5000 m/s (high quality concrete). In this regard,
the speed of the ultrasonic pulse is directly related to the density of the material and to the
mechanical properties. The quality shown by the 3D printed elements thus coincides with
the physical-mechanical.

3.4.3. Microstructural Analysis

Additionally, the macroscopic (stereomicroscope) and microstructural (SEM) observa-
tion of the 3D printed specimens is presented in Figures 14–16 for the case of the CoW 0.30,
CeW 0.33 and RCBW 0.38 mixes, respectively.

It is worth mentioning again that the specimens were printed with a fill percentage of
100%, obtaining a solid structure in which it is almost imperceptible to distinguish between
one layer and another by visual inspection of the cross section of the specimens. Only at
the edges of the specimen is it possible to distinguish the area of interface between layers
and the superficial silhouette of each layer. The quality of the filling of the 3D specimens
and their level of densification agrees with the results obtained using the ultrasonic pulse
test (Table 5) and their similarity with the results reported by the conventional specimens
(mould-casted).

A magnification (50×) of the area of interface between layers allowed to corroborate
the perfect adhesion between the layers and the obtaining of a solid and homogeneous
structure in the CoW and CeW mixes, consistent with the physicomechanical performance
of these specimens. In the case of the RCBW 0.38 mix, some cracks were identified in the
area of interface between layers (directed) and inside the layers (non-directed), which may
be associated with shrinkage and drying shrinkage phenomena promoted by the high
L/S ratio (0.38) that this mix required for its 3D printing, and which in turn could have
affected the mechanical performance of the 3D specimens (interlayer adhesion). According
to Nodehi et al. [40], shrinkage is one of the main causes of the concentration of tensile and
shear stresses in the area of interface between layers, and therefore of the generation of
fissures and cracks in this area.
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4. Conclusions

The addition of 30% OPC and 4% Na2SO4 as chemical activator allowed the synthesis
of hybrid cements based on 70% concrete waste (CoW), ceramic waste (CeW) and red
clay brick waste (RCBW) with compressive strengths (25 ◦C, 90 days) up to 30.7, 37.0 and
33.2 MPa, respectively. Additionally, it was possible to demonstrate that the variation of the
L/S ratio (0.30–0.38) affects the mechanical strength of hybrid cements, it being necessary
to find a balance in relation to the properties in the fresh state necessary for its application
in a 3D printing process.

The L/S ratio controls the properties in the fresh state (minislump, flowability index
and buildability) of the mixes for 3D printing. A high L/S ratio promoted greater flowability
and at the same time affected the buildability of the mixes. Very dry mixes meanwhile do
not favour extrusion and 3D printing processes.

The type of waste influenced the rheological behavior of the mixes, being most fluid
in the case of CoW, followed by CeW and finally RCBW. The RCBW demanded the greatest
L/S ratio (0.38) among the waste studied to achieve the necessary flowability in 3D printing.
The optimal L/S ratios for the CoW and CeW meanwhile were 0.30 and 0.33, respectively.

The results showed that the CoW, CeW and RCBW mixes that were found to have a
minislump between 10–20 mm, flowability index between 2.0–2.4 and buildability greater
than 80% were suitable for use in 3D printing processes.

The evaluation of the loss of workability (minislump and flowability) as a function of
mixing time allowed us to determine that the open time of the CoW 0.30, CeW 0.33 and
RCBW 0.38 mixes was 30, 20 and 10 min, respectively. These results were below the initial
setting time reported for these same mixes (180–250 min). Moreover, the analysis of the
ultrasonic pulse velocity during the fresh state made it possible to show that the mixes
present microstructural changes before the initial setting time, which is consistent with
the loss of workability (minislump and flowability) reported during the first minutes of
reaction (≤30 min).

The CoW 0.30, CeW 0.33 and RCBW 0.38 mixes presented an adequate extrusion and
3D printing capacity, allowing to obtain portions with a good surface finish, without the
presence of defects, discontinuities and/or pores. Meanwhile, the 3D printed cylinders
(17 layers) made it possible to establish the high level of buildability of the mixes (close to
97–99%), managing to corroborate the results obtained by the mixes in the fresh state tests.

The 3D printed specimens (100% infill) achieved adequate physical-mechanical per-
formance, with compressive strengths of 18.2 MPa (CoW 0.30), 27.7 MPa (CeW 0.33) and
21.7 MPa (RCBW 0.38) after 28 days of curing (25 ◦C), values that exceed the structural
limit (≥17.5 MPa) established by the Colombian Regulations for Earthquake Resistant
Construction (NSR-10) for concrete mixes.

The print quality of the mixes was confirmed using an ultrasonic pulse test (28 days).
The CoW 0.30, CeW 0.33 and RCBW 0.38 mixes reported speed values of 3114, 3313 and
3238 m/s, respectively, results very similar to those obtained using conventional specimens
(mold-casted). Microscopic observation (SEM) meanwhile revealed a dense interface and
good quality interlayer adhesion for the case of the CoW 0.30 and CeW 0.33 mixes. In
contrast, for the RCBW 0.38 mix, the presence of fissures and cracks in the interface between
layers was identified to be a result of contraction and shrinkage phenomena due to drying,
possibly promoted by the high L/S ratio of this mix (0.38). This finding suggests the
possibility of studying (in future research) the control of this phenomenon through the
incorporation of microfibers and particles.
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Abstract: Sulfur mortar hardens quickly, shows a high chemical resistance, and can be recycled,
making it ideal for construction and rehabilitation in extreme environments. Despite its potential
for sustainability, current research lacks sufficient characterization of sulfur mortar’s performance
during recycling, particularly regarding the physical and chemical changes when iron oxide is
introduced. This study investigates the replacement of conventional siliceous sand with high-iron-
content sand in sulfur mortar, through a series of five break–recast cycles. The results demonstrate
an 11% increase in compressive strength and a 26% increase in flexural strength after five recasting
cycles. Optical microscopy and scanning electron microscopy (SEM) revealed that recasting improved
the distribution of the sulfur binder, while the formation of iron sulfates filled the gaps between
aggregates and the binder. X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR) confirmed the presence of iron sulfates, and differential scanning calorimetry (DSC) showed
that high-iron-content sulfur mortar narrowed the phase change temperature range, preventing
uneven solidification within the samples. This study sheds light on the strengthening mechanisms
that occur during the recycling process, enhancing the material’s durability and recyclability. This
aligns with circular economy principles, contributes to resource efficiency, and supports sustainable
construction practices.

Keywords: sulfur mortar; recyclability; characterization; circularity; sustainability

1. Introduction

Global warming has become a major focus of discussion and research in many coun-
tries. In March 2023, the Intergovernmental Panel on Climate Change (IPCC) released its
Sixth Assessment Report (AR6), which emphasizes the scale and pace of the work being
performed, as well as the need for the IPCC to provide a clearer understanding of the
impacts of global warming as current programs are insufficient to address the daunting
challenges of climate change [1]. According to studies, the human industry produces a
quarter of all greenhouse gas emissions from materials synthesis [2]. Among these, the
use of cement and concrete-related materials is challenged by environmental requirements:
since the cement production process accounts for 8% [3] of the total greenhouse gas emis-
sions, it is the most significant source of man-made greenhouse gas emissions [4]. In
addition, urbanization is expected to continue to place significant demand on the cement
industry for the next 100 years [5]. Indeed, since the COVID-19 pandemic came to an end,
cement shipments surged again as a result of the economic recovery measures implemented
in various countries and regions [6]. At the same time, various countries are exploring
and practicing decarbonization models for the cement industry, as well as for sustainable
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economic development, such as Europe [7], USA [8], China [9], Switzerland [10], and Saudi
Arabia [11].

Sulfur is one of the by-products of the petroleum refining process [12]. According to
statistics, today, more than 60 million tons of sulfur are produced annually [13]. Sulfur
has been studied as an alternative binder for concrete in North America since the 1970s
as a way to deplete the large deposits of sulfur caused by mining development [14].
Sulfur converts from a solid to a liquid when heated to approximately 120 ◦C [15], and
it can be mixed with aggregates and cooled to make sulfur mortar in the broadest sense
of the word. In addition to consuming the redundancy of sulfur from the oil industry
as an innovative building material, sulfur mortar is also seen as one of the potential
building materials for extraterrestrial colonization and the construction of human habitats
on exoplanets [16,17]; large amounts of sulfur-containing material were found on both the
Moon [17] and Mars [18]. Even pure sulfur crystals were found on Mars [19]. Compared to
traditional Portland concrete, sulfur mortar has comparable mechanical properties [12]; it
is acid-resistant, corrosion-resistant, and water-resistant [20–23] and does not require any
water during the casting process [24], which is extremely beneficial to preserve today’s
increasingly scarce water resources. Wang et Snoeck provided a detailed review of the
history, current status, and potential future development of sulfur mortar [17].

Recycling of building materials is an important path to reach sustainability. As sulfur
mortar materials can be reheated and remelted, it may show interesting circular features. In
2016, Wan et al. [25] suggested in their study that the recasting of sulfur mortars, which were
made with Martian regolith acting as aggregates, increased the compressive strength of the
recasts by 20–30% compared to the virgin samples; this discovery generated interest in the
recyclability of sulfur mortars. Gulzar et al. [26] took it one step further by investigating
sulfur mortars using normal sand as aggregate and found that the compressive strength of
normal-sand sulfur mortar increases by about 30% after the first recasting but decreases after
the second recasting and that recasting has no effect on acid and corrosion resistance [26].

Currently, a few studies have been conducted on the recyclability of sulfur mortar,
and the properties are generally not the primary purpose of the studies; they do not detail
properties such as changes in mechanical performances exhibited by sulfur mortar during
recycling or characterize the structural features of the material before and after recycling.
Undoubtedly, research dedicated to the recyclability of sulfur mortar is essential to further
advance the study of sulfur as an emerging sustainable building material and expand the
scope of its applications. A profound knowledge of the possible crystal formation during
recycling is of paramount importance.

In this paper, normal sand and high-iron-content sand were used as aggregates for
sulfur mortar, because many studies have illustrated that metallic ions, such as iron,
aluminum, etc., react with sulfur [25,27,28]. This may have a potential impact on the
strength of sulfur mortar upon recycling. However, current research stopped at limited
times of recycling sulfur mortar, and the microscopical characterization is lacking. In this
study, the sulfur mortar with two different aggregate types was subjected to five destruction–
recasting cycles, and samples were selected when significant mechanical property changes
during the recycling process were observed. On these obtained samples, microscopic and
chemical characterization was performed to fundamentally investigate the reasons for the
changes in the mechanical properties of sulfur mortar in the process of multiple recycling
and use, and to study the influence of the different aggregate types on the recyclability
of sulfur mortar. At the same time, experiments were conducted to determine whether
new chemical structures are generated during multiple (10 in this study) heating–cooling
cycles, which may affect the properties of the sulfur mortar samples. Figure 1 shows the
methodology of this study.
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2. Materials and Methods
2.1. Raw Materials

In this study, the sulfur was obtained from Norbert König e. Kfm, Wittenberg, Ger-
many, in the form of semicircular granules/beads/pellets. The elemental composition
of this material is offered by the company and is shown in Table 1(a). It is mostly pure
elemental sulfur and is stable at room temperature. High-iron-content sand from Rodesco,
Belgium, was used. Because the main components are iron (III) oxides, it has a reddish-
brown color. It is divided into lumps and powder and has a wide particle size distribution.
The elemental composition is shown in Table 1(b). At the same time, to investigate the
influence of different aggregates on the performance, normal sand was also used. Its
chemical composition is also shown in Table 1(c).

Table 1. Elemental composition of raw materials: (a) Sulfur, (b) high-iron-content sand, (c) normal
sand [29].

Components Sulfur Organic Ash Moisture Acid(H2SO4)
Wt. % 99.95 0.02 0.015 0.5 0.007

(a)

Components Fe O Si Al Mn K Others Total
Wt. % 63.81 31.8 1.69 1.23 0.18 0.17 Ca, Mn 99.45

(b)

Components SiO2 Al2O3 CaO
Wt. % 97.12 1.84 0.96

(c)

2.2. Sample Preparation and Mixing

Previous studies revealed the effect of changes in aggregate particle size distribution
on the mechanical properties of sulfur mortars. This study focuses on the changes in com-
pressive strength of sulfur mortars with different aggregates during recasting cycles, and
analyzes the possible relationship with the chemical composition. Nevertheless, according
to the research literature [25], too large aggregates can lead to insufficiently smooth surfaces
of the samples, which can harm the mechanical tests. Therefore, in this research, the two
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aggregates were sieved and the fraction below 2.37 mm was selected. All the raw materials
are shown in Figure 2a.
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The aggregates were mixed with sulfur and stirred for three minutes before being
placed in the metal mixing vessel to ensure homogenous dispersion. Since the process
of recycling sulfur mortar inevitably results in the loss of raw materials—for example,
materials solidified in molds or heating ovens are difficult to recycle—10% more material
was used than necessary. A preliminary study by the authors investigated variations of
the sulfur content of 15, 20, 25, 30, and 35 wt. % of total volume, linked to the mechanical
properties and overall workability and stability. In this study, a sulfur ratio of 35 wt. %
was selected, which is slightly higher than the recommended value of 30 wt. % found in
previous experiments [25–27], to ensure that the loss of raw materials during the recycling
process does not induce a loss in the workability of the sulfur mortar at the end of the
experiment. At the same time, metallic prismatic casting molds of size 40 × 40 × 160 mm3

were placed in the heating furnace along with casting and plastering tools, and compaction
tools. The oven was heated from an ambient temperature of about 20 ◦C to 135 ◦C at an
average heating rate of about 12 ◦C/min, and kept constant at this temperature for about
one hour, during which the raw materials were stirred using the heated stirring tool every
half an hour, to ensure that the dissipated heat was uniform, and that the melted sulfur
was well mixed with the aggregates. The total time from heating the sulfur mixture to
casting was 1 h. Heating the molds and mixing tools was necessary so that when the sulfur
mortar was poured, it did not solidify immediately on the mold walls and tools and did
not lead to an uneven internal structure of the samples, with delamination and cracks. The
arrangement of the heating oven and samples is shown in Figure 2b. The sulfur beads
provided by the supplier contained organic material. Researchers have been trying to
reduce temperature contraction by using organic additives to avoid the formation of larger
sulfur crystals during solidification [22]. In preliminary tests conducted by the authors, in
this research, no significant dimensional changes or shrinkage was observed during the
cooling and solidification of the samples. However, it is believed that the inclusion of an
additional modifier would enhance the properties of larger elements to be cast.
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2.3. Recast Strength Test Procedure

The poured specimens were allowed to cool at an ambient temperature of 20 ± 1 ◦C in
standard laboratory conditions. After 24 h, the specimens were de-molded, visually verified,
and tested for mechanical strength using a mortar prism test apparatus: the specimens
were first subjected to a three-point bending test and then to a compressive test, with a
loading pattern following the EN 196-1 standard [30], to avoid any influence on the results
of the experiments from an excessively fast loading rate. After the strength test, the pieces
were recovered, placed again in a stirring vessel, put into the heating furnace together
with the casting mold and the stirring tool, and cast again with the same experimental
conditions to obtain the recast samples. Subsequently, the samples were resubmitted to the
mechanical test, a total of five times. Three samples of each group of both aggregates were
prepared, and all values were averaged over the three samples to ensure the reliability of
the experimental data.

2.4. Characterization Tests

To investigate whether the internal structure and/or chemical composition of sulfur
mortar changes during the recycling process and whether such changes can explain the
changes in mechanical properties, sampling was performed for the initial cast and the
first, second, and fifth recasts. The following physical/chemical characterization tools
were used.

2.4.1. Optical Microscopic Analysis

To study the formed porosity and overall features of the sulfur mortar samples, micro-
scopic analysis was performed using a Leica Emspira 3 microscope (Leica Microsystems
GmbH, Wetzlar, Germany). The analysis of the micrographs was performed afterward
using the ImageJ software, version 1.54m.

2.4.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS)

Samples for SEM-EDS testing were obtained directly from the samples that were
mechanically loaded till failure. The obtained pieces were sealed in sample vials for storage
to avoid humidity effects, using an ion sputter coater to evenly deposit a thin layer of
carbon film on the sample’s surface. The fifth recast sample was embedded in resin and
polished up to 1 µm precision. The fracture surfaces were observed in all other samples. A
Hitachi SU 70 instrument (Hitachi High-Tech Corporation, Tokyo, Japan) was used, using
the secondary electron mode.

2.4.3. X-Ray Diffraction (XRD)

In addition to the SEM-EDS tests, XRD tests were performed as a complement to
see if the sulfur mortar produced new crystalline compounds after multiple recycling.
Samples were taken directly from the broken samples and pulverized using a ball mill
at a speed of 500 rpm for 3 min, using the top filling method to prepare the samples. A
D8Eco from Bruker (Bruker AXS GmbH, Karlsruhe, Germany) was used in the Bragg–
Brentano configuration. A 2θ range spreading from 5◦ to 70◦ was chosen, and the data
were interpreted with the software Diffrac Eva, version 7.

2.4.4. Fourier Transform Infrared (FTIR) Spectrum

It is worth exploring whether the various components of sulfur mortar interact during
the recycling process. This research therefore also used FTIR to characterize the bonds
between elements. Samples were made by mechanically grinding specimens, and 3 mg of
sample was mixed with 100 mg of potassium bromide and compacted to form a pellet. A
Vertex 70 using a Hyperion 2000 MIR source (Bruker Optik GmbH, Ettlingen, Germany)
was used to investigate the absorption between 4200 and 400 cm−1, and the resolution
was 2 cm−1.
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2.4.5. Differential Scanning Calorimetry (DSC)

The thermal properties of sulfur mortar were investigated by DSC equipment (Mettler
Toledo, model DSC821e, Greifensee, Switzerland). A sample of about 50 mg was placed in a
crucible, and the temperature range was settled between 20 ◦C and 140 ◦C at a heating rate
of 10 ◦C/min. Ten heating–cooling cycles were performed under a nitrogen atmosphere.
The raw materials were assessed in addition to the raw mix of the studied materials.

3. Results and Discussion

This section presents the changes in the compressive strength of sulfur mortar with
two aggregates during recycling. The results of optical microscopy, SEM, XRD, and FTIR
characterization of the samples during the cyclic recycling process are also shown, as well
as the experimental results of the ten thermal cycles of the DSC test. The aim is to link the
strength variation with the physico-chemical characteristics obtained with microstructural,
chemical composition, and thermodynamic characterization techniques.

3.1. Mechanical Properties

The mechanical performance of the two series after five damage–recast cycles is shown
in Figure 3. The compressive strength (Figure 3a) of sulfur mortar with both aggregates
exceeds 30 MPa, which is comparable to conventional cement concrete. For normal-sand
sulfur mortar, the compressive strength increased from 32 MPa to 34 MPa on average after
the first recasting. However, in subsequent recasts, its strength gradually declined. By the
fifth recasting, the compressive strength was still comparable to the first casting and within
the standard deviation. Therefore, the differences are not statistically significant. The sulfur
mortar samples with high iron content consistently showed higher compressive strength
than normal-sand sulfur mortar, approximately 15% higher. Notably, the compressive
strength of high-iron-content sulfur mortar increased during the recasting process. It
reached an average of 41 MPa after the fifth recasting, an 11% increase compared to 37 MPa
after the first casting.
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The three-point bending test results (Figure 3b) followed a similar trend as the com-
pressive strength data. The flexural strength also peaked after the fifth recasting.

3.2. Optical Microscopy Characterization

Figure 4 shows optical microscope images of freshly cast and recast sulfur mortar with
normal sand and high-iron sand aggregates. In the freshly cast normal-sand sulfur mortar
(Figure 4a), some sulfur remained in crystalline form, covering the surface of the aggregates.
Larger aggregates could be rubbed off by hand, leaving pores about 1 mm in diameter
(marked by red circles in the figure). This indicates a weak bond between the sulfur and
the aggregates. In contrast, after the first recast, normal-sand sulfur mortar, the sulfur
was more uniformly distributed over the sand particles, and the larger-grain-size sand
particles were tightly bonded to the sulfur. The tighter bond formed by the sulfur to the
aggregate is believed to be one of the reasons for its increase [26]. The same analogy can be
applied to high-iron-sand sulfur mortar. In the freshly cast samples, the aggregate coverage
by sulfur was incomplete, and large portions of the aggregate remained exposed. Sulfur
crystals, 0.4 to 0.5 mm in diameter, were observed and marked by a red circle in Figure 4b.
After the fifth recast, most of the aggregate surface was covered by sulfur crystals. From a
microstructural perspective, recasting improved the connection between the aggregates
and the sulfur binder in both samples. It also reduced segregation and porosity.
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3.3. SEM-EDS Characterization

SEM-EDS images of sulfur mortar samples with both aggregates are shown in Figure 5.
The normal-sand sulfur mortar forms a dense structure by encapsulating aggregate particles
in molten sulfur. The EDS analysis shows that sulfur and silica are consistently present
as separate components. From the fresh cast to the fifth recast, the results are in line with
Yahia and Muhammad’s research [31]: sulfur mortar cured under dry conditions forms
a uniform distribution and texture between the sulfur binder and aggregates. In high-
iron-sand sulfur mortar, freshly poured samples show that sulfur is not tightly attached
to the aggregate. A distinct black gap is visible between the sulfur and the aggregate.
EDS analysis reveals that oxygen is bonded to both iron and silicon. To accurately present
the results, a sample of high-iron-sand sulfur mortar was set in resin and polished flat
to observe their cross sections. As shown in Figure 5b (bottom), the sulfur was tightly
bound to the aggregate without significant cracking after the fifth recasting. There were
only small black parts in the EDS results, in Figure 5b (bottom right). This represents
the discontinuities after the 5th recast, as these were filled by the resin and carbon film.
According to the literature [27,32,33], the strength is normally inversely proportional to
porosity. From the morphology, the porosity of normal sand mortar exhibited limited
variation, while the one with high-iron-content sand exhibited a huge difference after the
5th recast; thus, the strength increased more obviously than the normal sand mortar. This
corresponds logically to the correlation between porosity and strength.
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Additionally, the EDS results of the high-iron-sand sample show an important obser-
vation. Iron, sulfur, and oxygen are simultaneously present in the russet areas. These areas
indicate the high-iron-content aggregates (Figure 5b, bottom right). The EDS results also
exhibited a co-existence of sulfur, iron, and oxygen atoms. This could indicate that during
the recasting process, the iron oxides reacted with sulfur to form iron sulfate crystals. The
oxygen in the air reacted with liquid sulfur, forming SO2 [27], which would be absorbed
chemically and physically at the basic points and acid points of Al2O3 [34]. Meanwhile, the
iron oxide would significantly absorb SO2 in an oxygen-rich environment, forming iron
oxide [35]. Those formations of aluminum and iron sulfates are also verified in XRD results
in the following text.

3.4. X-Ray Diffraction Characterization

Both normal-sand sulfur mortars and high-iron-content-sand sulfur mortars were
characterized using XRD (Figure 6). According to the literature [12], the strength develop-
ment of normal-sand sulfur mortar mainly relies on the solidification of liquid sulfur on the
aggregate. The microscopic image in Figure 4 reveals that the crystalline sulfur is merely
distributed around the aggregates. The EDS analysis in Figure 5 shows that the chemical
composition is mainly elemental sulfur and silica. There is no clear evidence of other phases
forming connections with the gravel. This was confirmed by XRD (Figure 6a) analysis of the
normal-sand sulfur mortar, and all diffraction peaks were allocated to sulfur and silica, and
no other new crystalline chemical compounds were formed, even after five heating recasts.
The chemical composition of the material remained stable. In the high-iron-sand sulfur
mortar, XRD analysis revealed additional features. Along with the major sulfur and iron
oxide peaks, a more intense peak appeared around 2θ = 15◦. This peak partly corresponds
to elemental sulfur. It also included a contribution from aluminum sulfate, as confirmed by
additional peaks at 25◦, 35◦, and 40◦ [36]. Additionally, the characteristic diffraction peak
of iron sulfate was observed near 25◦. Even if less than 5% of the SEM-EDS images show a
combination of metallic elements, sulfur, and oxygen (Figure 5b), X-ray patterns confirm
the formation of the metal sulfates. It is obvious that there is no significant peak pattern for
iron or aluminum sulfide, and it is due to the reaction temperature between iron and sulfur
starting at least around 300 ◦C, while the reaction between sulfur and aluminum starts at
565 ◦C [37]. Both are much higher than the temperature in this study.
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3.5. FTIR Characterization

To further investigate the inertness of normal sand toward sulfur and the reaction of
sulfur with the high-iron-content aggregates, samples were characterized by FTIR. The
experimental results are shown in Figure 7.
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Figure 7a depicts the FTIR analysis of normal-sand sulfur mortar after recasting. The
absorption peaks in the bands near 841, 1082, 1460, 1650, and 2360 cm−1 indicate the
characteristic profile of sulfur monomers [38]. In contrast, the absorption peaks near the
bands 464, 692, and 795 cm−1 indicate the Si-O bonds and the absorption peaks near
1082 cm−1 characterize the presence of Si-O-Si bonds [39]. This aligns with the XRD and
SEM-EDS results. These analyses show that the main components of the normal-sand
sulfur mortar remained unchanged during recasting. The primary components are sulfur
monomers and silicon oxide. The absorption peaks near the 580 cm−1 band are attributed
to the Fe-O-Fe bond [40,41], and the vibrations near 713 and 1150 cm−1 are attributed to
the Al-O-Al bond [42,43], which confirms the presence of the metal oxides. Furthermore,
a small stretching band of the S-O bond near the 1090 cm−1 is also noted, corresponding
to inorganic sulfate, and a shoulder near 980 cm−1, indicating a symmetric vibration of
(SO4)2− [44]. This evidence indicates that during the recasting of high-iron-content samples,
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a small portion of the sulfur reacted with oxygen, producing gas sulfur dioxide, which is
partly soluble in liquid sulfur [45]. This soluble sulfur dioxide reacted with metal oxides;
sulfites were produced first, finally leading to sulfates, because of the reaction with oxygen
from the air [46,47]. The sulfate crystals closely adhered to the surface and the aggregate’s
interior. Initially, the strength came from the physical connection between sulfur crystals
and aggregates. Later, the formation of sulfates added a chemical connection, further
increasing the strength of the high-iron-content sulfur mortar.

3.6. Differential Scanning Calorimetry Characterization

To better understand the thermodynamic behavior of the materials during recasting, the
normal-sand and high-iron-content sand aggregates were mixed with sulfur, respectively, in
the same proportions (35 wt. % sulfur/65 wt. % aggregates) in a DSC crucible. Fifty mg
samples were subjected to ten cycles of heating and cooling. The heat flow was followed by
differential scanning calorimetry. The experimental results are presented in Figure 8. The
red arrows and blue arrows present the heating and cooling path of the DSC tests. The
temperature range is from 20 to 140 ◦C, and the heating/cooling speed is 10 ◦C/min.

According to the reference, the crystal properties of sulfur in the range of 20–140 ◦C
are summarized [14,48,49] as follows: Sulfur is stable in the form of orthorhombic crystals
(Sα) at room temperature. At 110 ◦C, Sα transforms into monoclinic crystals (Sβ). At higher
temperatures (120 ◦C), the transformation of Sβ into liquid sulfur appears. Figure 8a shows
the results of ten heating–cooling cycles on normal-sand sulfur mortar. When the mixture
was heated for the first time (1st light blue line), heat flow peaks at around 105 ◦C and
118 ◦C, indicating the transition of Sα to Sβ and Sβ to liquid sulfur, respectively. During
subsequent cycles, all curves showed a single peak around 120 ◦C. During the cooling
process from 140 ◦C to 20 ◦C, exothermic peaks were investigated between 105 ◦C and
75 ◦C. The nucleation and growth of sulfur crystals were initiated at different undercooling
levels depending on the cycle. Figure 8b shows four main peak groups. During cooling,
the exothermic peaks exhibited by the high-iron-content-sand samples around 118 ◦C
correspond to similar enthalpy change. This suggests that the crystallization process
exhibited more stable and homogeneous thermodynamic characteristics than the normal-
sand sulfur mortar samples. Some interesting exothermic peaks were observed in the
remaining experiments, occurring near 51 ◦C; however, no exothermic peak was observed
in the first heating, nor the normal sand heating. Wang et al. [50] investigated the loss of
water of crystallization from iron sulfate hydrate, using the DSC method, and this loss
of bound water is an exothermic reaction that also occurred at 53 ◦C. Therefore, this is
believed to be the characteristic curve of loss of bound water after the metal sulfate crystals
have combined with moisture in the air to form a hydrate, thereby confirming the existence
of sulfate crystals.

Compared those two DSC curves, the main differences are in the temperature where
the phase change of sulfur happened: the normal sulfur mortar presented two phase
changes at around 110 ◦C and 120 ◦C during the 1st heating; however, during the following
recycling process, the first phase change absorption peak shifted to around 80 ◦C. More
than that, it is obvious that during the 10-cycle cooling process, the phase change started
from 110 ◦C to 80 ◦C. It could be due to the different products after every cycle, leading
to an unstable phase change temperature. In contrast, the sample of high iron content
presents a stable, repeatable, and consistent phase change curve, except for the 1st recycle.
These concentrated phase change temperatures illustrate that the sulfur mortar composites
with high iron content always produced analogous products. This is an advantage for
sulfur mortar, whose quality is highly dependent on the homogeneity of temperature
variation during solidification, thus preventing shrinkage cracks due to the uneven change
in temperature.
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4. Conclusions

In this study, the mechanical performance variation of sulfur mortar during the recast
process was investigated. High-iron-content sand was used as a replacement aggregate for
normal sand. Different chemical characterization techniques were used to systematically
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investigate the microstructure, chemical composition, and thermal characterizations. The
main conclusions are summarized as follows:

• Compared to normal-sand sulfur mortar, high-iron-sand sulfur mortar showed a
greater increase in both compressive and bending strength during five recasts. The
compressive strength of high-iron sulfur mortar increased by 10.8%, while its bending
strength increased by 9.8%. In contrast, normal-sand sulfur mortar showed insignifi-
cant changes in mechanical performance.

• After the 5th recast, optical microscopy showed a more uniform distribution of sulfur
between the aggregates in both types of sulfur mortar. This is identified as the reason
for the strength increase in normal-sand sulfur mortar. However, SEM-EDS analysis
revealed additional features in high-iron-content samples. A combination of sulfur,
iron, and oxygen formed crystals around the aggregates. These crystals filled voids
and discontinuities inside the sulfur mortar. This improved the bond between the
sulfur binder and the aggregates, resulting in a greater increase in strength.

• Using XRD and FTIR techniques, the existence of iron sulfate was confirmed. Its
presence was identified through its crystal structure and the chemical bond of S=O. It
is concluded that during the recasting process, high-iron-content aggregates reacted
with liquid sulfur. This reaction generated new crystal structures, which significantly
contributed to the strength improvement.

• Using the DSC technique, the high-iron-content sulfur mortar showed a more regular
crystalizing temperature compared to the normal-sand sulfur mortar. DSC curves also
proved that high-iron-content sulfur mortar gives better thermal dynamics.

• This study highlights the potential of sulfur mortar as a sustainable construction mate-
rial. The ability to recycle sulfur mortar through multiple break–recast cycles without
significant loss of mechanical performance supports resource efficiency and waste reduc-
tion, key principles of sustainability. Additionally, the formation of iron sulfates during
recycling reduces material segregation and porosity, contributing to durability and pro-
longed service life. These findings align with the goals of achieving a circular economy
by promoting the reuse of materials and minimizing environmental impact. This re-
search provides a foundation for the development of sustainable construction practices
using sulfur-based composites in extreme and resource-constrained environments.

• Further investigation is required regarding the manner and degree of involvement of
metal oxides in the actual production process of sulfur mortar, such as adding catalysts
to stimulate more metal oxides to react with sulfur, observing whether the resulting
products will positively or negatively affect the performance of sulfur mortar. This
can be related to the inclusion of an additional modifier.
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Abstract: The durability properties of structural recycled aggregate concrete (RAC) produced with
50% coarse recycled concrete aggregates and up to 20% fine recycled concrete aggregates were
analysed and compared to those of conventional concrete (NAC). Both the RAC and NAC mixtures
achieved the same compressive strength when using an effective water–cement ratio of 0.47 and 0.51,
respectively. All the concretes were produced using three types of cement: CEM II A/L 42.5 R, CEM
II A/S 42.5 N/SRC and CEM III/B 42.5 N-LH/SR. The properties of drying shrinkage, chloride
permeability, and accelerated carbonation coefficient of the concretes were determined experimentally,
and the obtained results were compared with the values estimated by specific standards of exposure
to XC1–XC4 (corrosion induced by carbonation can happen due to the presence of humidity) and XS1
(corrosion caused by chlorides from seawater) environments. The results showed that all the concretes
achieved maximum drying shrinkage for use in structural concrete. Any concretes produced with
CEM IIIB, including the RAC-C50-F20 concrete, achieved very low chloride ion penetrability, ranging
between 500 to 740 Coulombs. In addition, all concretes manufactured with CEM IIAL and CEM
IIAS, including RAC-C50-F20, were suitable for use in XC3 and XC4 exposure environments, both
with 50- and 100-year lifespans.

Keywords: coarse and fine recycled aggregates; supplementary cementitious materials; CEM IIAL;
CEM IIAS; CEM IIIB; concrete durability; compressive strength; drying shrinkage; carbonation;
chloride penetration

1. Introduction

Concrete is widely employed in construction due to its remarkable strength and dura-
bility. However, the durability of concrete as a permeable material depends significantly
on the quality of its constituent materials [1]. Limited investigations have been carried
out studying the durability characteristics of concrete made with fine recycled concrete
aggregate (FRCA) and coarse recycled concrete aggregate (CRCA) [2–6]. However, in
general, the durability of recycled aggregate concrete (RAC) is lower than that of natural
aggregate concrete (NAC) due to the influence of factors such as the connectivity of the
porous network and water content and the type of cementitious materials (SCM) used
having an important influence [2,6–9]. In addition, SCM such as blast furnace slag (BFS)
further enhances the sustainability of RAC by reducing carbon dioxide emissions and
increasing the circular economy [10,11].

The use of structural RAC in chloride-containing environments has sparked debate
among researchers [12]. Some authors indicate that the increase in RCA content could
lead to a higher diffusion of chlorides in RAC due to its high porosity [13,14]. However,
some studies have also demonstrated that by reducing the amount of adhered cement
mortars, the resistance of RAC to chloride ion penetration can be improved, particularly
when RCA originates from higher-strength concrete [15]. The penetration of chloride ions
is a major contributor to the corrosion of steel reinforcements. The results of numerous
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studies [7,16–20] conducted on this topic have revealed the following: the diffusion coeffi-
cient of chloride ions exhibits a linear increase with the proportional increase in recycled
aggregate use; FRCA influences more than the CRCA in concrete diffusion coefficients; and,
similar to NAC, chloride ion migration can be reduced by decreasing the water-to-binder
ratio or incorporating SCM such as fly ash, silica fume or blast furnace slag (BFS) [7].
According to Li et al. [13], following the ASTM C1202 classification, while the concrete pro-
duced with up to 50% of RCA achieved low chloride ion penetrability, the RAC produced
with a higher percentage than 50% was classified with medium penetrability, consequently
needing the use of SCM to improve the resistance to chloride ion penetration. As con-
firmed, BFS cement enhances chloride penetration resistance in concrete due to its ability
to immobilize chloride ions [21,22]. This enhancement is achieved through physical and
chemical mechanisms, through chloride ion adsorption on the C-S-H surface [21] and the
formation of Friedel’s salt due to the higher aluminate content in the BFS cement [21,22].

Carbonation in concrete is a physicochemical process in which CO2 penetrates the
cement paste and reacts with Portlandite, forming calcite and reducing the concrete pH
from 13 to 8–9. The carbonation rate is influenced by the permeability and moisture content
of the concrete [2,7]. As a result of carbonation, steel reinforcement loses its protection, and
corrosion begins when adequate oxygen and water levels are present [7].

Extensive research has been conducted on the carbonation resistance analysis of
RAC [16,18,23,24]. Different factors can influence the carbonation depth of the RAC. These
factors include the replacement ratio of recycled aggregates, the origin and quality of
the RCA, the crushing technique employed for RCA production, the cement type and
quantity used in concrete production, the curing process, and the use of superplasticisers
to reduce the water–cement ratio [7,9,25]. Conclusions regarding the impact of RCA on
the carbonation resistance of concrete can be ambiguous and conflicting. According to
Pedro et al. [26], the carbonation depth increases as the concrete’s compressive strength
decreases. Certain researchers [8,25] have argued that RAC mixtures produced with coarse
CRCA exhibit similar or even higher carbonation resistance than NAC due to aged adhered
mortar. Zeng et al. [27] suggested that the optimal replacement percentage of natural
aggregates (NAs) with RCA is 50%, which prevents a decrease in carbonation resistance.
Etxeberria et al. [24] also reached a similar conclusion when employing a 50% replacement
of uncarbonated CRCA. Loti et al. [18] found that RAC produced with up to 50% coarse
RCA met the current European standards, thus supporting its use in structural application
when up to 50% of CRCA is employed in concrete production. However, more investigation
is needed to evaluate the influence of FRCA recycled aggregates on carbonation resistance
and, in general, on concrete durability.

Furthermore, the service life of concrete structures against carbonation strongly de-
pends on the type of cement used in concrete production [28,29]. The carbonation depth
of concrete mixtures produced using SCM was higher due to the reduction of Portlandite
during cement hydration, reducing Ca availability [29,30] and, consequently, causing less
resistance to carbonation. Although SCMs reduce alkali reserve usually leads to a reduction
in pore size, they can decrease the permeability of cementitious matrices [31]. However,
carbonation not only lowers the overall pH but may also result in the coarsening of the
pore structure, potentially diminishing its durability and susceptibility to various forms of
degradation, including chemical and physical attacks [30]. Consequently, the carbonation
concrete’s service life decreases as more SCM is used to replace clinker [28,32,33]. However,
using limited mineral admixtures in RAC production can improve carbonation resistance.
The RCA produced using CEM IIAS achieved a higher carbonation resistance than that
produced with CEM IIAL due to the addition of available CaO in the slag cement. In
addition, the use of up to 50% of CRCA had little influence on the carbonation depth [34].

According to the shrinkage values obtained, RAC concrete produced with higher
percentages of RCA achieved higher shrinkage values [35,36]. Gonzalez and Etxeberria [37]
studied the drying shrinkage of RACs produced using only CRCA obtained from different
sources. They concluded that the CRCA produced from a lower-strength parent concrete
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achieved the highest drying shrinkage value. The increase in the RAC shrinkage value
is due to the high water absorption of RCAs, which are porous and contain old cement
paste [7]. Vintimilla and Etxeberria [36] determined that all concretes with up to 60%
CRCA achieved shrinkage values similar to NAC. In addition, they concluded that the
use of FRCA increased the shrinkage value when compared to concrete made only with
CRCA. Nevertheless, the concretes produced with up to 60% CRCA and 20% FRCA also
obtained adequate values ranging from between −200 and −800, following American
Concrete Institute (ACI) standards [38]. Simsek et al. [39] conducted a study to evaluate
the influence of using 20%, 40%, 60%, 80%, and 100% FRCA or CRCA in the substitution
of natural aggregates. They concluded that after 90 days, the RAC with up to 20% FRCA
achieved adequate properties. Moreover, several recent studies [36,40] have confirmed the
existence of a slight influence of FRCA on structural concrete performance, however not
being detrimental and consequently technically viable for their use.

The type of cement used in concrete production also influences the drying shrinkage
value. It has been determined that concretes produced using Portland clinker-based cement
have very high strength due to the fact that it increases the hydration heat and, as a
consequence, leads to higher drying shrinkage [41]. In contrast, the early stage shrinkage
caused in SCM cement significantly contributes to final shrinkage, raising the risk of
concrete cracking in later stages [42,43].

The main objective of this research work was to conduct a comprehensive analysis
of the durability properties of concrete produced using 50% CRCA and up to 20% FRCA.
To achieve this objective, all conventional and recycled concretes were designed to obtain
the same compressive strength. Thus, all the RAC concretes were manufactured with an
effective water–cement value of 0.47 and the NAC with 0.51. Three types of cement, CEM II
A/L 42.5 R, CEM II A/S 42.5 N/SRC and CEM III/B 42.5 N-LH/SR, were used for concrete
production. The properties of drying shrinkage, chloride permeability, and accelerated
carbonation coefficient of the concrete were determined experimentally. The obtained
results were compared with the values estimated by specific standards for exposure to
XC1–XC4 and XS1 environments.

2. Materials and Methods
2.1. Materials
2.1.1. Cement and Chemical Admixtures

Three different cement types, CEM II A/L 42.5 R, CEM II A/S 42.5 N/SRC and CEM
III/B 42.5 N-LH/SR, defined by the European standard EN 197-1 [44], were employed. The
three types of cement are sustainable (produced using SCM) and available in Barcelona:
(1) CEM II A/L 42.5 R (88% clinker, 12% limestone, excluding the set regulator, added
in 5%), with high initial strength, ideal for applications requiring rapid setting; (2) CEM
IIAS 42.5 N/SRC (83% clinker, 12% blast furnace slag (BFS) and 5% minority component),
providing moderate sulphate resistance and enhanced durability and (3) CEM IIIB 42.5 N-
LH/SR (27% clinker, 70% BFS and 3% minority component) with low heat development
and sulphate resistance. The composition details of the three cement types are illustrated
in Table 1.

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

Cement CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TIO2 Na2O

CEM II A-L 42.5 R 61.47 17.87 3.61 2.64 3.69 1.45 0.736 0.183 0.228
CEM II A-S 42.5 N/SRC 59.97 21.66 4.35 3.75 3.47 2.1 0.395 0.327 0.314

CEM III/B 42.5 N-LH/SR 49.4 27.8 8.41 1.96 3.96 4.65 0.48 0.457 0.365

Two chemical admixtures were used in the concrete manufacturing process: (1) a
superplasticiser (S) based on polycarboxylate ether (PAE) polymer technology and (2) a
multifunctional admixture (P) based on Modified Lignin Sulfonate. The manufacturer’s
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recommendations for these admixtures ranged from 0.3% to 2% S and 0.5% to 1.5% P, based
on the cement weight.

2.1.2. Natural Aggregates

Natural limestone aggregates were used for concrete production. One fine fraction
(0/4 mm, FNA) and two coarse fractions (4/10 mm CNA1 and 8/20 mm CNA2) were em-
ployed. Figure 1 shows the geometrical characteristics of the aggregate fractions. Figure 2
describes the grading distribution of each fraction (determined and classified following EN
933-1 [45] and EN12620 [46] specifications). In addition, the recommended upper and lower
limits for fine aggregate, as stipulated in the Structural Concrete Code (SC-BOE) [47], are
described. The dry density and water absorption were determined under the EN 1097-6 [48]
standard. The obtained property values are shown in Table 2.
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Table 2. Properties of natural and type A RCA aggregates studied.

Property (Standard) Specification FNA CNA 1 CNA 2 FRCA CRCA-1
(2/10)

CRCA-2
(8/20) SC-BOE(0/4) (4/10) (8/20) (0/4)

Density (Kg/m3) EN 1097-6 [48] 2.67 2.65 2.68 2.32 2.33 2.36 2.1 1

Water Absorption (%) EN 1097-6 [48] 0.95 0.77 0.73 5.73 5.62 5.16 <7
Humidity (%) 0.37 0.16 0.1 2.73 4.50 4.55

Sand equivalent (%) EN 933-8 [49] 100 >70
Los Angeles coefficient (wt%) EN 1097-2 [49] 35.77 <40

Flakiness index (wt%) EN 933-3 [50] 12.81 <35
Alkali–aggregate reaction (%) UNE 146508 [51] 0.042 <0.10

1 Property defined in EN 206.

2.1.3. Recycled Aggregates

The production of RCA involved crushing, cleaning with water, and sieving construc-
tion and demolition waste (CDW) at a recycling plant in Barcelona, Spain [52]. Concrete
mixtures were manufactured using one fine fraction (0/4 mm, FRCA) and two coarse
fractions (2/10 mm, CRCA-1 and 8/20 mm, CRCA-2). Figures 1 and 2 illustrate the shapes
and size distribution of the three RCA fractions, respectively.

The components of the CRCA-2 (8/20 mm) fraction were characterized in accordance
with the EN 933-11 [53] specification, and the obtained values are described in Table 3.
According to the EN 206 [54] specification, the RA employed in this work were classified as
type A (RC90, RCU95, Rb10-, Ra1, FL2- and XRg1-), with concrete (RC) and natural stone
(Ru) components representing over 90% of the total content, while the ceramic content
constituted less than 10%. Specifically, the aggregates were classified as RCU95 [36].

Table 3. Constituents of type A CRCA-2 (8/20 mm) aggregates.

Type Concrete, Concrete
Products, Mortar (Rc)

Unbound Mortar,
Nature Stone (Ru)

Mansory
(Rb)

Asphalt
(Ra)

Glass
(Rg)

Other
(x)

CRCA-2 68.3% 28.0% 1.9% 0.98% 0.0% 0.39%
EN 12620 Rc + Ru > 95 ≤10% ≤1% ≤1% -

Due to the presence of adhered mortar in RCAs, the porosity of RCA was higher than
that of natural aggregates (NAs), reducing their density and increasing their absorption
capacity. As previously documented in scientific studies [2,26,36,55].
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Table 2 shows that the obtained dry density value of the different fractions of RCA
was higher than the minimum requirement value of 2.1 kg/dm3 established by the Euro-
pean standard EN 206 [54] for their use in concrete production. Moreover, although the
water absorption value obtained by the RCA aggregates was higher than that of the NA
aggregates, it was lower than the maximum value of 7% specified by the structural code
SC-BOE. Various studies have reported that the absorption capacities of coarse and fine
fraction type A RCA could reach 3.9–9.6% [3,56] and 2.4–19.3% [57–59], respectively.

The RCA aggregates also achieved adequate property values of the Los Angeles
coefficient, sand equivalent, and flakiness index (see Table 2) for concrete production.
Alkali–aggregate reactivity analysis was conducted on the FRCA 0/4 mm fraction. It was
established that the specimens exhibited an expansion of less than 0.1% after 14 days,
indicating that they could be classified as non-reactive materials.

2.2. Concrete Production and Test Procedures
2.2.1. Concrete Production

All the concrete mixtures were designed to be exposed to XC1–XC4 (corrosion in-
duced by carbonation can happen due to humidity presence) and XS1 (corrosion caused
by chlorides from seawater) environments [47]. Those concretes require a minimum char-
acteristic design strength (fck) of 30 MPa (C30/37), using a total water–cement ratio of
0.50 and 300 kg of the three types of cement described in Table 1.

The effective water–cement of 0.47 was maintained constant in all the produced con-
crete (Table 4). The effective water–cement ratio of 0.47 was determined in conventional
concrete (NAC-0.47 concrete) after the effectively absorbed water by aggregates was re-
moved from the total water–cement ratio of 0.50.

Table 4. Mix proportions of concretes were produced with CEM IIAL, CEM IIAS and CEM IIIB.

Materials
(kg)

Concrete Types
NAC-0.51 NAC-0.47 RAC-C50 RAC-C50-F10 RAC-C50-F20

Cement 300 300 300 300 300
Total water 165 150 175.8 179.5 182.3

CNA 1 354.5 360.1 180.5 180.5 180.5
CNA 2 723.68 737.2 369.3 369.3 369.3
FNA 954.1 971.9 1014.2 875.7 778.4

CRCA 1 - - 165.8 165.2 165.6
CRCA 2 - - 338.8 339.1 337.2
FRCA - - - 87.1 174.1

P (%) 1/0.7 1 1 1/0.6 1 1/0.5 1 1/0.3 1

S (%) 1 1 1/1.5 1 1/1.5 1 1/1.5 1

effective w/c 0.51 0.47 0.47 0.47 0.47

Slump-IIAS (mm) 175 145 150 155 150
Slump-IIIB (mm) 175 160 135 150 150
Slump-IIAL (mm) 175 150 190 200 195

1 Plasticizer content utilised in CEM IIAL.

Specifically, the effective absorption capacities of fine and coarse aggregates natural
aggregates were 70% and 20% of the total absorption capacities, respectively. In comparison,
the effective absorption capacities of FRCA and CRCA were 100% and 70%, respectively,
of their absorption capacities in 24 h. Table 2 also presents the average humidity (%) of
the RCA when they were employed for concrete production. All coarse fractions of RCA
were used with high humidity (between 80 and 90% of their absorption capacity) during
manufacturing. The total water content in the concrete was calculated by combining the
effective water and the water within the aggregates (humidity plus the amount of effectively
absorbed water). Table 4 illustrates how the total water–cement ratio increased with higher
volumes of RCA incorporated in the concrete mixes. To achieve the same compressive
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strength of RAC as NAC, a new control mixture of NAC was formulated with a total
water-to-cement ratio of 0.55 and an effective water-to-cement ratio of 0.51 (NAC-0.51).

Table 4 shows all the concrete mixtures produced. In addition to the two conventional
concretes, NAC-0.47 and NAC-0.51, the RAC was produced using 50% CRCA and 0%
FRCA (RAC-C50), 50% CRCA and 10% FRCA (RAC-C50-F10), and 50% CRCA and 20%
FRCA (RAC-C50-F20). The five types of concrete were produced using the three types of
cement described previously.

The slump values of the concrete samples were determined following the EN 12350-2 [60]
specification. It was found that the concretes achieved a slump range between 135–200 mm,
which, according to the Structural Concrete Code (SC-BOE) [47], is considered fluid
(100–150 mm) and liquid consistency (160–200 mm), and defined as adequate property
for building construction. As Table 4 shows, to achieve adequate workability, 1% of S
and 1% of P (CEM IIAS and CEM IIIB) were employed. The RAC produced with CEM
IIAL showed a slightly higher slump, which can be attributed to the higher dosage of
superplasticiser used.

The concrete mixtures were produced employing a vertical axis mixer, adding the
materials following a fixed sequence. Initially, aggregates were added, starting with
coarser aggregates and terminating with finer ones. They were mixed for 1 min. After
the cement was added, water was gradually added while the mixing process continued.
Then, the chemical admixtures were added. The complete mixture was then mixed for one
additional minute.

The concrete samples underwent manual compaction using a steel rod. Subsequently,
a plastic sheet was employed to cover the concrete specimens, which were then subjected
to a 24 h air-curing period. After 24 h of casting, the samples were demoulded and stored
under controlled conditions at a temperature of 21 ◦C with a humidity of 95% until the
testing ages.

2.2.2. Test Procedure

The concrete’s compressive strength was determined using a 3000-kN capacity loading
machine. The compressive strength was determined at 7, 28, and 56 days following the
UNE-EN 12390-3 [61] specifications. For each testing age, three cubic specimens measuring
100 × 100 × 100 mm were utilised.

The drying shrinkage of all the produced concretes was determined following the EN
12390-16 [62] specification. Each concrete mixture used two specimens of 75 × 75 × 280 mm.
After a 24 h casting, they were demoulded. Their initial lengths and weights were measured,
and the two specimens of each concrete were placed in a controlled climatic chamber (tem-
perature of 20 ± 2 ◦C and relative humidity of 50 ± 5%). Length and weight measurements
were recorded at intervals of 1, 7, 14, 28, 56 and 91 days.

The chloride permeability in the concrete was assessed following the ASTM C1202 [63]
“Standard Test Method for Electrical Indication of Concretes Ability to Resist Chloride Ion
Penetration”. Two cylindrical concrete samples of 200 mm in length were employed for each
mixture, and from those, two disc specimens of 100 mm in diameter and 50 mm in thickness
were obtained. Two disc specimens, one of each sample, were used to determine the
concrete’s chloride ion penetration after 28 and 56 days of curing. The chloride penetrability
of the produced concretes was quantified by measuring the total charge (in Coulombs)
passed during a 6 h testing period. A potential difference of 60 V was applied across
each side of the specimen, which was immersed, one side in solutions containing sodium
hydroxide (NaOH) and the other side in sodium chloride (NaCl).

The accelerated carbonation method following the UNE-EN 12390-12 [64] specifica-
tion was employed in order to assess the carbonation resistance of the produced concrete
mixtures. Each concrete mixture used two prismatic 100 × 100 × 300 mm samples. All con-
crete specimens underwent a curing process in a humidity chamber for 28 days, followed
by a 14-day pre-conditioning period under laboratory conditions (CO2 concentration of
425 ppm, 20 ± 2 ◦C, and 50–55% relative humidity, RH). Subsequently, the samples were
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stored in a chamber with an environment consisting of 3% CO2, 57% HR and at 20 ◦C. The
carbonation depth of each specimen was measured at specific intervals of 0, 14, 28, 56, 70,
and 91 days of exposure to the chamber. In order to determine the carbonation depth, a
solution containing phenolphthalein indicator was applied to the freshly fractured surface
of the concrete. The solution contained 1 g of phenolphthalein dissolved in 70 g of ethanol
and 30 g of water following the UNE-EN 14630 [65] specification.

3. Results
3.1. Compressive Strenght

Table 5 shows the obtained compressive strength values (fcm,cub100) of cubic concrete
specimens (100 × 100 × 100 mm) and their standard deviation at 7, 28 and 56 days. The
concrete specimens were designed for exposure in XC1–XC4 and XS1 environments, with
strength class C30/37. Consequently, according to the Structural Concrete Code (SC-
BOE) [47], the minimum characteristic and average strength values of 30 MPa and 38 MPa,
respectively, were established for cylindrical specimens of 150 mm and 300 mm in length.
According to the calculations made by Vintimilla and Etxeberria et al. [36] following the
specifications given in the Structural Concrete Code (SC-BOE) [47], the minimum average
compressive strength of 100 mm cube (fcm,cub100) should achieve 46 MPa. In addition, it
was found that the standard deviations in the compressive strength results of all samples
were acceptable. The dispersion was more noticeable at 7 days but decreased at 28 and
56 days. This pattern indicated that the obtained results closely aligned with the average
value, ensuring measurement reliability.

Table 5. Compressive strength and its standard deviation (between brackets values) in all pro-
duced concretes.

Concrete
Reference

IIAL IIAS IIIB
7d 28d 56d 7d 28d 56d 7d 28 d 56d

NAC47 52.5 (1.3) 62.9 (1.3) 65.5 (1.0) 54.5 (1.3) 69.8 (1.0) 71.3 (1.9) 53.1 (0.8) 67.2 (0.4) 69.9 (0.9)
NAC51 45.2 (2.0) 56.2 (1.6) 58.8 (1.0) 54.1 (2.0) 59.2 (0.5) 64.7 (0.2) 51.5 (0.1) 57.2 (1.2) 59.9 (0.9)

RAC-C50 48.6 (2.5) 57.3 (1.0) 59.9 (1.7) 53.9 (2.5) 59.2 (2.3) 62.8 (1.2) 53.7 (0.3) 61.4 (2.0) 62.0 (1.0)
RAC-C50-F10 46.9 (1.8) 56.3 (1.5) 57.5 (0.3) 52.4 (1.8) 59.7 (1.3) 59.9 (0.2) 53.4 (2.8) 60.6 (1.7) 61.6 (0.7)
RAC-C50-F20 44.9 (2.4) 52.7 (0.3) 53.8 (0.4) 50.2 (2.4) 60.7 (0) 63.7 (1.2) 53.6 (1.5) 62.8 (1.4) 62.9 (1.3)

Compressive strength values for 100 mm cube specimens. ( ) Standard deviation.

Table 5 shows that the RAC achieved 18% lower compressive strength than that of
NAC-0.47 (all concretes were made using the same effective water–cement ratio of 0.47).
However, the RAC achieved similar strength to NAC-0.51 concrete, which was made
with an effective water–cement ratio of 0.51 (see Figure 3). These findings highlight the
influence of recycled aggregates on the mechanical properties of concrete and emphasise
the importance of adjusting the water-to-cement ratio to achieve comparable compressive
strength to that of NAC.

Although all the RACs had the same effective water–cement ratio, RACs manufac-
tured with type CEM IIAL cement exhibited slightly lower compressive strength than
those obtained with type CEM IIAS and type CEM IIIB cement. This difference could be
attributed to environmental temperature; the RACs made with CEM IIAL were produced
in spring/summer, while the others were produced in autumn/winter [66]. These fac-
tors could influence the setting and curing process of the concrete, directly affecting its
final strength.

Figure 3a–c describes the ratio of compressive strength value obtained by each concrete
with respect to that of NAC-0.51 at 7, 28 and 56 days. In general, NAC-0.47 achieved
between 3% and 17% higher strength than NAC-0.51 concrete at different ages.
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Figure 3a describes the ratio when the concretes were produced using the cement CEM
IIAL. While the RAC-C50 and RAC-C50-F10 achieved similar values to NAC-0.51 at any
age, the RAC-C50-F20 obtained a decrease of up to 8.5% at 56 days. Figure 3b shows the
results obtained for concrete produced with CEM IIAS. All the RAC, including the RAC-
C50-F20, achieved a similar strength to the NAC-0.51 concrete. Similarly, Figure 3c shows
that RAC made with CEM IIIB cement achieved a slightly higher strength than NAC-0.51.
The results (Figure 3) show that the different substitution levels of RCA (50% CRCA and
up to 20% FRCA) did not have a significant detrimental impact on compressive strength.
In addition, as discovered in previous work [36], it was verified that the concrete produced
with 50% CRCA and 20% FRCA (RAC-C50-F20) achieved similar compressive strength to
concrete containing only CRCA (RAC-C50) and NAC when the RAC and NAC were made
with an effective water–cement ratio of 0.47 and 0.52, respectively.

Gao and Wang [67] reported that concrete produced with a higher percentage of
FRCA caused a reduction of the compressive strength value. However, several researchers
suggested that incorporating 30% FRCA as a replacement for natural sand could still
achieve satisfactory properties [5,68]. Evangelista and Brito [68] and Pedro and Brito [4]
also confirmed the use of up to 30% FRCA for structural concrete production.
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According to the results, the NAC and RAC concrete (produced with 50% CRCA and
up to 20% FRCA) achieved similar compressive strength when an effective water–cement
ratio of 0.51 and 0.47 was used in concrete production, respectively. They all achieved a
suitably designed compressive strength of C30/37 for structural applications.

3.2. Drying Shrinkage

Figures 4a–c and 5a–c illustrate the drying shrinkage (µE) and mass loss (%) values,
respectively, over 91 days for the NAC-0.51 and RAC concretes produced using cement
CEM IIAL (a), CEM IIAS (b) and CEM IIIB (c).
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Figure 4. Drying shrinkage development at 91 days: (a) CEM II/AL, (b) CEM II/AS, (c) CEM III/B.
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Figure 5. Mass loss development at 91 days: (a) CEM II/AL, (b) CEM II/AS, (c) CEM III/B. 
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According to shrinkage values, the concretes produced with CEM IIAL achieved a
drying shrinkage value between −496.8 and −562.7 µm/m at 91 days (see Figure 4a). The
RAC-C50 concrete achieved a 7.3% higher drying shrinkage value than that of the NAC.
Furthermore, the RAC-C50-F20 concrete achieved a 13.3% higher drying shrinkage than
NAC concrete (the RAC-C50-F10 concrete was not tested).

According to the results obtained from the concretes produced using CEM IIAS (see
Figure 4b), the obtained shrinkage values were between −318.82 and −496.52 µm/m.
Figure 4b shows that RAC-C50 and RAC-C50-F10 had similar drying shrinkage values,
which were 18% and 16%, respectively, higher than NAC-0.51. Moreover, the RAC-C50-F20
concrete had 56% higher drying shrinkage than NAC-0.51.

In accordance with the results obtained from the concretes produced with CEM
IIIB (see Figure 4c), all the concretes achieved similar drying shrinkage values, between
−437.3 and −489.6 µm/m. Figure 4c shows that RAC-50 only exceeds 3% of the value
obtained by NAC-0.51 concrete, while RAC-C50-10 and RAC-C50-20 were 11% and 12%
higher than NAC-0.51, respectively. The use of RAC reduced stiffness caused by the amount
of adhered mortar in the recycled aggregate [36,69,70]. This property is closely associated
with the modulus of elasticity, which is the principal mechanical indicator of material
stiffness [69]. Vintimilla and Etxeberria [36] determined that RAC concrete produced using
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CEM IIAL with 50% CRCA and 20% FRCA achieved a 19% lower modulus elasticity
and a 14% higher drying shrinkage value than those of NAC. Bendimerad et al. [71]
confirmed that the increase in drying shrinkage was associated with a decrease in modulus.
According to the achieved results, FRCA strongly influenced and increased the shrinkage
value; consequently, the concrete produced with 20% FRCA reached the highest shrinkage
value regardless of the obtained compressive strength, as all the concretes exhibited similar
compressive strength. Despite this increase in shrinkage, all the values were considered
acceptable according to ACI [38], which states that the typical drying shrinkage values of
NAC range from −200 to −800 when a high water–cement ratio is employed. In addition,
in general, RAC presents deviations similar to those NAC, but between them showed a
moderate disperse in most cases.

During the first four days of curing within a drying chamber, the concretes pro-
duced with lower clinker (CEM IIIB cement, see Figure 4c) achieved the highest shrinkage
value. Drying shrinkage mainly occurs during the early ages and tends to stabilise over
time [4]. However, this behaviour is more apparent when SCM is employed as a con-
crete binder [42,43]. The NAC-0.51 produced with CEM IIIB, CEM IIAL and CEM IIAS
cement reached −200 µm/m, −170 µm/m and −110 µm/m, respectively. In addition, the
shrinkage value increased as the percentage of RCA used increased. The RAC-C50-F20
produced with CEM IIIB cement achieved a drying shrinkage value of −280 µm/m in the
first four days of drying. However, as mentioned above, the shrinkage values stabilised
over 28 days.

Figure 5a–c show the mass loss (in %) of each concrete produced with CEM IIAL,
CEM IIAS and CEM IIIB, respectively. The three NAC-0.51 mixes achieved a similar mass
loss of 2.2%, 2.3%, and 1.9%, respectively. As expected, the concrete mass loss increased as
the percentage of recycled aggregates rose. Similarly, for the drying shrinkage value, the
RAC-C50-F20 produced with CEM IIAL achieved the highest mass loss with 3.5%, followed
by the RAC-C50-F20 produced with CEM IIAS and lastly, CEM IIIB with a mass loss of
3.1% and 2.86%, respectively (see Figure 5). These values are consistent with the results
found by other researchers [36,37,52,72].

In all cases, higher drying shrinkage was closely associated with a higher mass loss
when comparing concretes that employed the same type of cement. All control concretes
exhibited an average mass loss of approximately 2%, while the incorporation of fine and
coarse recycled aggregates resulted in an increment of approximately 3% to 3.5%.

The formulations provided by the Structural Concrete Code (SC-BOE) [47] and the
Eurocode 2: EN 1992-1-1 (EC-02) [73] were used to predict drying shrinkage in RAC
concretes. The calculation method used was described in a previous paper [36].

In order to determine the shrinkage value following the Structural Concrete Code
(SC-BOE) [47], the following factors should be considered: the compressive strength at
28 days, concrete specimen size, ambient RH, and the type of cement (the CEM IIAL was
considered high early strength (Class CR); the CEM II/AS; and CEM IIIB cements were
considered ordinary early strength (Class CN)). However, it must be noted that the SC-BOE
does not consider the use of RCA.

However, the use of RCA to estimate the shrinkage value is considered in Eurocode 2:
EN 1992-1-1 (EC-02) [73]. The influence of CRCA and FRCA was calculated by applying
a specific factor (ηshRA) in the formula to determine the drying shrinkage of RAC. The
ηshRA is described as 1+0.8 αRA, where αRA represents the ratio between the recycled
aggregates quantity (CRCA and FRCA) and the total quantity of aggregates (coarse and
fine aggregates) employed. This factor (ηshRA) is applied when the RCA is employed
in replacement of 20–40% of NAs (0.20 < αRA ≤ 0.40) [36,73]. In this research work, the
αRA factors were defined by 0.27, 0.31, and 0.36 for the RAC-C50, RAC-C50-F10, and
RAC-C50-F20 concretes, respectively.

To demonstrate the effectiveness of the codes in predicting drying shrinkage in con-
crete, Figure 6 illustrates the ratio between the experimentally obtained drying shrinkage
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value of each concrete and the value determined using the following standards: (a) Struc-
tural Concrete Code (SC-BOE) and (b) Eurocode 2: EN 1992-1-1 (EC-02).
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According to Figure 6a, the Spanish Structural Concrete Code (SC-BOE) is not exact
in the estimation of NAC-0.51 concrete’s shrinkage value. It has been observed that
the concrete produced with CEM IIAL and CEM IIAS cements achieved a 10–15% lower
shrinkage value than the value estimated by SC-BOE. However, the concrete produced with
CEM IIIB cement achieved a 15% higher shrinkage value than that of the value estimated
for SC-BOE cement. Although the type of cement was considered in the drying shrinkage
calculation for the SC-BOE, it was not considered in a higher early shrinkage caused by
high BFS content cement (CEM IIIB), which can influence total drying shrinkage [42,43].
Moreover, the compressive strength at 28 days is the primary parameter considered in SC-
BOE estimation; this proved to be similar in all NAC-0.51 concretes. However, as Figure 6a,
indicates more parameters besides the compressive strength should be considered. Revilla-
Cuesta [41] suggested that a partial correction coefficient should be used for every change
in concrete composition, including aspects such as the type of concrete (vibrated, high-
performance, or self-compacting), the content of RA, the maturity of the RA, and the
addition of an alternative binder.

The SC-BOE adequately estimates the shrinkage values for RAC-C50 and RAC-C50-
F20 concretes made with CEM IIAL as well as the RAC-C50 and RAC-C50-F10 concrete
made with CEM IIAS as the use of RCA slightly increased the shrinkage value of concretes.
However, the RCA-C50-F20 made with CEM IIAS achieved a 38% higher shrinkage value
than the value estimated by SC-BOE. The SC-BOE adequately estimated the shrinkage value
of RCA-C50-F20 made with CEM IIAL as it achieved a lower strength than any concrete
produced with this cement. Consequently, it can be stated that the SC-BOE can adequately
estimate the drying shrinkage of concrete produced with 50% CRCA and up to 10% FRCA.
However, it estimates a lower shrinkage rate than the value obtained experimentally when
50% CRCA and 20% FRCA are employed in concrete production.

In addition, all the concretes made using CEM IIIB reached a higher shrinkage rate
than estimated by SC-BOE. Several researchers have reported that the code estimations
could create a ±30% dispersion in the results [41,74]. Moreover, this difference increased
when recycled aggregates were used. As mentioned previously, concrete with a high BFS
content exhibits higher early shrinkage, which can influence total drying shrinkage [42,43].
Furthermore, the specimens were placed in a climatic chamber after a short period of curing
(after 1 day of casting) [42], which also influenced the increase in experimentally obtained
shrinkage values.
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Figure 6b describes the ratio between the experimental results and the values deter-
mined by EC-02. The values estimated by EC-02 for concrete produced with CEM IIAL and
CEM IIAS were higher than those obtained experimentally. However, similar to SC-BOE,
the NAC-0.51 concrete produced using CEM IIIB, EC-02 estimated a lower shrinkage value
than it achieved experimentally. Moreover, as mentioned above, EC-02 considers shrinkage
increase as a factor due to the use of recycled aggregates. Consequently, the EC-02 predic-
tion of RAC drying shrinkage is more accurate for the experimental results than the values
obtained by the SC-BOE.

3.3. Chloride Ion Penetration

Table 6 describes the chloride ion penetrability values and their standard deviation (val-
ues given between brackets) of produced concrete mixtures measured at 28 and 56 days of cur-
ing. The ASTMC1202 test classified the chloride ion penetrability as low (1000–2000 Coulomb),
moderate (2000–4000 Coulomb), and high (>4000 Coulombs of total passed charge) [75].
This research found that chloride ion penetrability varied significantly according to the
type of cement used, as several researchers have stated [32,76–78]. In addition, a direct
correlation was observed between the percentage of recycled aggregate replacement ratio
and chloride ion penetrability. This is a fact also defined in previous research works [2,4,17].

Table 6. Chloride ion penetrability and the standard deviation (described in brackets) determined in
Charge pass in coulombs.

Concrete Types
IIAL IIAS IIIB

(Coulombs)
∆ (%)

(Coulombs)
∆ (%)

(Coulombs)
∆ (%)28d 56d 28d 56d 28d 56d

NAC-0.51 5314 (2) 4096 (271) 23 2897 (111) 1976 (129) 32 674 (15) 501 (12) 26
RAC-C50 4479 (441) 4065 (71) 9 2535 (136) 1962 (80) 23 610 (9.0) 503 (8) 18

RAC-C50-F10 6038 (596) 4448 (97) 26 3130 (58) 2293 (5) 27 626 (16) 531 (15) 15
RAC-C50-F20 6401 (569) 4944 (178) 23 4515 (91) 2866 (66) 37 740 (40) 532 (18) 28

( ) Standard deviation. ∆ (increase in resistance).

Figure 7 shows the ratio between the charge passed from each concrete produced
with respect to 4000 coulombs (the maximum value considered a moderate corrosion risk
concrete). Figure 7a,b describe the data at 28 and 56 days, respectively. Figure 7a shows that
all concretes manufactured with CEM IIAL exhibit high values of chloride ion penetration.
The addition of BFS to cement reduced the ion penetrability of the concrete, as Kopecký
and Balázs et al. [78] stated.
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increased in all the concretes. However, all the concretes produced using CEM IIAL, in-
cluding NAC, still had very high chloride ion penetrability values. This fact can be at-
tributed to the limestone base of CEM IIAL concrete [81], which had higher chloride ion 
permeability than those mixes with a higher replacement of SCM [81,82]. As a conse-
quence, it was concluded that CEM IIAL cement was unsuitable for defined application 
due to its limited ability to resist chloride ion penetration. The obtained results of chloride 
penetrability in this work were slightly lower than those determined by Etxeberria and 
Castillo [83], in which the concrete produced with 50% coarse RCA and the same type of 
cement with effective water–cement ratio of 0.50 and a cement content 350 kg/m3 obtained 
8799 C at 28 days and 6377 C at 56 days. In concrete produced using CEM IIAS, an im-
provement in chloride ion penetration resistance was observed from 28 to 56 days, with a 
range between 23% and 37% in all samples. This fact demonstrates that all concrete mix-
tures achieved a moderate level of resistance in terms of chloride ion penetration. In ad-
dition, all the concretes produced using type CEM IIIB cement had low chloride permea-
bility at 28 and 56 days, independently of the percentage of RCA employed. As mentioned 
above, BFS cement enhances chloride penetration resistance in concrete due to its ability 
to immobilize chloride ions [21,22]. 
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Based on the influence of RCA use, the RAC-C50 achieved lower chloride ion pene-
trability than that of NAC, independent of cement type. However, it must be mentioned
that the RAC-C50 and NAC-0.51 were produced with effective water–cement ratios of
0.47 and 0.51, respectively. In agreement with the study conducted by Kopeckó and Balázs
et al. [78], it was shown that an increase in the w/c ratio leads to an increase in the
depth of chloride penetration while keeping the same cement content constant. Moreover,
when FRCA was employed for concrete production, and more evidently with the use of
20% FRCA in the replacement of natural sand, the chloride ion penetrability increased. In
addition, this was more evident when cement without BSF (CEMII AL) or low BSF (CEM
IIAS) was used for concrete production. The high porosity and microcracks of the old
mortar are present on the RCA surface, resulting in the increased permeability of chloride
ions [75,79].

Researchers have demonstrated that RAC exhibits more capillary channels than NAC;
these are primarily attributed to the introduction of interfacial transition zones (ITZs)
between natural aggregates and old cement mortars, as well as the presence of microcracks
in the RCA [2,15]. However, Etxeberria et al. [80] have demonstrated that the total charge
passed value for all concretes mixed using CEM IIIB cement with different percentages
of recycled mixed aggregates (volumes of 0%, 25%, 50% and 100%) ranged from 800 to
1400 coulombs. The authors have also demonstrated that an adequate cement type was
necessary to increase chloride ion penetration resistance in concrete production. Sim and
Park [20] concluded that the incorporation of FRCA had a minimal impact on chloride ion
penetration. They observed that the type of cement used had a more significant influence
on concrete performance than the quantity of recycled aggregates. In addition, Table 6
shows that the standard deviation of concretes produced with CEM IIAL was higher than
that produced with CEM IIAS. In addition, the concretes produced with CEM IIIB achieved
the lowest deviation standard. These findings highlight variability in concrete properties
due to different cement types. Notably, CEM IIAL and CEM IIAS exhibited relatively high
standard deviations; however, to ensure accurate values, more than two should be used.

After a curing period of 56 days (see Figure 7b), the chloride penetration resistance
increased in all the concretes. However, all the concretes produced using CEM IIAL,
including NAC, still had very high chloride ion penetrability values. This fact can be
attributed to the limestone base of CEM IIAL concrete [81], which had higher chloride ion
permeability than those mixes with a higher replacement of SCM [81,82]. As a consequence,
it was concluded that CEM IIAL cement was unsuitable for defined application due to
its limited ability to resist chloride ion penetration. The obtained results of chloride
penetrability in this work were slightly lower than those determined by Etxeberria and
Castillo [83], in which the concrete produced with 50% coarse RCA and the same type
of cement with effective water–cement ratio of 0.50 and a cement content 350 kg/m3

obtained 8799 C at 28 days and 6377 C at 56 days. In concrete produced using CEM IIAS,
an improvement in chloride ion penetration resistance was observed from 28 to 56 days,
with a range between 23% and 37% in all samples. This fact demonstrates that all concrete
mixtures achieved a moderate level of resistance in terms of chloride ion penetration.
In addition, all the concretes produced using type CEM IIIB cement had low chloride
permeability at 28 and 56 days, independently of the percentage of RCA employed. As
mentioned above, BFS cement enhances chloride penetration resistance in concrete due to
its ability to immobilize chloride ions [21,22].

3.4. Carbonation Resistance

Table 7 summarises the carbonation depth (in mm) and its standard deviation (between
brackets), which was determined by testing each produced concrete after 91 days of expo-
sure to 3% CO2, 57% RH and 20 ◦C. Although the NAC-0.51 concretes achieved the lowest
carbonation depths (in each type of cement concretes), the RAC-C50 and RAC-C50-F10
concretes reached similar values to that of NAC-0.51 concrete, with the exception of the
RAC-C50-F10 concrete produced with CEM IIAL, which had a 12.9% higher carbonation
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depth than the corresponding NAC-0.51. According to Guo et al. [2], the RAC and NAC
achieved similar resistance and carbonation depth when the RAC was produced with a
lower w/c ratio.

Table 7. Carbonation depth, their standard deviation, and the accelerated and theoretical natural
carbonation coefficient of all concretes.

Concrete Types
Carbonation Depth (mm) at 90 Days

Carbonation Coefficient

kacc (mm/day 0.5) knatTHEO (mm/year 0.5)

II AL II AS III B II AL II AS III B II AL II AS III B

NAC-0.51 7.7 (0.1) 6.0 (0.1) 12.0 (0.4) 0.81 0.65 1.22 1.84 1.48 2.79
RAC-C50 8.0 (0.4) 6.1 (0.2) 12.1 (0.2) 0.84 0.68 1.27 1.9 1.55 2.89

RAC-C50-F10 8.7 (0.2) 6.3 (0) 12.1 (0.1) 0.97 0.68 1.28 2.19 1.55 2.92
RAC-C50-F20 9.8 (0.0 7.2 (0.2) 12.9 (0.1) 1.04 0.78 1.39 2.37 1.77 3.16

Moreover, the use of 20% FRCA in natural sand replacement proved to reduce the
carbonation resistance of concrete. The RAC-C50-F20 concrete achieved the highest carbon-
ation depth in each cement type concrete.

The accelerated carbonation coefficient (Kacc) of each concrete was calculated under a
steady state condition based on Fick’s first law of diffusion, represented by Equation (1).

Xc(t) = Kacc·(t)0.5 (1)

where Xc is the determined carbonation depth (mm), Kacc is the carbonation coefficient
(mm/day0.5), and t is time (days). The carbonation depth was determined at 0, 14, 28, 56,
70, and 91 days.

As shown in Table 7, the concretes produced with CEM IIAS cement achieved the
lowest Kacc values, followed by those made with the CEM IIAL and CEM IIIB. The
RAC-C50-F20 concrete produced with CEM IIAS also achieved a lower Kacc than that
of the NAC-0.51 produced with CEM IIAL and CEM IIIB. These findings are consistent
with Etxeberria et al. [34], who demonstrated that concretes with CEM IIAS display the
lowest values of carbonation depth, regardless of the aggregates used. In addition, the
test proved that any concrete produced with CEM IIAL achieved a lower carbonation rate
than NAC-0.51 produced with CEM IIIB. Several researchers [33,84] have noted that this
increase in the carbonation coefficient in concrete made with CEM IIIB is directly related to
a reduced clinker content when compared to CEM IIAL and CEM IIAS cement types, as
well as the reduced CO2 buffering capacity. Consequently, the carbonation resistance of
recycled concrete decreases when the employed cement was composed of a high volume of
mineral admixtures, reducing the CaO content [20,33,85], resulting in the coarsening of the
pore structure and potentially diminishing its durability [30].

In addition, the accelerated carbonation coefficient of RAC-C50 concretes increased
by less than 4% compared to that of NAC, regardless of the cement type employed. These
findings are in line with several research studies [24,27,33,83]. Moreover, the Kacc of
concrete produced with 10% FRCA in the replacement of natural sand, using CEM IIAS
and CEM IIIB, were 5.2% and 4.8%, higher, respectively, than that of NAC-0.51. However,
the concrete produced with CEM IIAL reached a 19.4% higher value than that of NAC.
Furthermore, the use of 20% FRCA in replacement of natural sand increased the Kacc value.
The RAC-C50-F20 concretes produced with CEM IIAL, CEM IIAS, and CEM IIIB cements
achieved 29.1%, 19.7%, and 13.3% higher Kacc values, respectively, than the corresponding
NAC-0.51 concrete. The findings demonstrate that incorporating FRCA replacements can
lead to notable increases in the carbonation depth.

It is important to note that even when concretes achieved the same compressive
strength at 28 days, there were variations in the carbonation depth values depending on
the type of cement used.
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The theoretical natural carbonation coefficient (knatTHEO) is related to the kacc, and
it can be determined using Equation (2) [86,87]. The obtained values of knatTHEO are
described for each in Table 7. According to previous wok [34], it was determined that the
knatTHEO of NAC and RAC was 1.6 and 1.8 times higher, respectively, than knat (natural
carbonation rate obtained experimentally), guaranteeing similar behaviour in both types of
concretes. Leemann et al. [33] supports the use of accelerated carbonation tests as a method
for evaluating resistance under natural conditions. Nevertheless, further research is needed
to enhance the predictive capability of carbonation depth in RAC and its accuracy with
different levels of RCA [88].

Kacc
KnatTHEO

=
(∅acc)0.5

(∅natTHEO)0.5 , (2)

where ∅acc and ∅natTHEO are the CO2 concentrations in the accelerated carbonation (3%)
and natural carbonation processes (425 ppm, in Barcelona), respectively.

Table 8 describes the carbonation depth values obtained by each produced concrete,
calculated based on the knatTHEO rate, over a lifespan of 50 and 100 years. According to
The Spanish Structural Concrete Code (SC-BOE) [47], concrete produced for use under XC3
exposure conditions must have a minimum cover of 20 mm for 50 years and 30 mm for
100 years lifespans. Additionally, for concrete XC4 environment conditions, a minimum
cover depth of 25 mm for 50 year and 35 mm for 100 years lifespans are obligatory.

Table 8. Carbonation depth after lifespan of 50 and 100 years.

Concrete Types
Carbonation Depth

(50 Years)
Carbonation Depth

(100 Years)
II AL II AS III B II AL II AS III B

NAC-051 13.0 10.4 19.7 18.4 14.8 27.9
RAC-C50 13.5 11.0 20.5 19.0 15.5 28.9

RAC-C50-F10 15.5 11.0 20.6 21.9 15.5 29.2
RAC-C50-F20 16.8 12.5 22.3 23.7 17.7 31.6

Min. Cover (mm) [47]
XC3 20 25
XC4 30 35

According to the obtained results, it was determined that all the concretes manufac-
tured with CEM IIAL and CEM IIAS, including RAC-C50-F20, were suitable to be used in
XC3 and XC4 exposure environments, both over 50 and 100-year lifespans.

Based on concretes produced using CEM IIIB, while all the concretes were acceptable
to be exposed to the XC4 environment for 50 and 100 years, none of the concrete could be
considered adequate for exposure to an XC3 environment, even for 50 years. In addition,
the theoretical carbonation depth value of NAC-0.51 was 19.7mm in 50 years, and according
to the Structural Concrete Code (SC-BOE), the minimum cover is 20 mm.

Moreover, according to Silva et al. [23], in order to prevent corrosion of concretes ex-
posed to environmental conditions classified as XC3 and XC4 (as specified in the EN 206-1),
the maximum accelerated carbonation coefficient should be 35 mm/year0.5 for XC3 and
50 mm/year0.5 for XC4 when 50 years of service life is considered. Consequently, accord-
ing to those limits, all the concretes produced complied with the minimum requirements
established for XC3 and XC4 environments during a 50-year service life.

4. Conclusions

The results of this study lead to the following conclusions:

• The compressive strength of RAC using 50% CRCA and up to 20% FRCA was lower
than that of NA when being produced with the same w/c ratio. Consequently, the
RAC must have a 0.04 lower effective water–cement ratio than that of the NAC to
achieve the same compressive strength.
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• All the RAC using 50% CRCA and up to 20% FRCA achieved a suitably designed
compressive strength of C30/37 for structural applications.

The durability properties of RAC concretes, (RAC and NAC proved to have similar
compressive strength):

• RAC produced with 50% CRCA and up to 10% FRCA achieved a similar shrinkage
value to that of NAC, independent of the cement type employed. Although the use
of 20% FRCA increased the drying shrinkage values of the concretes, the total drying
shrinkage values obtained by RAC-C50-F20 concretes were acceptable for a structural
concrete application.

• A comparative study of both the EC-02 and SC-BOE standards determined that the
first provided higher accuracy in predicting drying shrinkage of RAC than the latter,
independent of the type of cement employed. However, there are no standards which
precisely estimate the shrinkage value of NAC produced with CEM IIIB. This is proba-
bly due to the fact that the standards are mainly based on considering the compressive
strength at 28 days as the prime factor instead of the initial shrinkage value.

• The use of BFS cement reduced ion chloride penetrability independently of the type of
aggregates used. Concretes made with CEM IIIB, including RAC-C50-F20, reached
a very low ion penetrability, suitable for structural applications. In addition, the
CEM IIAS concretes achieved moderate ion penetrability, except for the RAC-C50-F20,
which achieved a high chloride ion penetrability due to the use of 20% FRCA. More-
over, all of the concretes, including NAC with CEM IIAL cement, achieved high
penetrability and were unsuitable for structural applications.

• All concrete produced with CEM IIAS, including the RAC-C50-F20, achieved a lower
carbonation coefficient than NAC with CEM IIAL cement. However, concretes manu-
factured with CEM IIAL and CEM IIAS were suitable for use in XC3 and XC4 exposure
environments at 50 and 100-year lifespans.

• The carbonation resistance of RAC decreased when the cement employed had a
high BFS. In addition, incorporating 20% FRCA can lead to notable increases in
carbonation depth.

This study also underscores the critical importance of cement type selection in the
durability and strength of structural recycled aggregate concrete, particularly under specific
conditions. The concrete using CEM IIAS cement has been shown to meet durability
requirements in accordance with shrinkage value, chloride penetrability and carbonation
resistance, even with replacement rates of up to 50% CRCA-10% FRCA. However, while
the concrete using CEM IIAL achieved low chloride penetration resistance, the concrete
produced with CEM IIIB achieved low carbonation resistance, independently of the type of
aggregates used for concrete production.

As futures research lines, it is recommended to conduct long-term research to assess
the durability and resistance to factors such as corrosion and carbonation in structures built
with recycled aggregates.

Author Contributions: Conceptualization, M.E. and C.V.; methodology, M.E.; validation, M.E., C.V.
and Z.L.; investigation M.E. and C.V.; resources, M.E.; writing—original draft preparation, C.V.;
writing, review and editing, M.E.; project administration, M.E.; funding acquisition, M.E. All authors
have read and agreed to the published version of the manuscript.

Funding: First author is granted by Generalitat de Catalunya (GENCAT) and L’Agència de Gestió
d’Ajuts Universitaris i de Recerca (AGAUR) for the scholarship “Ajust de suport a departaments i
unitats de recerca universitaris per a la contractació de personal investigador predoctoral en formació
FI SDUR 2020 (Ref: 2020 FISDU 00576).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No data were used for the research described in the article.

106



Sustainability 2023, 15, 14272

Acknowledgments: The authors wish to thank Hercal Diggers company for their interest and support
in the project, LafargeHolcin for the types of cement supply and especially the staff of the Laboratory
of Technology of Structures and Materials “Lluis Agulló” of the UPC for their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alabi, S.A.; Mahachi, J. Chloride ion penetration performance of recycled concrete with different geopolymers. Mater. Today Proc.

2020, 38, 762–766. [CrossRef]
2. Guo, H.; Shi, C.; Guan, X.; Zhu, J.; Ding, Y.; Ling, T.-C.; Zhang, H.; Wang, Y. Durability of recycled aggregate concrete—A review.

Cem. Concr. Compos. 2018, 89, 251–259. [CrossRef]
3. Plaza, P.; del Bosque, I.S.; Frías, M.; de Rojas, M.S.; Medina, C. Use of recycled coarse and fine aggregates in structural eco-concretes.

Physical and mechanical properties and CO2 emissions. Constr. Build. Mater. 2021, 285, 122926. [CrossRef]
4. Pedro, D.; de Brito, J.; Evangelista, L. Structural concrete with simultaneous incorporation of fine and coarse recycled concrete

aggregates: Mechanical, durability and long-term properties. Constr. Build. Mater. 2017, 154, 294–309. [CrossRef]
5. Guo, Z.; Chen, C.; Lehman, D.E.; Xiao, W.; Zheng, S.; Fan, B. Mechanical and durability behaviours of concrete made with

recycled coarse and fine aggregates. Eur. J. Environ. Civ. Eng. 2020, 24, 171–189. [CrossRef]
6. Berredjem, L.; Arabi, N.; Molez, L. Mechanical and durability properties of concrete based on recycled coarse and fine aggregates

produced from demolished concrete. Constr. Build. Mater. 2020, 246, 118421. [CrossRef]
7. Le, H.-B.; Bui, Q.-B. Recycled aggregate concretes—A state-of-the-art from the microstructure to the structural performance.

Constr. Build. Mater. 2020, 257, 119522. [CrossRef]
8. Thomas, C.; Setién, J.; Polanco, J.; Alaejos, P.; de Juan, M.S. Durability of recycled aggregate concrete. Constr. Build. Mater. 2013,

40, 1054–1065. [CrossRef]
9. Kwan, W.H.; Ramli, M.; Kam, K.J.; Sulieman, M.Z. Influence of the amount of recycled coarse aggregate in concrete design and

durability properties. Constr. Build. Mater. 2011, 26, 565–573. [CrossRef]
10. Sereewatthanawut, I.; Prasittisopin, L. Environmental evaluation of pavement system incorporating recycled concrete aggregate.

Int. J. Pavement Res. Technol. 2020, 13, 455–465. [CrossRef]
11. Xing, W.; Tam, V.W.; Le, K.N.; Hao, J.L.; Wang, J. Life cycle assessment of recycled aggregate concrete on its environmental

impacts: A critical review. Constr. Build. Mater. 2022, 317, 125950. [CrossRef]
12. Velardo, P.; del Bosque, I.S.; de Rojas, M.S.; De Belie, N.; Medina, C. Durability of concrete bearing polymer-treated mixed

recycled aggregate. Constr. Build. Mater. 2022, 315, 125781. [CrossRef]
13. Li, X. Recycling and reuse of waste concrete in China. Resour. Conserv. Recycl. 2008, 53, 36–44. [CrossRef]
14. Adessina, A.; Ben Fraj, A.; Barthélémy, J.-F. Improvement of the compressive strength of recycled aggregate concretes and relative

effects on durability properties. Constr. Build. Mater. 2023, 384, 131447. [CrossRef]
15. Zhan, B.J.; Xuan, D.X.; Zeng, W.; Poon, C.S. Carbonation treatment of recycled concrete aggregate: Effect on transport properties

and steel corrosion of recycled aggregate concrete. Cem. Concr. Compos. 2019, 104, 103360. [CrossRef]
16. Bravo, M.; De Brito, J.; Pontes, J.; Evangelista, L. Durability performance of concrete with recycled aggregates from construction

and demolition waste plants. Constr. Build. Mater. 2015, 77, 357–369. [CrossRef]
17. Evangelista, L.; de Brito, J. Durability performance of concrete made with fine recycled concrete aggregates. Cem. Concr. Compos.

2010, 32, 9–14. [CrossRef]
18. Lotfi, S.; Eggimann, M.; Wagner, E.; Mróz, R.; Deja, J. Performance of recycled aggregate concrete based on a new concrete

recycling technology. Constr. Build. Mater. 2015, 95, 243–256. [CrossRef]
19. Sucic, A.; Lotfy, A. Effect of new paste volume on performance of structural concrete using coarse and granular recycled concrete

aggregate of controlled quality. Constr. Build. Mater. 2016, 108, 119–128. [CrossRef]
20. Sim, J.; Park, C. Compressive strength and resistance to chloride ion penetration and carbonation of recycled aggregate concrete

with varying amount of fly ash and fine recycled aggregate. Waste Manag. 2011, 31, 2352–2360. [CrossRef]
21. Pinto, S.R.; da Luz, C.A.; Munhoz, G.S.; Medeiros-Junior, R.A. Resistance of phosphogypsum-based supersulfated cement to

carbonation and chloride ingress. Constr. Build. Mater. 2020, 263, 120640. [CrossRef]
22. Nishida, T.; Otsuki, N.; Ohara, H.; Garba-Say, Z.M.; Nagata, T. Some Considerations for Applicability of Seawater as Mixing

Water in Concrete. Sustain. Constr. Mater. Technol. 2013, 27. [CrossRef]
23. Silva, R.; Neves, R.; de Brito, J.; Dhir, R. Carbonation behaviour of recycled aggregate concrete. Cem. Concr. Compos. 2015, 62,

22–32. [CrossRef]
24. Etxeberria, M. Evaluation of Eco-Efficient Concretes Produced with Fly Ash and Uncarbonated Recycled Aggregates. Materials

2021, 14, 7499. [CrossRef]
25. Xiao, J.; Lei, B.; Zhang, C. On carbonation behavior of recycled aggregate concrete. Sci. China Technol. Sci. 2012, 55, 2609–2616.

[CrossRef]
26. Pedro, D.; de Brito, J.; Evangelista, L. Influence of the use of recycled concrete aggregates from different sources on structural

concrete. Constr. Build. Mater. 2014, 71, 141–151. [CrossRef]
27. Zeng, X. Progress in the research of carbonation resistance of RAC. Constr. Build. Mater. 2020, 230, 116976. [CrossRef]

107



Sustainability 2023, 15, 14272

28. Sideris, K.K.; Manita, P. Influence of Blended Cements on the Service Life of Reinforced Concrete Structures against Carbonation
Induced Corrosion. In International RILEM Conference on Synergising Expertise towards Sustainability and Robustness of CBMs and
Concrete Structures; Springer Nature Switzerland: Cham, Switzerland, 2023; pp. 1048–1054. [CrossRef]

29. Kirthika, S.; Singh, S. Durability studies on recycled fine aggregate concrete. Constr. Build. Mater. 2020, 250, 118850. [CrossRef]
30. von Greve-Dierfeld, S.; Lothenbach, B.; Vollpracht, A.; Wu, B.; Huet, B.; Andrade, C.; Medina, C.; Thiel, C.; Gruyaert, E.;

Vanoutrive, H.; et al. Understanding the carbonation of concrete with supplementary cementitious materials: A critical review by
RILEM TC 281-CCC. Mater. Struct. 2020, 53, 136. [CrossRef]

31. Borges, P.H.; Costa, J.O.; Milestone, N.B.; Lynsdale, C.J.; Streatfield, R.E. Carbonation of CH and C–S–H in composite cement
pastes containing high amounts of BFS. Cem. Concr. Res. 2010, 40, 284–292. [CrossRef]
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Abstract: The global demand for rubber is on a steady rise, which is driven by the increasing
production of automobiles and the growing need for industrial, medical, and household products.
This surge in demand has led to a significant increase in rubber waste, posing a major global
environmental challenge. End-of-life tire (ELT) is a primary source of rubber waste, having significant
environmental hazards due to its massive stockpiles. While landfilling is a low-cost and easy-to-
implement solution, it is now largely prohibited due to environmental concerns. Recently, ELT
rubber waste has received considerable attention for its potential applications in civil engineering and
construction. These applications not only enhance sustainability but also foster a circular economy
between ELT rubber waste with the civil engineering and construction sectors. This review article
presents a general overview of the recent research progress and challenges in the civil engineering
applications of ELT rubber waste. It also discusses commercially available recycled rubber-based
construction materials, their properties, testing standards, and certification. To the best of the authors’
knowledge, this is the first time such a discussion on commercial products has been presented,
especially for civil engineering applications.

Keywords: waste tire; construction materials; circular economy; sustainability

1. Introduction

Recently, climate change has emerged as the single biggest challenge in the 21st
century [1]. Hence, sustainable development, recycling, and circular economy have become
popular research topics within the scientific community worldwide [2]. The global demand
for vehicles has been increasing at a significant pace as a result of continued growth in
population and social economy [3]. This increase in demand creates a growing concern
about generating high levels of ELT wastes, as their disposal causes several environmental
issues (Figure 1) [3–26]. According to a recent report by the International Market Analysis
Research and Consulting (IMARC) Group, the global tire market size was estimated to
be approximately 2.3 billion units in 2022 [27]. The same report also forecasted that the
market will reach approximately 2.7 billion units by 2028 with a compound annual growth
rate (CAGR) of 2.8% between 2023 and 2028 [27]. Amin et al. have recently reported
that approximately 1.5 billion ELTs are generated globally each year [25,28]. This number
could potentially reach up to 5 billion ELT by 2030 [6]. In the past, ELT wastes were
mostly landfilled, stockpiled, and incinerated [24]. According to a recent study, the global
management of ELT wastes now includes recycling (3–15%), reuse (5–23%), and landfilling
and stockpiling (20–30%), as well as incineration (25–60%) [25,29].
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However, landfilling, stockpiling, and incineration of ELT wastes have severe en-
vironmental impacts [24,25]. For example, the landfilling of ELT wastes could result in
the leaching of toxic substances and heavy metals into the ecosystem contaminating soil,
groundwater, and underground water resources [24,26]. It was also reported that landfilled
ELT wastes can trap gases and create punching holes in the landfill cover [23]. The stock-
piled ELT wastes can store water as they are mostly empty cavities and impermeable. This
trapped water can act as a breeding habitat for mosquitoes, bacteria, mold, and rodents,
becoming a health hazard to nearby communities [12,23]. Furthermore, stockpiled ELT
wastes create significant fire hazards, as rubber is highly combustible (petroleum-based
compounds). The rubber in ELT wastes can serve as a fuel, leading to a prolonged fire event
and contributing to greenhouse gas (GHG) emissions (Figure 2) [30–32]. Upon burning,
ELT wastes have the potential to generate black smoke, soot, and odor, as well as cause
severe air pollution due to the release of toxic gases including dioxin [31,32]. These fires are
also challenging to extinguish, since the combustion of a large amount of stockpiled ELT
was shown to last for several weeks to months [23,24,33]. For example, a stockpiled ELT
fire in Haggerville (Canada) occurred in 1990. This fire lasted for 17 days and forced the
evacuation of 1700 people due to severe air pollution and contamination of nearby water
wells [33]. Similarly, in 2012, another fire incident in Iowa City (USA) lasted for 18 days and
caused severe air pollution [24]. These prolonged fire events resulted from the presence of
highly flammable hydrocarbons in ELT wastes and their low thermal conductivity making
them difficult to cool down [3,32]. Although the fire can be extinguished from the outside,
the tires can still burn from the inside and restart the fire. In addition, the residues gen-
erated from burned ELT have the potential to contaminate the soil and groundwater [30].
A study reported that spraying water on an ELT fire caused an increase in pyrolytic oil
generation, resulting in the leaching of contaminants off-site [23].

Incineration of ELT wastes could be the cheapest and easiest disposal approach. How-
ever, this approach can also have severe environmental impact [3,6,25]. In particular,
incineration of ELT wastes is known to release carbon monoxide, sulfur dioxide, nitrogen
oxides, hydrogen chloride, butadiene, and other toxic aromatic compounds. It was esti-
mated that the incineration of 1 ton of ELT waste could release about 450 kg of poisonous
gases and 270 kg of soot into the atmosphere [25,34]. On the other hand, several different
ELT waste recycling processes have been developed, including (i) pyrolysis, (ii) fuel in
cement kilns or energy recovery (tire-derived fuel, TDF), (iii) reclamation, (iv) civil engi-
neering, and (v) granulation (ground tire rubber, GTR). However, some recycling processes
have their drawbacks. For example, pyrolysis and TDF are expensive and not economically
sustainable because these processes generate carbon black (CB) and contribute to GHG
emissions. The CB generated from these processes is more expensive and poor quality
compared to virgin CB produced from petroleum [6,9]. In addition, pyrolysis requires
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large processing plants having high operational costs and limited large-scale industrial
applications [26]. In contrast, the use of ELT wastes in construction has become very
popular in recent years due to their attractive and promising material properties such as
long-term durability/stability, good insulation (acoustic and thermal), low density, low
earth pressure, high compressibility, and good drainage capability.

Sustainability 2024, 16, 3852 3 of 19 
 

requires large processing plants having high operational costs and limited large-scale in-
dustrial applications [26]. In contrast, the use of ELT wastes in construction has become 
very popular in recent years due to their attractive and promising material properties such 
as long-term durability/stability, good insulation (acoustic and thermal), low density, low 
earth pressure, high compressibility, and good drainage capability. 

 
Figure 2. A fire incident in an ELT stockpile site generates black smoke and other pollutants. 

Managing ELT wastes is highly important given the amount and complexity of these 
materials. It is estimated that a car contains about 6.7% rubber parts, of which 65.5% are 
associated with the tires [35]. In general, tires are composed of 7 major parts, namely tread, 
belts, sidewalls, carcass, inner liner, beads, and bead filler [36]. These parts are made from 
up to 12 and 20 raw materials designed for passenger cars and trucks, respectively [37]. 
The typical raw materials used for making these tire parts are listed in Table 1. According 
to Table 1, it is clear that the main materials to recycle, after their separation, are the rubber 
in the form of GTR and the reinforcements, including metal and textiles. To this end, sev-
eral studies have been performed on each type of raw material to find applications to val-
orize these residues, and a few review articles have been recently published for recycling 
ELT metals [38–40] and textiles [20,41]. However, the main tire raw material is rubber, 
which represents about half of a tire’s weight. This rubber has been used in the form of 
GTR either alone or blended with other matrices to produce different compounds and/or 
products. Some examples are thermoset [42,43] and thermoplastic [44,45] matrices, espe-
cially to produce thermoplastic elastomers (TPE) [37,46]. 

Table 1. List of the main tire raw materials and their concentration (wt.%). The values were compiled 
from references [20,36,37]. 

No. Raw Materials 
Content (wt.%) 

Passenger Car Truck 
1. Rubbers 41–48 41–45 
2. Carbon blacks 21–28 20–28 
3. Metals 13–16 20–27 
4. Textiles 4–6 0–10 
5. Additives 10–12 7–10 

Several review articles have been published focusing on the applications of different 
tire raw materials for their valorization [26,35,45]. This review article focuses on the recent 
research and development (R&D) progress in civil engineering applications of ELT waste 
rubber. A discussion on commercially available recycled rubber-based construction mate-
rials is also presented. To the best of the authors’ knowledge, this is the first time that such 

Figure 2. A fire incident in an ELT stockpile site generates black smoke and other pollutants.

Managing ELT wastes is highly important given the amount and complexity of these
materials. It is estimated that a car contains about 6.7% rubber parts, of which 65.5% are
associated with the tires [35]. In general, tires are composed of 7 major parts, namely tread,
belts, sidewalls, carcass, inner liner, beads, and bead filler [36]. These parts are made from
up to 12 and 20 raw materials designed for passenger cars and trucks, respectively [37]. The
typical raw materials used for making these tire parts are listed in Table 1. According to
Table 1, it is clear that the main materials to recycle, after their separation, are the rubber in
the form of GTR and the reinforcements, including metal and textiles. To this end, several
studies have been performed on each type of raw material to find applications to valorize
these residues, and a few review articles have been recently published for recycling ELT
metals [38–40] and textiles [20,41]. However, the main tire raw material is rubber, which
represents about half of a tire’s weight. This rubber has been used in the form of GTR either
alone or blended with other matrices to produce different compounds and/or products.
Some examples are thermoset [42,43] and thermoplastic [44,45] matrices, especially to
produce thermoplastic elastomers (TPE) [37,46].

Table 1. List of the main tire raw materials and their concentration (wt.%). The values were compiled
from references [20,36,37].

No. Raw Materials
Content (wt.%)

Passenger Car Truck

1. Rubbers 41–48 41–45

2. Carbon blacks 21–28 20–28

3. Metals 13–16 20–27

4. Textiles 4–6 0–10

5. Additives 10–12 7–10

Several review articles have been published focusing on the applications of different
tire raw materials for their valorization [26,35,45]. This review article focuses on the recent
research and development (R&D) progress in civil engineering applications of ELT waste
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rubber. A discussion on commercially available recycled rubber-based construction materi-
als is also presented. To the best of the authors’ knowledge, this is the first time that such a
discussion of commercial products is presented with different R&D applications, including
asphalt, concrete, sand, and earth/soil. To limit the scope of this review, the subject of
functional upcycling [47], including rubber devulcanization [36,48], is not included. The
primary objective of this work is to offer a general overview of various applications of ELT
and GTR beyond their traditional use as fillers in polymer matrices. Specifically, it high-
lights a broad spectrum of uses in civil engineering, summarizing current achievements
and different possibilities for future research and development.

2. R&D Progress in Civil Engineering Applications

As described above, ELT wastes can be regenerated into different raw materials, which
need to be valorized (Table 1). This section focuses on recent research advances in the
use of GTR in civil engineering applications, including construction. Since a great deal of
literature has previously been published on each subject, the following discussion focuses
on the most recent advances to present current R&D trends.

2.1. Asphalt

The addition of GTR into asphalt has been performed for a very long time. These
rubberized asphalts were developed to improve the matrix’s behavior under different
conditions. Recent review articles provide a general overview of the available extensive
literature on the subject [49,50].

Different methods (wet, high shear) have been studied to introduce rubber particles
into bituminous matrices to improve the service performances of the final blends. The
main parameters were temperature, shear intensity, and time. The GTR content (2–50% wt.)
and their particle size (0.1–10 mm) were also found to be very important in defining the
final blend performance. One important property of GTR is swelling, which can occur in
different chemical environments. The swelling results in increasing the GTR particle size,
enabling a better interaction with the matrix under a wide range of conditions (pressure,
temperature, etc.). Surface roughness must also be accounted for to obtain a complete
understanding of all the factors involved, especially for mechanical and rheological (work-
ability) properties.

GTR can also be treated before mixing to obtain better interfacial compatibility. This
can be carried out via microwave, plasma, and radiation (UV), as well as chemical modi-
fications (acid, base, solvent, etc.) and grafting (coupling agent). Based on GTR content,
a variety of properties can be improved, including ductility, penetration, softening point,
toughness, and viscosity. These property improvements can lead to better performance in
terms of bending, creep, elastic recovery, fatigue, rutting, thermal cracking, and high/low-
temperature storage stability. Nevertheless, the type of rubber and its composition will
also affect the overall behavior of the blends, especially for low-temperature applications.
The properties of the blends can also be improved by adding a third ingredient such as
char (plastics) [51], virgin rubber [52], or natural/synthetic/recycled fibers [53]. GTR can
also be added to asphalt–concrete/cement mixtures. Recently, Alsheyab and coworkers
reported that the addition of GTR to asphalt–concrete mixtures improved Marshall sta-
bility, void mineral aggregate and air voids, water sensitivity, and creep resistance [54].
They conducted a ladder study on GTR content (5–15%) to optimize the performance of
asphalt–concrete mixtures. The 10% GTR content in asphalt–concrete mixtures provided
the best performance.

2.2. Concrete

Concrete is a highly produced material because of its general application in civil
engineering. This is why the material is interesting, because even at low concentrations,
there are several possibilities for any replacement. In the past, different types of waste have
been investigated, and recycled crumb rubber was one of them [55]. All these materials
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have been classified as replacements or additives. Due to the wide interest in rubberized
concrete, several hundred articles (above 1100 based on the Web of Science, September
2023, combining “recycled rubber” with “concrete”) have been published, which can be
regrouped into a dozen review articles over the last two years [56–63]. The main results are
reported here.

The addition of rubber particles in concrete formulations is mainly to improve the
durability of the matrix as the particles are elastic and can easily be deformed under
stress. The particles are not hygroscopic and provide better resistance towards water
infiltration as well as carbonation and chloride ions to protect structural elements such as
rebar (steel). In all cases, extended life is generated for the structures. In most cases, lower
sound/thermal conductivity (better sound/thermal insulation) is observed to satisfy ever-
increasing building requirements (energy savings). Better durability was also observed
in terms of cyclic/dynamic deformation (fatigue and freeze–thaw), but mitigated results
have been reported for both increased and decreased drying shrinkage, which might be
a function of the particle size distribution. Although workability (viscosity) and most
mechanical properties decrease with increasing GTR content, the impact strength usually
increases as the elastic rubber particles can deform and absorb the energy before failure.
Finally, GTR has a lower density than the neat matrix, leading to weight saving as the
content increases. The optimum rubber content is usually around 5–15% wt., but a wide
range of particle sizes (0.1–20 mm) have been investigated depending on the property to
optimize. Once again, the properties of rubberized concrete can be improved by performing
a surface treatment (chemical and thermal) on the rubber particles before mixing [64,65].
Another possibility is the addition of a third ingredient (also of recycled origin), such as
thermoplastics [66,67] and fibers [3,28].

2.3. Sand

Rubberized sand has been investigated for several years [68–70]. In the early studies,
the effect of the GTR content (5–50%) on the mechanical properties (shear, triaxial, etc.)
of different types of sand and their particle size distribution was investigated. Based
on the results obtained, several models were proposed for design calculations in terms
of geotechnical applications. Depending on the conditions, the addition of GTR (size
and shape) mainly changed the internal friction (angle) between the particles and the
shear strength under both static and dynamic (damping) conditions. GTR also modifies the
ductility, drainage properties, and compressibility of the blends. The optimum performance
was achieved with approximately 10% GTR content.

2.4. Earth/Soil

To stabilize the soil for different geotechnical applications, GTR has been added as
a low-cost solution to modify properties such as compression, creep, shear, permeability,
and drainage (hydraulic properties) [71–73]. Soil properties improvements can be obtained
by careful control of the GTR particle size, geometry, and composition. While low GTR
content (20%) is used for consolidation, high GTR content (30%) is used for insulation.
Since the GTR density is low compared to soil, their mixing provides a low-weight solution
to produce backfilling.

Nevertheless, several other recycling approaches have been targeted to use GTR in
specific applications. Some examples are railway systems [70,74,75] and geopolymers [76,77].
In all cases, the main objective of producing rubberized composites is to reduce the costs
(economics) while reusing waste (environment) for high-volume applications. Furthermore,
GTR induces elasticity/toughness in the materials, especially under cyclic deformation.
Finally, improved durability and stability (weathering) are observed after optimization of
the processing conditions and the composite formulation (concentration of each ingredient).
As for any materials, care must be taken while recycling ELT wastes and the residual
products. Besides moving away from downcycling and “greenwashing”, several factors
must be accounted for when working with recycled materials such as GTR for construction
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applications. The main factors for a complete analysis and development of value-added
products for upcycling are economics, environment, health, performance, and social [78].
This is the only way to achieve complete sustainability and develop commercial applications
of interest as described next.

3. Commercial Products for Construction Applications

Recently, recycled ELT products have become very popular with builders and design-
ers across all facets of new construction projects. This is because of their excellent durability,
impact absorption, safety and comfort, easy installation, low maintenance requirements,
and long-term cost-effectiveness. Typical examples include jogging paths, playgrounds,
tennis courts, etc. (Figure 3). Other products related to the maintenance and operation
of infrastructure, such as traffic-related products, highway crash barriers, etc., were also
developed. A recent Transparency Market Research report suggested that the global market
for recycled ELT products, including construction and other areas of application, was
valued at $5.3 billion in 2021. The report also indicated that this global market is expected
to grow to $7.04 billion by 2031 [79].
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(c) tennis court, and (d) jogging path.

3.1. Interior and Exterior Construction Products

Table 2 lists commercially available interior and exterior construction products and
their applications. The recycled ELT-based interior construction products include floorings,
mats, and underlayments. The floorings and mats are used in residential and commercial
buildings, sports and fitness centers, and animal farmhouses. The flooring products could
be in the form of either rolls or interlocking tiles. Different types of mats are being produced
for a wide range of applications, including animal stalls, fitness and sports, anti-fatigue,
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anti-vibration, etc. These mats are produced by mixing GTR with binders and pigments [80].
Typical GTR size ranges from 0.5 to 3.5 mm. These rubber particles are produced by tire
shredding and multi-stage granulating processes followed by separating metals and fibers.
Different types of binders are used, but the most important ones are polyurethane, latex, and
epoxy binders. However, polyurethane and epoxy binders generate more durable products
than latex binders, especially for running tracks [81]. The mats are finally manufactured
by hot press molding (compression) and cut into different sizes and shapes based on their
application. Different types/geometries are possible including rolls and tiles (flat sheets).

Table 2. List of commercially available construction products and their application.

No. Product Categories Product Sub-Categories Applications

Interior construction products

1. Floorings and mats

Rubber rolls

Residential and commercial buildings, sports,
fitness, daycare, agriculture, ice arenas,

garages, etc.

Rubber tiles

Garage and warehouse tiles

Agricultural stall mats

Fitness and sports mats

Anti-fatigue mats

Anti-vibration mats

Arena cover

2. Flooring underlayments Acoustic underlayments Residential and commercial buildings

Exterior construction products

3. Rooftop walkway tiles - Industrial or commercial buildings

4. Deck and landscape tiles Interlocking tiles and blocks Residential and commercial outdoors

5. Asphalt paving - Residential and commercial outdoors, and parks

6. Mulch - Residential and commercial applications

7. Miscellaneous traffic products - Industrial or commercial applications

8. Noise barrier property fence walls - Residential and/or commercial applications

Rubber rolls are produced by skiving (peeling) a hot press-molded rubber cylinder
on a computer-controlled and precise cutting system. They are believed to be the least
expensive flooring products, which are designed for residential, light commercial, and
heavy commercial floors, and come in different thicknesses between 6 mm to 10 mm. While
6 mm rubber rolls are designed for residential floors, 8 mm and 10 mm rubber rolls are
designed for light and heavy commercial floors, respectively. These rubber rolls can be 4 feet
wide and 25–50 feet long, with a wide variety of colors to satisfy the customer’s taste [82].
On the other hand, rubber mats are thicker than rubber rolls. The thickness of rubber mats
varies from 9.6 mm to 19 mm depending on their application, and their typical size is
4 ft × 6 ft. For example, the thickness of multi-purpose rubber mats can be up to 12.7 mm,
and their application includes gymnasiums, fitness centers, sports arenas, and complexes,
as well as garage and shop floors. Although the thickness of animal stall mats is generally
19 mm, thicker mats up to 25.4 mm are also available. Some companies offer interlocking
stall mats, which are also cost-effective and offer easy installation. The stall mats are
very durable and are designed to withstand the abuse, harsh weather conditions, and the
roughness of farm life. Some companies also offer anti-fatigue mats for workstations and
kitchen areas, which have beveled edges to minimize tripping hazards. They offer several
attractive features such as easy cleaning, low maintenance, seamless floor surfaces, mold
and mildew resistance, shock and sound absorption, and excellent traction. Also, the stall
mats can alleviate joint stress for animals. They can be installed over virtually any surface,
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such as sand, soil, wood, concrete, or asphalt. Besides interior applications, some products
are also designed for exterior floor applications. The rubber flooring products also come
in tiles, which can be either interlocking or block. The tiles are also manufactured for
residential, light commercial, and heavy commercial floors, including both interior and
exterior applications. The thickness of the tiles varies from 6 to 38 mm depending on the
floor type and application, but 6 mm is typical for residential interior floors. On the other
hand, the thicknesses of the tiles for light commercial and heavy commercial floors are 8
mm and 10 mm, respectively. For special applications, such as gym floors and ballistic
facilities, the thicknesses of the tiles are 25 mm and 38 mm, respectively. Typical examples
are presented in Figure 4.
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The thickness of the tiles for exterior applications including walkways, kids’ areas,
and patios is 19 mm. All these rubber products are made from 100% recycled rubber, and
their compositions consist of up to 92% GTR as the main ingredient. Similar to rubber
rolls and mats, the tiles are also very durable, non-slip, and easy to maintain. They also
offer excellent features including chemical resistance, low odor, noise reduction, impact
absorption, and high traction. The properties and performances of rubber rolls, mats, and
tiles are determined following certain test standards depending on the product type and
application (Table 3). These products have very low volatile organic compounds (VOC)
contents and some are Leadership in Energy and Environmental Design (LEED) certified.
Another flooring product is underlayment, which is designed to act as a noise barrier
reducing sound transmission from room to room and floor to floor in buildings. The com-
position of underlayment consists of up to 86% GTR as the main ingredient for applications
including commercial, multi-family, education, and healthcare facilities. It can be used
with laminate, hardwood, engineered wood, and ceramic tiles. The underlayment comes
in rolls that can be 4 ft wide and 25–50 ft long with a wide variety of color options. The
thickness of the underlayment varies from 2 mm to 12 mm depending on its applications.
It is tested for various properties and performances following relevant test standards as
listed in Table 3 [83–109].

Several GTR-based construction products were designed for exterior applications
(Table 2). These include rooftop walkway tiles, playground tiles, deck and landscape tiles,
rubber paving, mulch, miscellaneous traffic products, and noise barrier property fence
walls. The rooftop walkway tiles are designed for industrial or commercial building roofs
to minimize slip and/or fall hazards for the workplace crews. They offer (i) exceptional
traction even under wet conditions, (ii) UV resistance for long-term durability, and (iii) easy
installation. They come in two different tile types, which include standing seam rooftop
walkway tiles and flat rooftop walkway tiles, and some brands are LEED-certified. These
tiles are made from 100% recycled rubber and are compatible with any modern roof type
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such as membrane, metal profile, and standing seam roofs. The dimension of these tiles is
24′′ wide × 23′′ long × 2′′ high. At the bottom, these tiles have 0.25′′ round standoffs to
fully drain water following the roof grade. This prevents any potential for water intrusion
into the building, and becoming a breeding ground for mosquitoes.

Table 3. List of tests to determine the properties/performances of interior construction products and
related standards.

No. Properties/Performances Standards

1. Chemical Resistance [83,84] ASTM F925-02 “Standard test method for resistance to chemicals of resilient flooring”
ASTM D297-21 “Standard test methods for rubber products—Chemical analysis”

2. Density [85] ASTM D729-95 “Standard specification for vinylidene chloride molding compounds”

3. Tensile Strength [86] ASTM D412-16(2021) “Standard test methods for vulcanized rubber and
thermoplastic elastomers—tension”

4. Wear Hardness [87] DIN 53577 “Determination of compression stress value and compression stress-strain
characteristic for flexible cellular materials”

5. Abrasion [88] DIN 53516 “Testing of rubber and elastomers; determination of abrasion resistance”

6. Taber Abrasion [89,90]

ASTM C501-21 “Standard test method for relative resistance to wear of unglazed
ceramic tile by the Taber abraser”

ASTM D4060-19 “Standard test method for abrasion resistance of organic coatings by
the Taber abraser”

7. Fire Resistance [91] DIN EN 13501-1 “Fire classification of construction products and building
elements—Part 1: Classification using data from reaction to fire tests”

8. Flame Spread and
Smoke Development Index [92]

ASTM E84-23d “Standard test method for surface burning characteristics of
building materials”

9. Tear [93] ASTM D624-00(2020) “Standard test method for tear strength of conventional
vulcanized rubber and thermoplastic elastomers”

10. Compression Set [94,95]
ISO 815-1:2019 “Rubber, vulcanized or thermoplastic—Determination of compression

set—Part 1: At ambient or elevated temperatures”
ASTM D395-18 “Standard test methods for rubber property—Compression set”

11. Shore Hardness [96] ASTM D2240-15(2021) “Standard Test Method for Rubber
Property—Durometer Hardness”

12. Floor Ignition [97] ASTM D2859-16(2021) “Standard test method for ignition characteristics of finished
textile floor covering materials”

13. Coefficient of Friction [98] ASTM D1894-14 “Test method for static and kinetic coefficients of friction of plastic
film and sheeting”

14. Static Coefficient of Friction [99] ASTM D2047-17 “Standard test method for static coefficient of friction of
polish-coated flooring surfaces as measured by the James machine”

15. Use With Wheelchairs [100] DIN EN 1307:1997-06 “Textile floor coverings—Classification of pile carpets”

16. Remaining Deformation [101] DIN EN 433:1994-11 “Resilient floor coverings—Determination of residual
indentation after static loading”

17. Electrostatic Properties [102] DIN EN 1815:2016 “Resilient and laminate floor coverings—Assessment of static
electrical propensity”

18. Light Fastness [103] DIN EN ISO 105-B08:2010-02 “Textiles—Tests for colour fastness—Part B08: Quality
control of blue wool reference materials 1 to 7”

19. Sound Absorption (SAA)/Noise
Reduction Coefficient (NRC) [104]

ASTM C423-22 “Standard test method for sound absorption and sound absorption
coefficients by the reverberation room method”

20. Oxidation/oil Resistance [105] ASTM D2440-13(2021) “Standard test method for oxidation stability of mineral
insulating oil”

21. Impact Sound Transmission [106] ASTM E492-09(2016)e1 “Standard test method for laboratory measurement of impact
sound transmission through floor-ceiling assemblies using the tapping machine”
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Table 3. Cont.

No. Properties/Performances Standards

22. Critical Radiant Flux [107] ASTM E648-19 “Standard test method for critical radiant flux of floor-covering
systems using a radiant heat energy source”

23. Static Load (1000 lbs) [108] ASTM F970-17 “Standard test method for measuring recovery properties of floor
coverings after static loading”

24. Acoustics Measurement of Sound
Insulation [109]

ISO 10140-3:2021 “Acoustics—Laboratory measurement of sound insulation of
building elements—Part 3: Measurement of impact sound insulation”

The playground tiles, which are made from 100% recycled rubber, offer optimum
fall safety for kids in the playground and play areas. They are slip-resistant and porous
to allow for quick drainage for dry play surfaces. These tiles are fall-height certified and
meet Americans with Disabilities Act (ADA) accessibility requirements. The properties
and/or performance tests and related standards are listed in Table 4. The size of the tiles
is 24′′ × 24′′, and their thickness ranges from 38 mm to 121 mm. The fall height rating
is dependent on the tile thickness. For example, the fall height ratings for 38 mm and
57 mm playground tiles are 4 ft and 6 ft, respectively. On the other hand, thicker tiles
(121 mm) offer a fall height rating of 10 ft when installed with polyfoam. They are available
in black and other pigment colors to meet the end user’s taste. They are also available in the
interlocking pin system. Besides playground tiles, there are other installation accessories
including polyfoam, interlock tubes, ramps, and wedges to improve the fall rating and
accessibility. Another exterior construction product is deck and landscape tiles, which are
also made from 100% recycled rubber. Similar to playground tiles, the deck and landscape
tiles are also slip-resistant, porous supporting quick drainage, and fall-resistant. They
also offer high traction even under wet conditions, and long-term durability. The size
and thickness of these tiles vary depending on their types (interlocking vs. block) and
applications. Similar to other products, they are also tested for different properties and
performances to meet any applicable requirements (Table 4) [110–117].

Table 4. List of tests determining the properties/performances of exterior construction products and
related standards.

No. Properties/Performances Standards

1. Fall Height [110] ASTM F1292-22 “Standard specification for impact attenuation of surfacing
materials within the use zone of playground equipment”

2. Freeze-Thaw [111] ASTM C67/C67M-21 “Standard test methods for sampling and testing brick and
structural clay tile”

3. Static Coefficient of Friction [112]
ASTM C1028-06 “Standard test method for determining the static coefficient of
friction of ceramic tile and other like surfaces by the horizontal dynamometer

pull-meter method”

4. High-Temperature Stability [113] ASTM D573-04(2019) “Standard Test Method for Rubber—Deterioration in an
Air Oven”

5. Critical Radiant Flux [107] ASTM E648-19 “Standard test method for critical radiant flux of floor-covering
systems using a radiant heat energy source”

6. Mildew Resistance [114] ASTM G21-15(2021) “Standard practice for determining resistance of synthetic
polymeric materials to fungi”

7. Water Drainage -

8. Wind Resistance [115] UL 1897 “Standard for safety, uplift tests for roof covering systems”

9. Flame Spread [116] ASTM E108-20a “Standard test methods for fire tests of roof coverings”

10. Dimensional Stability [117] DIN EN 13746-2004 “Surfaces for sports areas—determination of dimensional
changes due to the effect of varied water, frost and heat conditions”
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Rubber pavement is flexible and porous, made from 100% recycled rubber. It provides
a sustainable and environmentally benign alternative solution to concrete pavements. The
larger GTR particles allow for faster water drainage and quick drying. This pavement
typically comes in block form, and its thickness varies from 38 mm to 51 mm. Similar to
other exterior products, it offers high slip resistance, spike resistance, long-term durability,
and low maintenance requirements. Some companies also manufacture crumb rubber
additives for asphalt applications. These additives help improve asphalt crack and skid
resistance, flexibility, and durability of roads as described above.

Rubber mulch is made from 100% recycled rubber and is an eco-friendly alternative to
traditional wood mulch. Two different types of rubber mulch are available: nugget mulch
and chip mulch. During the manufacturing process, metals are carefully separated from the
rubber mulch using powerful magnets in combination with sensitive metal detectors. The
main advantage of rubber mulch is that it does not splinter due to its softness compared to
wood mulch. It is durable and compression-resistant and can last up to 10 times longer than
wood mulch. It also has the potential to prevent wind and water erosion, as well as bug
and rodent infestation. Rubber mulch comes in a variety of colors, which are resistant to
fading against sunlight, maintaining the original color and beauty of landscaped areas for a
long time. It offers fall height ratings up to 16 ft and meets ADA accessibility requirements.

Other miscellaneous traffic products include car parking curbs, speed bumps, shop-
ping cart corral bumps, threshold ramps, pipe and hose ramps, rubber turf infill, delineator
bases, sign bases, portable bollard bases, spill containment berms, and engineered trench
guards. Another interesting and recent application of ELT wastes is the manufacturing of
noise barrier property fence walls. These walls not only provide privacy but also signifi-
cantly reduce noise improving the quality of living of the building occupants. Currently, a
few companies around the world are producing such fence walls to reduce the transmission
of highway noise into buildings. These rubber fence walls are produced in panel forms,
which are made from 100% recycled rubber, and reinforced with a rigid backbone for stabil-
ity and good mechanical strength. While the panel length can be up to 16 ft, the thickness
can vary from 81 mm to 203 mm. Some companies also manufacture rubber-concrete
hybrid noise barrier walls. Besides the sound transmission test, the rubber walls are tested
for various properties and/or performances as listed in Table 5 [118–123].

Table 5. List of tests determining the properties/performances of noise barrier property fence walls
and related standards.

No. Properties/Performances Standards

1. Road Traffic Noise [118,119]

CEN EN 1793-(1, 2) “Road traffic noise reducing devices—Test method for
determining the acoustic performance—Part 1: Intrinsic characteristics of sound

absorption under diffuse sound field conditions”
CEN EN 1794-(1, 2) “Road traffic noise reducing devices—Non-acoustic
performance—Part 2: General safety and environmental requirements”

2. Sound Absorption [104] ASTM C423-22 “Standard test method for sound absorption and sound absorption
coefficients by the reverberation room method”

3. Airborne Sound Transmission [120] ASTM E90-09(2016) “Standard test method for laboratory measurement of airborne
sound transmission loss of building partitions and elements”

4. Flame Spread [92,121]

ASTM E84-23d “Standard test method for surface burning characteristics of building
materials”

CAN/ULC-S102.2:2018 “Standard method of test for surface burning characteristics
of flooring, floor coverings, and miscellaneous materials and assemblies”

5. Shore Hardness [96] ASTM D2240-15(2021) “Standard test method for rubber property—Durometer
hardness”

6. Static Coefficient of Friction [112]
ASTM C1028-06 “Standard test method for determining the static coefficient of
friction of ceramic tile and other like surfaces by the horizontal dynamometer

pull-meter method”
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Table 5. Cont.

No. Properties/Performances Standards

7. Skid resistance [122] ASTM E303-22 “Standard test method for measuring surface frictional properties
using the British pendulum tester”

8. Corrosion Resistance [123] ASTM B117-19 “Standard practice for operating salt spray (fog) apparatus”

3.2. Earth Homes

Recently, Earthship buildings have appeared as an alternative construction practice in
many countries around the world [124–127]. Such construction practices are intended to
promote locally available recycled, natural, and renewable materials. The sustainability
in Earthship buildings is implemented by (i) using the solar system for internal heating
and/or cooling, (ii) collecting rainwater as a potable water supply, and (iii) potentially
recycling the used water for gardening to produce food [125]. The Earthship buildings are
constructed by using recycled aluminum cans, glass bottles, and ELT wastes (Figure 5). The
walls of these buildings are constructed with earth-filled ELT wastes, which act as the main
load-bearing structure and naturally help regulate indoor temperature [126].
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4. Conclusions

Based on the information provided in this review, it is clear that ELT wastes are a
major environmental issue. This is especially the case as the number of cars and trucks on
the roads is still increasing. All these changes will generate a higher number of ELT wastes
in the future, but the problem must be addressed now. However, recycling ELT wastes
is a complex problem because the tires are highly engineered parts made from different
raw materials (additives, metals, fibers, particles, and types of rubber). This is especially
the case for the rubber types, which are filled with different additives and made from
different origins. There is also substantial variation in the tire composition depending on
the manufacturers, types (passenger cars vs. trucks), and seasonal applications (winter,
all-season, off-the-road, etc.). The same problems occur for the metal and fiber wastes,
which can be of different compositions depending on the tires. A variety of recycled ELT
construction products are currently available on the market, which are becoming very
popular with builders and designers across all facets of new construction projects. These
products offer superior durability and performance making them excellent choices for
construction applications. Besides these options, Earthship buildings are also becoming
popular by using recycled ELT wastes. Recycling ELT wastes in construction applications
will not only help conserve the environment but also support sustainable management of

122



Sustainability 2024, 16, 3852

resources. In addition, it will create a more circular economy by limiting the amount of
materials going to landfills/incineration.

5. Future Opportunities

To further improve our understanding of recycling ELT wastes, developing new
processes, and finding new applications, more investigations are needed from different
points of interest (academic, commercial, industrial, and scientific). This will help increase
the scope to further implement sustainability in construction and circularity. Here are some
key issues that still need further improvement.

Previously, several processes, alone or combined, were developed for reclaiming,
and/or regenerating, and/or devulcanizing ELT rubber parts (biological, chemical, me-
chanical, physical, thermal, etc.). Nevertheless, the relationships between the processing
conditions (time, temperature, pressure, velocity, etc.) and the properties of the final ELT
rubber raw materials (particle size, geometry, surface state, devulcanization/regeneration
level, number of fillers remaining, etc.) are still not well understood. This is why more
in-depth scientific investigation to further optimize the processing (lower equipment and
processing/energy costs), and reduce the number of residues (gases, wastewater, sol-
vents, etc.) are required. This involves more chemical analyses and a better understanding
of the interactions between the components inside the compounds before and during
processing/molding.

More work should be carried out on the introduction of GTR into different matrices
to improve the overall performance and increase the range of applications. Information
on asphalt, concrete, sand, and earth/soil has been presented here, but other materials
might be of interest, including ceramics, metal, plastics, and wood. There are good possible
opportunities to use GTR not only as fillers but also as functional materials, including
impact modifiers (mechanical properties), and durability-improving agents (long-term
stability). To achieve this objective, more work is needed regarding the effects of ELT,
processing methods/conditions, and final GTR particle sizes and geometry, including the
surface state.

On the other hand, much less work has been carried out on recycling ELT waste
fibers. Although a large volume of fiber has been generated (about 15% wt. of tires), the
complex composition of these fibers (different polymers such as polyesters, polyamides,
polyaramids, cellulose and its derivatives, etc.) make their separation and recycling very
difficult. Furthermore, the fibers still contain residual rubber particles, creating difficulty in
working with them. Also, the fluffy nature of these fibers makes their handling difficult.
Hence, there is a need to develop an efficient process to clean and separate the waste fibers
before their introduction into a matrix. This is currently under development using different
mechanical and physical methods. In addition, the processes must also be optimized to
control the fibers’ sizes and surface properties to improve their dispersion and adhesion
within a variety of matrices. By solving these issues, it will be possible to fully recycle ELT
waste fibers and develop new technologies at low cost.

Finally, further investigations are required to find new applications in civil engineering
(asphalt, concrete, soil, etc.) and construction. Several factors are impacting the develop-
ment of Earthship buildings, which include a formal planning process, a lack of vision, and
the idea of focusing on the present at the expense of the future. Hence, further studies and
cooperation of different stakeholders are required to address these challenges supporting
the development of Earthship buildings.
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Abstract: This review article analyzes the influence of recycled glass (as sand and powder) beyond the
durability, rheology and compressive strength of plain UHPC, even exploring flexural and direct ten-
sile performance in fiber-reinforced UHPC. Interactions with other mineral admixtures like limestone
powder, rice husk ash, fly ash, FC3R, metakaolin and slags, among others, are analyzed. Synergy
with limestone powder improves rheology, reducing superplasticizer usage. Research highlights
waste glass–UHPC mixtures with reduced silica fume and cement content by over 50% and nearly
30%, respectively, with compressive strengths exceeding 150 MPa, cutting costs and carbon footprints.
Furthermore, with the proper fiber dosage, waste glass–UHPC reported values for strain and energy
absorption capacity, albeit lower than those of traditional UHPC formulations with high cement,
silica fume and quartz powder content, surpassing requirements for demanding applications such as
seismic reinforcement of structures. Moreover, durability remains comparable to that of traditional
UHPC. In addition, the reported life cycle analysis found that the utilization of glass powder in
UHPC allows a greater reduction of embedded CO2 than other mineral additions in UHPC without
jeopardizing its properties. In general, the review study presented herein underscores recycled glass’s
potential in UHPC, offering economic and performance advantages in sustainable construction.

Keywords: waste glass; ultra-high-performance concrete (UHPC); life cycle analysis; circular economy;
mineral admixtures; compressive strength; rheology; durability; post-cracking behavior; sustainability

1. Introduction

Over the past few years, notable advancements in concrete technology have oc-
curred, leading to the creation of innovative concretes, like ultra-high-performance concrete
(UHPC) [1,2]. With water-to-binder ratios (w/b) ranging from 0.15 to 0.25, UHPC show-
cases exceptional mechanical and durability properties that outperform standard concrete
(SC) and high-performance concrete (HPC) [3,4]. According to the ACI-239 guidelines [5],
UHPC features compressive strengths (CS) of over 150 MPa, along with an elastic modulus
(MoE) within the range of 40 to 50 GPa. In addition, UHPC has exceptional durability
features, which marks it as a promising construction material [6,7]. Despite its inherent
brittleness, the practice of incorporating fibers, which has become widespread, successfully
provides ductility and toughness to UHPC [8–13].

As observed in previous studies, a typical UHPC formulation encompasses Portland
cement, reactive powders (such as silica fume (SF)), polycarboxylate-based superplasticiz-
ers, water and fine quartz sand (QS) [3,14,15]. Balancing the arrangement of the constituents
is crucial to achieving this specialized cementitious material’s outstanding mechanical and
durability characteristics [16–18]. For instance, it is important to note that UHPC mixture
design greatly depends on particle-packing theories to attain the optimal arrangement of
particles [9,19]. The latter is key to achieving a microstructure that exceeds that of typical
or even high-performance concrete [14,20].
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For a thorough analysis of the unique properties displayed by UHPC, it is essential to
consider three crucial factors: (a) the cementitious matrix reinforcement, (b) the porosity
reduction and (c) the interfacial transition zone (ITZ) narrowing and densification [1,21,22].
Therefore, the approach of new UHPC formulations, such as those that incorporate recycled
glass, must be carried out with care not to harm these three balances previously considered.
Moreover, it is important to notice that with a reduced w/b, the cement hydration in
UHPC is restricted, resulting in only partial calcium silicate hydrate (C-S-H) and calcium
hydroxide (CH) formation [12,14,21]. By utilizing highly reactive pozzolanic mineral
admixtures, like SF, the hydrated cement paste can be strengthened through the formation
of secondary C-S-H by its reaction with CH [21]. Therefore, it is essential to find the perfect
equilibrium between cement quality and content and pozzolanic materials in UHPC to
effectively enhance its strength [1]. One important aspect is to decrease the porosity of
the concrete by using a low w/b and achieving an enhanced packing density [23]. This
way, one must meticulously choose micro- and nano-sized components that can effectively
fill the gaps between larger particles, resulting in an improved packing arrangement [22].
It is worth mentioning that certain materials, like SF, quartz powder, slags, fly ash and
others, are frequently utilized in this application owing to their fine particle size and
pozzolanic features [2,3,6,23–29]. Understanding the achievement of optimal density in
concrete relies on the use of particle-packing models, like the modified Andreasen and
Andersen (A&Amod) or the Compressive Packing Model (CPM) [19]. The optimal packing
density plays a crucial role in lessening interparticle gaps, constraining the space for
portlandite crystal growth. In order to obtain the requisite low porosity in UHPC, it is
essential to include superplasticizers, which help reduce the w/b to a minimum [20,30].
Due to its unique properties, UHPC has a lower porosity of approximately half of that of the
average porosity found in standard concrete [5]. Furthermore, enhancing the strengthening
properties of the UHPC matrix can be accomplished by decreasing the maximum aggregate
size, encouraging compact particle arrangement and utilizing a low w/b. This improves
the ITZ that separates the bulk paste and aggregate [14]. However, the removal of coarse
aggregates results in a higher amount of powders, such as cement and SF, being needed.
This can have negative effects on cost and sustainability, as will be explored in later
sections [25,28].

With its exceptional properties, UHPC proves to be incredibly beneficial in a broad
variety of structural and infrastructure uses. The exceptional mechanical properties of this
special concrete can be leveraged to create structures with reduced weights by designing
reduced cross-sectional areas. Moreover, the exceptional durability of the material extends
its lifespan and minimizes the requirement for maintenance, resulting in decreased ex-
penses [21]. Therefore, UHPC is widely used in different areas of the construction industry,
such as footbridge construction, retrofitting of existing structures, pavement restoration,
tunnel boring machine segments, the ABC bridge construction system, facades and urban
furniture [4,12,31–38]. These examples of various applications demonstrate the flexibil-
ity and potential of UHPC in addressing the changing requirements of contemporary
construction projects.

However, as previously stated, UHPC production requires large amounts of cement,
SF and quartz powder, leading to higher costs and a greater impact on the environment [23].
As a result, these limitations have impeded an even more widespread utilization of UHPC
around the world [23]. The global research community has been diligently working on
addressing this challenge by investigating the potential of alternative components for
making UHPC. These components can be employed as cement and SF partial replacements
in new formulations. Hence, through extensive research and analysis, most scholars strive
to minimize expenses and improve the material life cycle, narrowing the knowledge gap
and exploring new avenues for creating UHPC mixtures that are both sustainable and
economically viable [12,24,34,39].

For its part, the utilization of glass powder (GP) in UHPC has garnered considerable
attention in recent years, yielding substantial advancements in both understanding its
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properties and practical implementation in construction [40–42]. As a substitute for tra-
ditional fillers and pozzolanic materials, glass powder offers unique advantages within
concrete mixes [43,44]. Concurrently, the proliferation of waste glass (WG) worldwide has
escalated dramatically, resulting in significant environmental pollution [44–46]. This surge
in WG underscores the urgent need for sustainable solutions. Furthermore, rising costs and
carbon emissions associated with conventional high-strength concrete production have
underscored the demand for alternative supplementary cementitious materials [26,47,48].

Chemically, glass comprises inorganic compounds fused at high temperatures and
cooled to a solid state, typically consisting of calcium oxide, sodic oxide and non-crystalline
silica, though composition varies based on application [40,49–51]. Historically, waste glass
has found utility in hydraulic concrete production as a supplementary cementitious ma-
terial and fine aggregate, owing to its high silica content. Effective recycling strategies
are pivotal in preserving the purity and quality of glass [40,49–51]. In this context, GP,
obtained by milling WG, emerges as a promising candidate for partially replacing cement
in alternative UHPC formulations, leveraging its pozzolanic properties to enhance mechan-
ical characteristics while allowing for substantial cement, silica fume or quartz powder
reductions [51–53]. However, careful attention must be directed towards mitigating the
potential alkali-silica reaction (ASR) risk introduced by GP particles [54].

This convergence of research underscores the potential of GP as an environmentally
friendly solution in UHPC formulations, offering both environmental benefits and economic
viability in the construction sector. This review is the first to provide a global perspective,
spanning from microstructure to real-world applications. It covers the most relevant
mechanical properties, such as the direct tensile behavior of recycled-glass UHPC reinforced
with fibers, and examines the effects on costs and carbon footprint. Additionally, it presents
a comprehensive overview of UHPC properties containing waste glass in both fresh and
hardened states, while also analyzing the advantages, opportunities and risks of using such
supplementary cementitious waste material in UHPC formulations. Figure 1 puts forward
a scheme of the structure of the review study presented herein.
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2. Research Significance

In recent years, there has been a concerted scholarly effort focused on harnessing
the potential of GP as a substitute for conventional UHPC-making materials [1,47,55–59].
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This approach is driven by the need to address stringent environmental impacts and the
escalating costs associated with typical UHPC mixtures, due to their high amount of ex-
pensive and/or high carbon footprint raw constituents, like SF, cement or QP. On the one
hand, it is imperative to recognize that all materials, including glass, have a finite lifespan
and must be recycled or repurposed to mitigate environmental risks [44,60]. Therefore,
by incorporating waste glass into concrete production, even UHPC, researchers aim to
minimize solid waste, maximize recycling efforts, conserve natural resources and miti-
gate environmental hazards associated with landfilling [41,44,60]. On the other hand, the
employment of WG in concrete offers multifaceted benefits, encompassing the reduction
of landfill tipping fees, which typically range from $40 to $100 per ton in the USA [61].
Moreover, the integration of WG as a replacement for typical UHPC-making components in
alternative formulations can significantly lower material costs, enhance sustainability and
reduce environmental impacts [24,62]. Particularly, by replacing quartz powder, cement
and even silica fume with ground glass powder, substantial cost reductions can be achieved
in traditional UHPC [63,64]. Waste glass presents a notably lower cost compared to quartz
powder, with a price approximately one-third less expensive. Moreover, the utilization of
locally sourced waste glass for UHPC production contributes to decreased transportation
expenses for materials [41], and also reduces glass waste disposal and, therefore, its asso-
ciated costs [44]. Furthermore, WG incorporation into concrete production helps reduce
CO2 emissions, energy consumption and air pollution associated with conventional cement
clinker production [61]. In addition, incorporating glass powder in UHPC formulations
eliminates the need for quartz powder, a known carcinogen, thereby enhancing the safety
of the UHPC production process [1,52]. Hence, the strategy of using recycled glass in
UHPC production aligns with the broader goal of promoting environmental stewardship
and fostering a more sustainable and safer construction industry.

Hence, this review article’s purpose is to offer a thorough analysis of the technical,
economic and environmental implications, as well as the limitations and possible risks
surrounding incorporating recycled waste glass in UHPC production. To that end, the
findings of a total of 157 research papers, dissertation theses and proceedings articles
including information about rheological, mechanical and durability characteristics, besides
costs and carbon footprint implications, were analyzed, organized and presented.

3. Waste Glass Powder
3.1. Glass Classification

This section offers a succinct overview of the primary classifications of waste glass,
examining two classification methods while providing detailed insights into their chemical
composition and application. On the one hand, concerning chemical composition, WG may
be categorized into four main classes: soda-lime glass, lead glass, borosilicate glass and
electric glass, also known as E glass [65]. Soda-lime glass finds widespread application
in various glass products, including containers and plates. Hence, more than 90% of
the glass produced in the European Union corresponds to this type of glass [65]. Even
though the chemical compositions across different glass types primarily comprise silica
(SiO2), sodium oxide (Na2O) (derived from soda ash (Na2CO3)) and lime (CaCO3), among
others, there are some differences in their proportions [66]. On the other hand, in terms
of application, glass can be broadly classified into several categories, each serving distinct
purposes. These categories encompass container glass, plate glass (e.g., window glass),
continuous filament glass (including roving, mat, textile and optical fiber), domestic glass or
tableware, insulation mineral wool and specialty glass (such as high-temperature domestic
glass). Each type of glass corresponds to specific applications; for instance, soda-lime
glass and plate glass are commonly employed in container and window manufacturing,
respectively. Continuous filament glass predominantly consists of electric glass, while
domestic glass can vary between soda-lime glass and lead glass. Insulation mineral wool is
derived from borosilicate glass, whereas specialty glass typically comprises soda-lime glass

132



Sustainability 2024, 16, 5077

or borosilicate glass [65,67]. Table 1 provides a comprehensive breakdown of the chemical
compositions associated with various types of glass [67].

Table 1. Major components of the different classes of glass regarding their chemical composition [67].

Soda-Lime Lead Borosilicate E-Glass

SiO2 71–75% 54–65% 70–80% 52–56%

Al2O3 1–1.5% 7% 12–16%

B2O3 7–15% 0–10%

CaO 9–15% 16–25%

PbO 25–30%

Na2O+ 12–16%
13–15% 4–8% 0–2%

K2O

Moreover, glass can be categorized into three types based on color: (i) clear/flint glass,
(ii) green glass and (iii) brown/amber glass. These color variations are attributed to distinct
chemical compositions, each with specific thresholds for color impurities. The acceptable
range for color contamination is 4–6% for clear glass, 5–30% for green glass and 5–15% for
amber glass [65]. When it comes to glass aggregate, green glass exhibits superior resistance
to ASR reaction due to its high concentration of Cr2O3, which effectively mitigates ASR
growth [68]. However, due to the particularities of UHPC, other factors such as the particle
glass size and the presence and dosage of high pozzolanic supplementary cementitious
materials such as SF play more crucial roles in determining ASR formation [50,68,69]. The
chemical compositions of different colored glasses are detailed in Table 2 [65].

Table 2. Different color glass chemical compositions reported in the scientific literature [65].

Glass Color

Green Brown/Amber Clear/Flint

SiO2 71.3% 71.9–72.4% 73.2–73.5%
Al2O3 2.20% 1.70–1.80% 1.7–1.9%
SO3 0.05 0.12–0.14% 0.20–0.24%

CaO + MgO 12.20% 11.60% 10.7–10.8%
Fe2O3 0.56% 0.30% 0.04–0.05%

Na2O + K2O 13.10% 13.8–14.4% 13.6–14.1%
Cr2O3 0.43% 0.01% -

3.2. Production

WG is found in municipal solid waste (MSW) as containers, cullets and plate residues.
While the majority of the data focus on glass containers, several evaluations also include
glass components used in long-lasting items including furniture, appliances and consumer
electronics. In 2018, the United States and Europe consumed 12.25 and 16.36 million tons of
glass and recycled 3.1 and 12.92 million tons, respectively, for a recycling rate of 31.3% in the
case of the USA and 76% in Europe [70,71]. For this part, China generated approximately
20 million tons of glass waste in the same year, with 53% being recycled [72]. In the case of
Australia, about 1.1 million tons of WG were produced in 2018, with the recycling rate in
the range between 54 and 61% [73]. In contrast, Sweden has achieved a remarkable glass
recycling rate exceeding 90% for the same period of time, ranking among the highest in the
world [74].

3.3. Chemical and Physical Properties

Table 3 depicts the chemical characterization of the glass in different studies about its
use in UHPC formulations carried out previously. As all of the below are soda-lime class, it
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is observed that the percentages have values close to each other. In other words, although
they are different glass powders, their chemical composition is similar. Some interesting
findings observed in Table 3 are the high amount of silica oxide (over 79% in all cases)
and the alkali content (in the range of 12.4–13.5%). These values have a relevant impact
on the concrete’s properties and potential damages, as will be seen in future sections of
this document.

Table 3. Chemical composition of glass powder reported in UHPC research.

Components
Glass Powder References

[29] [75] [76] [77] [48] [64]

SiO2 72.89 75.47 72.2 73.00 71.4 72.76
Al2O3 1.67 1.09 1.54 1.5 1.4 1.67
Fe2O3 0.81 0.79 0.48 0.4 0.2 0.79
CaO 9.73 9.02 11.42 11.3 10.6 9.74
MgO 2.08 1.97 0.79 1.2 2.5 2.09
SO3 0.01 - 0.09 - 0.1 0.10

Na2O 12.54 11.65 12.85 13 12.7 12.56
K2O 0.76 0.75 0.43 0.5 0.5 0.76
TiO2 0.04 0.04 - 0.04 - 0.04

Figure 2 presents the X-ray diffraction (XRD) analysis conducted on WG particles
utilized in UHPC research [12,49]. As can be observed, the reported XRD analysis of
recycled glass particles reveal their amorphous nature, characterized by a minor presence
of long-range atomic order. This amorphous phase, typical of soda-lime glass materi-
als [47,49,50,59,78], is a key factor in their pozzolanic activity when used as glass powder
in concrete [79,80]. The absence of crystalline structure allows for greater reactivity with
calcium hydroxide during cement hydration, resulting in the creation of secondary C-S-H
gel. This gel enhances the binding and strengthening properties of concrete, contributing to
improved mechanical performance and durability [46,81]. Therefore, confirming the amor-
phous nature of recycled glass particles through XRD analysis is essential for evaluating
their suitability as supplementary cementitious materials and predicting their effectiveness
in enhancing concrete properties [50].
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For its part, Table 4 presents some physical properties of recycled glass particles
utilized in UHPC mixtures [24,42,59,64,75].
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Table 4. Physical properties reported for milled waste glass particles utilized in UHPC [24,42,59,64,
75].

Physical Feature Value

Specific gravity 2.19–2.60
Water absorption (%) 0.19–0.4

Moreover, Figure 3 puts forward the SEM (Scanning Electron Microscopy) analysis of
the particles of recycled waste glass utilized in several UHPC formulations [29,47,82,83]. As
can be observed in Figure 3, these particles are characterized by their irregular shapes and
angular edges, resulting from the mechanical grinding action applied during production.
Their smooth surface and lack of porosity correlate well with the low water absorption
depicted in Table 4.
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3.4. Chemical Reactions

Figure 4 illustrates the reactions of GP within concrete. Initially (Figure 4A), solid
amorphous silica is depicted, followed by its dissolution in water (Figure 4B). The silica
reactivity is contingent upon its amorphous silica rate and the pH of the pore solution,
which dictates the dissolution rate. Equation (1) [84] describes this process.

≡ Si−O− Si ≡ + H2O→ 2(≡ Si−OH) (1)

When dissolved silica interacts with hydroxide ions OH− in mixed concrete (see
Figure 4C), three types of gel are produced, each contingent upon the environment. The
first type is calcium silicate hydrate (Figure 4D), characterized by a pH range of 12–13 and
an abundance of calcium ions (Ca2+). The second type is calcium aluminate silicate hydrate
(Figure 4E), which shares a similar pH range of 12 or 13 and is rich in both calcium ions
(Ca2+) and aluminum ions (Al3+). Lastly, alkali silica gel (Figure 4F) exhibits a higher pH
exceeding 13 and is enriched with sodium ions (Na+) and potassium ions (K+) [84]. These
three types of gel are expounded on in more detail in the next subsections.
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Figure 4. Glass reactions as a UHPC-making component [85]: (A) Solid amorphous silica;
(B) Amorphous silica dissolution in water; (C) Dissolved silica interaction with hydroxide ions
OH−; (D) Calcium silicate hydrate structure; (E) Calcium aluminate silicate hydrate structure;
(F) Alkali silica gel structure.

3.4.1. Calcium Silicate Hydrate Gel

The main product of Portland cement hydration is C-S-H gel, which plays a crucial
role in providing strength. This gel is characterized by its extensive and disordered atomic
structure, contributing to the formation of a family of solubility curves within the CaO−
SiO2 − H2O system. Structurally, most layers resemble tobermorite, while others exhibit
imperfections akin to jennite. In addition to cement hydration, this gel can be produced by
the pozzolanic reaction between CH and a material with amorphous silica, like GP, in the
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presence of water [65,86]. Equation (2) [84] illustrates the pozzolanic reaction responsible
for C-S-H production, where the coefficients x1 and x2 represent variable numbers [84].

SiO2 + Ca2 + 2OH− → x1CaO× SiO2 × x2H2O (2)

Figure 5 represents graphically that the pozzolanic reaction occurs when the SiO2
reacts with CH and creates C-S-H gel. Investigations showed that the pozzolanic reactivity
of WG as a replacement for several percentages of the weight of cement (0, 15, 30, 40
and 60%), and this demonstrated that CS was not reduced by the substitution cement for
WG. The pozzolanic reaction between waste glass or glass powder and cement hydration
products allows the concrete not to lose strength. In the majority of replacement percentages,
the compression resistance is 85% and allows for enhancements in durability owing to the
refined microstructures of GP [51].
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3.4.2. Calcium Aluminate Silicate Hydrate

Calcium aluminate silicate hydrate (C-A-S-H) is a calcium silicate hydrate, but this is
incorporating aluminum into its structure, as depicted in Figure 4A. Its usual atomic ratio
of Al: Si is under 0.25. As can be seen in Figure 4E, the C-S-H adds an aluminum and this
gel is shaped during Portland cement hydration in the presence of Al3+ ions [87].

To yield C-A-S-H gel the ions OH− broke the bonds of Al-O and Si-O with a nec-
essary high pH (between 12–13) to form SiO2(OH)3

−, SiO2(OH)2
2− and Al(OH)4

−.
Equation (3) [88] expresses the situation when the dissolved aluminate and silica react with
OH− and Ca2+ to produce C-A-S-H gel.

Ca2+ + SiO2(OH)2
2−

(
orSiO2(OH)3

−
)
+ Al(OH)4

− → C− A− S− H (3)

3.4.3. Alkali Silica Gel

The third and last gel, the alkali-silica gel, is the one that is formed during the ASR
reaction [79,89,90]. The alkali-silica reaction is considered a concrete disease because it is
one of the main risky chemical reactions that is generated between aggregates with some
reactive silica content alkalis of the cement (sodium hydroxide and/or potassium sodium)
in the concrete. This consists of the generation of an expansive gel that meets water and
produces an increase in the matrix volume, which yields the concrete mass to crack and
destroy itself. Equation (3) [84] describes how the silica amorphous network becomes more
reactive due to high pH (greater than 13) causing the siloxane chemical bond to be broken
with the presence of OH− to form new ions [85].

≡ Si−O− Si ≡ + OH− →≡ Si−OH+ ≡ Si−O− (4)
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Once crystalline silicates bonds are formed (≡ Si−OH) they can react with OH− and
produce new ions, as presneted in Equation (5) [85].

≡ Si−OH + OH− →≡ Si−O− + H2O (5)

As shown in the Equation (5), the ≡ Si−O− which in turn reacts with potassium (K+)
and sodium ( Na+

)
also, with OH− to produce alkali silica gel (N-S-H).

≡ Si−O− + 2Na+
(

K+
)
+ 2OH− → Na2(K2)SiO3·H2O (6)

To mitigate the risk of ASR, several factors need careful control, including the water-
cement ratio, aggregate size, alkali solubility, type of cement, alkali content, utilization of
supplementary cementitious materials and the presence of reactive aggregates [88]. In this
regard, the employment of WG powder in concrete composition offers high amounts of
amorphous silica (see Table 3 and Figure 2) as well as alkalis (Table 3). Thereby, special care
should be taken when incorporating this waste into concrete formulations. However, recent
investigations consider that the GP should pass a 325-mesh sieve because the particles
smaller than 300 microns do not present a risk for alkali-silica reaction [91].

4. The Use of Waste Glass Powder in UHPC Formulations
4.1. GP as Supplementary Cementitious Material

Various pieces of research have been conducted to define the role of milled WG as
a replacement for typical UHPC-making powdered materials like cement, silica fume or
quartz powder [3,44,52,75,92]. Results have pointed out how various properties of glass
powder, such as particle size, impact the characteristics of UHPC [75,77]. These studies
have examined the effects of glass particle size from fine powder (d50: 3.8 µm), powder
(d50: 7 µm) or flour (d50: 28 µm) [75,77]. Depending on the particle size, these pieces of
research have utilized this waste material for substituting (totally or partially) SF, cement
and quartz powder [47,75]. As packaging density and particle-size distribution of compo-
nents determine UHPC design, Soliman & Tagnit-Hamou [77] employed fine glass powder
(d50: 3.8 µm) to partially replace SF in UHPC formulations. The findings of their research
showed that substituting 30% and 50% of SF with this fine GP may obtain compressive
strengths of 235 and 220 MPa after 2 days of heat curing, in comparison with 204 MPa
for the control UHPC formulation. Moreover, the study also depicted that when SF par-
ticles were replaced with nonabsorptive glass particles, the fresh UHPC rheology was
enhanced [77].

For their part, Abellán et al. [75] achieved CS over 150 MPa with more than 50% of
replacement percentages in traditional materials like cement and quartz powder (QP) with
glass powder (GP) and glass flour (GF). Their findings revealed that specific combinations
led to a reduction in cement content, identifying a mixture comprising 603 kg of cement
and over 0.5 kg/m3 of glass powder (GP) and glass fibers (GF) per kg of cement. This
formulation achieved a CS of 152 MPa within 28 days under standard curing.

Tagnit-Hamou et al. [52] studied the implication of the curing temperature and the
amount of water in CS of waste glass–UHPC at 2, 28 and 91 days. The tests pointed out
that the inclusion of GP as a cement partial replacement increases the spread flow, a factor
that allows it to work with a lower w/b [27,75]. Also, with more than 20% of cement
replacement with GP, the CS at 28 days was slightly lower than the control [52], but this
pattern changes with 91 days of normal curing and with hot curing. This can be considered
because of the pozzolanic reaction from the GP particles which need more time to react than
SF due to their larger size and, therefore, smaller specific surface area. Other researchers
confirm this behavior, pointing out that the key to reaching a faster pozzolanic reaction is
the GP particle size [3,75], an outcome that reacts better with CH.

The synergy between milled waste glass powder and other mineral admixtures in
UHPC has been extensively explored in various studies. Table 5 summarizes some of
these endeavors.
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Table 5. Reported research utilizing waste glass combined with other mineral admixtures in UHPC
formulations.

Total
Powders
(kg/m3)

% Cement % SF % WGP
Other Mineral Admixture Other Mineral Admixture

w/b
Compressive

Strength
(MPa)

Reference
Type % Type %

1180–1727 59.88–90.00 6.83–10.00 0.00–27.03 Rejected-
FA 0.00–31.67 - - 0.15 148–158 [48]

1147–1246 58.99–88.13 0.00–11.87 0.00–33.06 QP 0.00–15.42 - - 0.15–0.25 153–221 * [42,64]

1151–1282 47.26–63.38 8.76–17.63 19.03–37.73 - - - - 0.15–0.20 100–177 [1]

1035–1052 78.23–78.31 0.00–21.74 0.00–21.77 - - - - 0.21 100–175 [77]

1131–1147 50.05–58.72 8.76–8.84 7.83–13.92 Limestone 20.37–21.01 FC3R 4.38–4.40 0.16–0.18 132–156 [27]

1158–1210 48.80–56.84 8.26–8.63 25.52–31.66 Limestone 7.60–11.25 - - 0.14–0.16 101–162 [75]

1287 37.95–48.17 7.70 24.08 Limestone 19.98 MK 0.00–10.21 0.16–0.18 129–159 [3]

1190 56.80 11.93 31.26 - - - - 0.18 155 [15]

1282 46.02 7.80 26.13 Limestone 20.05 - - 0.15 156 [9,10,18,93]

1165–1195 43.24–59.15 8.36–8.58 3.85–18.04 Limestone 21.79–35.96 EAFS 2.19–14.29 0.14–0.16 100–163 [29]

1205–1280 45.55–57.01 7.65–7.80 26.01–33.02 Limestone 10.15–30.22 - - 0.14–0.21 142–156 [58]

1259 38.80–49.25 7.94 25.23 Limestone 17.58 RHA 0.00–10.45 0.16–0.18 139–159 [94,95]

* Heat curing conditions.

A multi-criteria optimization technique was carried out to design two eco-friendly
UHPCs incorporating micro-limestone powder and two different sizes of GP as cement
and SF partial replacements [47,59,75]. The UHPC formulations analyzed, which included
a Control dosage without alternative binders, as well as their scheme of pastes’ packing
density, are presented in Table 6 and Figure 6, respectively. The optimized mixtures
exhibited excellent workability and rheological properties, achieving high compressive
strength with reduced cement content. Furthermore, new research has corroborated the
synergy between glass waste and limestone powders [47,59,96]. Particularly, their joint use
demonstrated an improvement in rheology that allowed a reduction in the superplasticizer
content and water-to-binder ratios with respect to conventional UHPC dosages. The
reductions mentioned carry significant positive implications for the material properties
due to two main reasons [94,97]:

(i). Lowering the w/b ratio drives reduced porosity within the material.
(ii). Decreasing the superplasticizer content mitigates the risk of potential incompatibility

with cementitious materials.

Table 6. Control, Optimized 1 and Optimized 2 UHPC formulations [47,59].

Control Optimized 1 Optimized 2

OPC (kg/m3) 852 590 603
SF (kg/m3) 272 100 100

Waste glass powder (kg/m3) - - 169
Waste glass flour (kg/m3) - 335 199

LP (kg/m3) - 257 118
SS (kg/m3) 889 778 834

HRWRA (kg/m3) 26.5 21.5 20.0
w/b 0.218 0.165 0.163

Slump flow (mm) 260 253 258
VPD * 0.83 0.81 0.79

* Virtual Packing Density as per the Sedran & Larrard theory [19,98,99].
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Figure 6. Scheme of paste packing density for three UHPC formulations (a) Control mixture without
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Similarly, [29] investigated the factorial design of an ultra-high strength mortar contain-
ing Electric Arc Slag Furnace (EASF) along with milled waste glass. The study highlighted
the importance of incorporating supplementary cementitious materials for enhancing both
the mechanical strength and sustainability of UHPC. The effect of high reactive aluminosili-
cates cementitious materials, like metakaolin (MK) and Fluid Catalytic Cracking Catalyst
Residue (FC3R), in waste glass–UHPC was explored [3,27]. Due to the reaction of the
high alumina-silicate components of FC3R and MK, yielding ettringite formation, those
cementitious materials showed potential for enhancing early-age strength, but their impact
on long-term strength and workability was observed to vary based on substitution levels.
Hence, the findings of these investigations illustrate the collaborative effect of limestone
and glass powder in alleviating rheological issues in mixtures containing FR3C or MK.
Thereby, with the optimal dosage of these high alumina materials, the effect of glass and
limestone allows the UHPC to exhibit beneficial properties for early strength development,
all the while maintaining cost-effectiveness, a proper rheology feature in the fresh state,
and reducing the carbon footprint [3,27].

The literature review, as depicted in Table 5, highlights another significant aspect
concerning the utilization of GP in these specialized concrete formulations. Specifically,
UHPC compositions incorporating GP as a partial or complete substitute for QP have
exhibited impressive compressive strengths exceeding 200 MPa [42,64]. This threshold
value is crucial for ensuring strong fiber-matrix adherence [100,101], emphasizing the
promising potential of glass powder in enhancing the performance of UHPC formulations.

For its part, several investigations have focused on the utilization of rejected fly ash
along with recycled glass powder in UHPC formulations [28,48]. On the one hand, the
research presented in [28] explored the utilization of local high unburned carbon fly ash
as a mineral admixture in waste glass–UHPC. On the other hand, research presented
in [48] depicted the utilization of fly ash with particles larger than 45 microns along
with recycled glass in alternative formulations of UHPC. Despite challenges in achieving
optimal substitutions owing to the elevated content of rejected fly ash, these studies
emphasized the potential of utilizing local pozzolans for sustainable UHPC production.
Lastly, recent studies [94,95] analyzed the effect of rice husk ash (RHA) as a cement partial
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replacement for UHPC containing waste glass powder. Despite a decrease in workability,
attributed to the high surface area and porous nature of RHA particles which increases
water demand [102,103], and a slight reduction in CS, the studies highlighted the potential
of RHA for enhancing sustainability and reducing the carbon footprint of UHPC.

Overall, these studies summarized in Tables 5 and 6 underscored the significance
of synergistic interactions between waste glass powder and other mineral admixtures in
enhancing the sustainability and performance of UHPC formulations. A deeper analysis of
the influence of these interactions on each of the material characteristics is presented in the
following subsections.

4.2. Waste Glass as a Replacement for QS

UHPC formulations traditionally incorporate quartz sand (QS) as the aggregate, with
quartz powder (QP) enhancing mixture density [14,104]. However, QS and QP are known
carcinogens, posing health risks to workers and impacting the environment [69,105]. As
reported in published research, the replacement of these materials with recycled glass sand
(GS) could offer a safer and more sustainable solution [1,49,69,106]. These findings are sum-
marized in Table 7. As can be seen, these studies have explored different replacement ratios
and particle size distributions of recycled glass sand, aiming to balance workability and
mechanical properties [41,69]. Notably, UHPC formulations with GS have demonstrated
exceptional compressive strengths exceeding 200 MPa under thermal curing conditions [1].
These results suggest the potential of GS in UHPC as a viable alternative for even the
highest levels of improved microstructure (identified by CS greater than 190 MPa) which
indicates a possible exceptional fiber-matrix adhesion [100,101].

Table 7. Results of compressive strength of UHPC with glass sand.

Glass Sand d50
(µm)

Glass Sand dmax
(µm)

Quartz Sand
Replacement

Percentage (%)

Compressive
Strength Normal

Curing (MPa)

Compressive
Strength Heat
Curing (MPa)

Reference

275 630 50 171 *** 196 * [69]
275 630 100 157 *** 182 * [69]
350 630 100 128 *** 153 * [69]
225 630 100 127 *** 164 * [69]
300 600 100 124 ** - [50]

- 800 25 175 *** 200 * [1]
- 800 50 165 *** 190 * [1]
- 800 50 162 *** 175 * [1]

275 630 50 140 *** 150 * [106]

* After 2 days of heat curing; ** after 28 days of normal curing; *** after 91 days of normal curing.

Additionally, research on alternative glass UHPC formulations revealed that varying
combinations of glass components, such as GP, fine glass powder (FGP) and GS, sig-
nificantly influenced workability and mechanical performance, with CS values of up to
171 MPa observed even under normal curing conditions [77].

Moreover, the study conducted by [49,50] showcased the highest proportion of recy-
cled glass utilization in UHPC formulations. These formulations replaced 100% of quartz
sand with GS and incorporated various sizes of GP, resulting in up to 52% of the mixture by
weight being comprised of recycled glass (both sand and powder). Finally, it is important
to note the risk of ASR associated with glass sand [91], which will be addressed in a specific
section of the review article.

5. Effect of WG Addition on UHPC’s Features
5.1. Rheological Properties

Concrete’s rheological properties are a measure of its ability to flow and resist de-
formation. In the case of UHPC, rheological properties are especially important due to
the high particle density and low w/b [97,107]. The utilization of GP as a supplementary
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cementitious agent can significantly improve these properties of UHPC [40,62,96]. In this
sense, the research conducted by [75] revealed that replacing some of the cement with GP in
UHPC formulations leads to a higher spread flow due to the glass powder’s minimal water
absorption and the consequently higher alkaline content resulting from the recycled glass’s
elevated Na2O levels [75]. The high-level alkali essence and the low water absorption of
glass particles are well known, and they are depicted in Tables 2–4 of the present document.
On the one hand, utilizing GP in cement partial replacement capitalizes on its significantly
lower water absorption [1,69], thereby liberating more free water to effectively contribute
to the material’s rheological behavior in its fresh state [58,75]. On the other hand, the
alkalinity provided by GP can enhance the performance of superplasticizers in cement
pastes by facilitating the dispersion of cement particles and reducing their agglomeration.
This improved dispersion allows the superplasticizer molecules to effectively adsorb onto
the cement particles, leading to better fluidity and workability of the paste [108].

The impact of incorporating GP into the mixture on UHPC’s rheology is evident in
Figure 7 [12]. On the left, the slump flow of a blend devoid of recycled glass is depicted,
whereas the image on the right illustrates the outcome following the substitution of 13.5%
of the cement with GP. It is notable that the mixture lacking GP exhibits a slump flow
of 210 mm, while the addition of GP results in a higher slump flow of 250 mm, despite
maintaining the same w/b ratio and dosage of high-range water-reducing polycarboxylate-
based superplasticizer (HRWR) (w/b = 0.165 and HRWR dosage of 23 kg/m3).
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Other studies have assessed the UHPC mechanical and rheological features incorpo-
rating varying proportions of glass powder as a pozzolanic mineral admixture [1,41,63].
Their findings indicated that the GP addition enhanced workability and flowability with-
out compromising strength and durability. Notably, the incorporation of glass powder
mitigated exudation and bleeding, thereby improving bonding capacity and resistance
to segregation. Finally, the positive influence of recycled glass together with limestone is
observed in Table 6, which shows that thanks to the incorporation of these components
in cement and SF partial replacement, the optimized dosages achieve the same value of
slump flow as the Control mix, but with a lower w/b value and lower superplasticizer
content [47,59].

5.2. Hydration Kinetics

Comprehending the hydration is vital for understanding the behavior of cementitious
materials, particularly in the context of advancing UHPC [41]. The study delved into
the cement hydration kinetics, focusing on the influence of GP addition, using isother-
mal calorimetry to examine the pozzolanic reaction during the cement hydration early
stages [41]. The investigation scrutinized the rate at which UHPC emits heat during hy-
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dration and the cumulative heat curves of hydration for varying levels of glass powder
replacement (0%, 20%, 40% and 50%) within the initial 48 h of water-cementitious material
contact, normalized to the total binder weight in the mixture. It became apparent that
both the maximum heat flow and total heat decreased with increasing GP replacement
ratios. Moreover, the study revealed that the maximum value of the second exothermic
peak decreased by 35%, 32% and 50% for the mixtures containing 20%, 40% and 50% glass
powder, respectively, in comparison with a typical UHPC. The decrease in heat release
was attributed, on the one hand, to the dilution effect caused by the incorporation of glass
powder, which, in the reported research, possessed a lower specific surface area than ce-
ment [41]. On the other hand, the GP pozzolanic reaction produces less heat than ordinary
Portland cement due to its similarity to a C2S reaction [109]. This lower heat of hydration
aided in minimizing cracking as a consequence of the elevated temperatures [41].

Moreover, when GP replaced 20% of the cement, the end of the induction period and
the acceleration period ascribed to the major peak were shorter [41]. This acceleration was
explained by the ability of fine GP to expedite the hydration of cement by adsorbing calcium
ions and acting as nucleation sites for hydrate formation. Additionally, the high alkali
content in GP was probed to catalyze the early formation of C-S-H [41]. Conversely, with
GP replacement of over 20%, the periods of induction and acceleration were delayed. For
instance, at the end of the induction period for typical UHPC formulation, and formulations
with 40 and 50% cement replacement by GP were about 9.1, 9.7 and 11.2 h, respectively.
This delay was attributed to increased levels of GP replacement, resulting in higher water-
to-cement ratios and superplasticizer dosages, as is common in UHPC manufacturing [41].
This, according to Jansen et al. [110], could lead to the complexation of Ca2+ ions by the
superplasticizer, impeding the early hydration of cement and delaying the pozzolanic
process owing to the insufficient CH presence in the concrete.

5.3. UHPC’s Microstructure

The cement-based materials’ mechanical properties are influenced by various factors,
such as their chemical characterization, microstructure, aggregate features and the ITZs char-
acteristics [21,111]. Understanding the microstructure of these matrices is key to unraveling
their mechanical behavior. Although UHPC presents a highly heterogeneous and intricate
microstructure, efforts to create realistic models remain challenging [112–114]. Nevertheless,
delving into the microstructure of UHPC allows for the determination of optimal mix compo-
sitions, which in turn yield desirable fresh and mechanical properties and enhanced durability,
thereby reducing production costs and related CO2 emissions [56,113,115].

Therefore, microstructure analysis procedures like X-ray diffraction (XRD), scan-
ning electron microscopy/energy-dispersive spectroscopy (SEM/EDS), mercury intrusion
porosimetry (MIP), 29Si magic-angle sample-spinning nuclear magnetic resonance (29Si
MAS NMR) analysis and thermogravimetric/differential thermal analysis (TG/DTA) have
been extensively reported in the literature as methodologies to gain insights into the mi-
crostructure of UHPC [41,64,116]. In this sense, studies on UHPC microstructure indicate
that incorporating cement partial replacements like limestone and granulated blast furnace
slag not only reduces unhydrated cement content and the C2S/C3S ratio but also dimin-
ishes CH levels while promoting the creation of C-S-H, resulting in a more compact and
homogeneous cementitious matrix. Among the various pozzolans assessed, silica fume
stands out for its ability to decrease porosity, lower the calcium/silicon (Ca/Si) ratio and
maintain minimal CH levels, all contributing to defining optimal mechanical specifications
for UHPC. Furthermore, the inclusion of blast furnace slag, electric arc furnace slag and
limestone powder as mineral admixtures aids in further reducing UHPC matrix porosity
and allows for a reduction in cement consumption. While each substitute offers specific
advantages, their optimized use strengthens the mechanical or maintains (depending on
the case) the final properties of UHPC while supporting sustainable waste management
practices [21,29,56,117].
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Additionally, integrating nano-silica as a cement replacement presents a promising
avenue to enhance the mechanical characteristics of UHPC further. Nano-silica fosters the
formation of a denser matrix with reduced porosity and increased C-S-H content [117].
Hence, considering the properties of recycled glass discussed in earlier sections (e.g., chem-
ical composition and crystallography), it is reasonable to anticipate that the addition of GP
in UHPC formulations would yield a beneficial influence akin to that of reported mineral
admixtures. Soliman & Tagnit-Hamou [41] conducted some research to analyze the influ-
ence of the cement and/or quartz powder partial replacements with glass powder- with
d50 equal to 50 µm—on the UHPC’s microstructure by utilizing SEM approaches. Three
samples were evaluated: (i) a control one, which represented a typical UHPC formulation;
(ii) 80C/20GP formulation in which the 20% of the weight of cement was replaced by
GP; and (iii) 0QP/100GP in which QP was totally replaced by GP. Their findings using
backscattered electron (BSE) images revealed that the ITZ in the control mix was thin, and
the addition of GP did not significantly affect it. Moreover, owing to the low w/b value, a
considerable amount of unreacted cement, QP particles and GP particles were observed
in the matrix. The study also revealed that the absence of portlandite (CH) indicated
its consumption by the SF plus GP pozzolanic effects. Another conclusion that can be
drawn from their BSE research is that the design of the UHPC promoted a dense and
homogeneous matrix with reduced porosity, with the presence of spherical air voids being
a consequence of the high superplasticizer content. Moreover, BSE images after thermal
treatment revealed the formation of a C-S-H hydration layer around the cement and GP
particles, demonstrating the pozzolanic reaction of GP and its contribution to the improved
microstructure [118–120]. Regarding the characteristics of GP particles, it was observed
that their appropriate fineness prevented the formation of microcracks associated with the
ASR reaction. Their study proved that the incorporation of GP yielded the formation of
more C-S-H, thereby improving the microstructure of UHPC. In addition, their findings
also revealed that the presence of GP particles did not adversely affect the ITZ or increase
porosity, suggesting adequate compatibility between GP and the cement matrix. This high-
lights that GP can be an effective additive for enhancing the properties of UHPC without
compromising its internal structure [41].

For their part, Vaitkevicius et al. [64] carried out a study to investigate the effects of GP
as a complete replacement for QP and SF in UHPC formulations. Through experimental
analysis using techniques such as MIP, XRD and 29Si MAS NMR, the study elucidated
the beneficial reactions of GP with cement phases, leading to the formation of C-S-H and
subsequent enhancements in mechanical strength and microstructure. Notably, the research
highlighted the elimination of macroporosity, increased cement dissolution rate, and the
role of fast soluble alkali from the surface of GP in accelerating cement hydration.

5.4. Mechanical Properties

Building on the insights gleaned from earlier sections regarding its effects on rheology,
kinetics and microstructure, the incorporation of glass powder into UHPC is anticipated to
yield enhancements or minimal reductions in its mechanical features. Nevertheless, the
following sections of this review article will analyze the impact of the addition of GP in
the UHPC formulations on their CS, elasticity modulus, ultrasonic pulse velocity, bending
performance and direct tensile behavior.

5.4.1. Compressive Strength

The effectiveness of WG powder in enhancing the CS of concrete, particularly in UHPC
mixtures, has been extensively explored [55,58,117]. Some of these results are presented in
Table 8. The role of GP on the CS of concrete is a consequence of different mechanisms. For
instance, the implementation of a particle size of GP finer than cement particles reduces
mixture porosity due to the filler effect as a replacement for cementitious materials, leading
to a trend of increasing CS. Specially, these fine particles of glass also promote the cement
hydration in a UHPC mixture by increasing the hydration surface-volume ratio and the filler
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effect, thus producing more hydration products owing to the pozzolanic reactions of fine
glass and increasing the creation speed of hydrates that improve the concrete’s CS [40,41,51].
In addition, this pozzolanic reaction of glass is due to the amorphous silica composition (as
seen in Table 3 and Figure 2) that reacts with CH producing secondary C-S-H gel that mostly
provides this mechanical property [120]. Hence, researchers have investigated various sizes
and replacement percentages of GP, revealing notable effects on concrete strength [40,41,77].
For instance, studies have applied GP with a d50 particle diameter of 10 µm, replacing
25% of the cement, leading to UHPC exhibiting compressive strength values ranging from
150 to 200 MPa after 91 days of standard curing conditions [40]. Similarly, investigations
utilizing GP with a particle size of 12 µm as a partial cement replacement in UHPC with a
water-to-binder ratio of 0.189 demonstrated a significant increase in CS, reaching up to 204
MPa at 91 days under normal curing conditions [41].

Table 8. Results of WGP application in UHPC compressive strength from 28 to 91 days of SC.

Replaced
Material

Percentage of
Replacement (%)

GP Fineness d50
(µm)

Concrete
Strength Trend Reference

Cement 20 12 Increase of 13% [41]
Cement 50 12 Decrease of 9% [41]
Cement 25 10 Increase of 11% [40]

Silica Fume 30 3.8 Increase of 8% [77]
Silica Fume 50 3.8 Increase of 1% [77]
Silica Fume 100 3.8 Decrease of 16% [77]

Quartz Powder 100 12 Increase of 17% [41]
Quartz Powder 50 12 Increase of 11% [41]
Quartz Powder 100 10 Increase of 19% [40]

However, as shown in Table 8, substitution ratios of cement with GP exceeding 25%
were found to be ineffective, leading to a reduction in the CS [40,41,51]. This phenomenon
can be attributed to the delicate balance between two key factors in the UHPC matrix:
the creation of portlandite during cement hydration and the pozzolanic activity of glass
powder [83]. This way, when a relevant cement portion is replaced with GP, the amount
of portlandite generated may decrease due to the reduced cement content, which can
lead to several of the pozzolanic materials remaining unreacted [75]. For its part, the
lowering of cement also leads to a decrease in the primary C-S-H gel obtained by cement
hydration [61,62]. Therefore, the decrease in compressive strength observed at higher
replacement ratios of cement with GP suggests that the pozzolanic activity of the glass
powder may not fully compensate for the decrease in C-S-H from cement hydration for the
reduction in portlandite content.

Furthermore, studies have explored the use of GP as a partial or complete substitution
for SF and quartz powder QP in UHPC mixtures. When it comes to the case of silica fume,
fine GP, with d50 values of 3.8 µm, was applied as a partial and complete replacement
for SF in a UHPC formulation [74]. The findings for UHPC compressive strength are
provided in Figure 8. According to the reported study results, and as can be seen in Table 8,
replacements of over 50% lead to a decrease in the CS value. The reason for that could be
explained by the following: (i) the improvement of the packing density provided by the
reduced size of SF, with d50 values of 0.15 µm, can not be attained with glass particles. A
proof of the latter can be observed in Table 6, where the VPD of the Control formulation is
higher than those of the optimized values [47,59]; (ii) the improved pozzolanic nature of SF
than GP, due to its reduced size and higher amorphous silicon oxide [59,63,121].
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Moreover, in another study, glass powder (GP) was introduced as a substitute for
QP in a UHPC mixture with a w/b value of 0.189 [41]. The complete replacement of QP
with GP led to an enhancement in the compressive strength of the concrete, ranging from
30 MPa to 35 MPa after 91 days of standard curing (SC). The pozzolanic reaction between
waste glass powder and cement-hydrated products facilitated an accelerated hydration
process, consequently augmenting the strength of the UHPC [40,41].

5.4.2. MoE

The modulus of elasticity is a measure of the stiffness or ability of a material to resist
deformation under applied loads. In the case of UHPC, according to the ACI-239R, its value
evaluated after 28 days is commonly within the range of 40 to 50 GPa [122]. UHPC’s MoE
can vary depending on factors like material composition, particle size and distribution,
density and porosity [123]. However, in general, the modulus of elasticity of UHPC is
much higher than that of other types of concrete, due to its stiffness and the fact that it can
withstand larger loads before permanently deforming [123,124].

Jaramillo-Murcia et al. [58] analyzed the modulus of elasticity of two alternative UHPC
formulations that incorporated waste glass in their composition. To establish comparisons, a
typical UHPC formulation was also tested. The information on the considered formulations
can be observed in Table 6 while and scheme of their paste’s structure is presented in
Figure 6. The findings of this study, measured at different ages, are put forward in Figure 9.
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Throughout their study, it was noticed that the Control formulation consistently ex-
hibited a higher Modulus of Elasticity (MoE) compared to the waste glass formulations at
each stage. Nevertheless, all examined UHPC formulations met the Modulus of Elasticity
criteria outlined by ACI 239 [5]. The rate of MoE increase over curing time varied among
formulations containing different supplementary cementitious materials [125]. Incorpo-
rating pozzolans with higher activity, such as SF, resulted in accelerated enhancement of
MoE during the initial stages due to their smaller particle size and faster hydration kinetics.
Additionally, the improved packing density of the Control mix contributed to its improved
MoE. Nevertheless, differences observed in younger specimens were slightly less marked
in comparison with the older ones. This could be attributed to the influence of limestone
powder and GP, which, as suggested by previous studies [12,75], speeds up the hydration
process in the early stages, driving denser particle structures and enhanced mechanical
properties. Moreover, the GP addition was found to expedite the cement dissolution rate,
thereby facilitating a faster hydration process, as stated in previous sections [40,41,51].

5.4.3. Ultrasonic Pulse Velocity

Upon analyzing the ultrasonic pulse velocity data, on the same three UHPC formula-
tions presented in the previous section, Jaramillo-Murcia et al. [58] reported a consistent
upward trend in values over time. Figure 10 depicts the results obtained by [58] in relation
to this property. Notably, as Figure 10 reveals, the Control mixture exhibits the highest
response, followed by the Optimized 2 mixture. The authors attributed this increase
in velocity to the VPD of the UHPC’s formulations (see Table 6), resulting in increased
stiffness of the material and accelerated pulse wave propagation within the UHPC cylin-
der. Consequently, as per their findings, the ranking of UHPC types as per their VPD
values corresponds to the dosages determined by their ultrasonic pulse velocity at any
given age. Moreover, this research also suggests a significant correlation between velocity
enhancement and the reactive powders’ hydration and pozzolanic activities [58].
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The study also established that concrete of superior quality typically exhibits an
ultrasonic pulse velocity exceeding 4575 m/s. As illustrated in Figure 10, the Control
dosage reaches the threshold value after seven days of curing, while Optimized 1 requires
28 days, and Optimized 2 necessitates 90 days to achieve a similar threshold value. It
is worth mentioning that the mix in Optimized 2 at 28 days achieves a UPV value of
4491 m/s [58].
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5.4.4. Flexural Behavior

The literature review shows that substituting some of the Portland cement with
GP diminishes the resistance to bending in plain UHPC formulations [15,62]. However,
while it is notable that the flexural strength lowers with increasing substitution of GP in
the case of plain UHPC, it is important to recognize that in fiber-reinforced UHPC, the
primary determinant of performance is the fiber reinforcement system [126–128]. Neira-
Medina et al. [15] researched to analyze the impact of different fiber-reinforced systems
on the flexural behavior of UHPC utilizing a GP as a cementitious material. The UHPC
cementitious matrix was characterized by a w/b value of 0.25, and glass powder with
a d50 value of 10 µm was utilized as a cement replacement at a rate of substitution by
weight of 45%. The mix design was formulated based on fractal-based particle-packing
theories [15]. The experimental campaign included four types of commercial synthetic
fibers, both macro and micro, along with high-strength steel fibers, for evaluation purposes.
In addition, the fiber reinforcement system encompassed mono and hybrid systems with
volume ratios of reinforcement from 1 to 2%, whose results are depicted in Figures 11 and 12,
respectively. Notably, only the UHPC specimens reinforced with 2% fibers demonstrated
ductile behavior, with the exception of the beam reinforced with 1% steel microfibers [15].

Sustainability 2024, 16, x FOR PEER REVIEW  22  of  43 
 

 

Figure 11. Effect of 1% of fibers on the waste glass–UHPC flexural behavior [15]. 

 

Figure 12. Effect of 2% of fibers on the waste glass–UHPC flexural behavior [15]. 

5.4.5. Tensile Behavior 

Mousa et al. [106] studied the tensile behavior of UHPC through the utilization of GP 

and GS as replacements for cement and fine aggregates, respectively. This study compares 

two distinct UHPC compositions: one incorporating GP as a cement substitute, and the 

other  integrating both GP and GS. Both mixtures featured a 2% volume fraction of OL 

13/02 steel microfibers with an aspect ratio of 65. In addition, the research explored the 

influence of two curing regimes, hot curing and normal curing, on the tensile behavior of 

the recycled glass UHPC samples at the ages of 28 and 91 days. A significant experimental 

factor considered was the alignment of the steel microfibers (either parallel or perpendic-

ular to the fracture plane). Fiber orientation was induced during the pouring procedure. 

The  trials were  conducted  following  the  technique known as  the Double Edge Wedge 

Splitting Test (DEWS) [132]. Figure 13 shows the graphs with the results obtained in the 

specimens with fibers aligned perpendicular to the fracture [106]. It  is noteworthy that 

these  results  are  the  only  ones  that  could  be  corroborated with  those  obtained  from 

Figure 11. Effect of 1% of fibers on the waste glass–UHPC flexural behavior [15].

Sustainability 2024, 16, x FOR PEER REVIEW  22  of  43 
 

 

Figure 11. Effect of 1% of fibers on the waste glass–UHPC flexural behavior [15]. 

 

Figure 12. Effect of 2% of fibers on the waste glass–UHPC flexural behavior [15]. 

5.4.5. Tensile Behavior 

Mousa et al. [106] studied the tensile behavior of UHPC through the utilization of GP 

and GS as replacements for cement and fine aggregates, respectively. This study compares 

two distinct UHPC compositions: one incorporating GP as a cement substitute, and the 

other  integrating both GP and GS. Both mixtures featured a 2% volume fraction of OL 

13/02 steel microfibers with an aspect ratio of 65. In addition, the research explored the 

influence of two curing regimes, hot curing and normal curing, on the tensile behavior of 

the recycled glass UHPC samples at the ages of 28 and 91 days. A significant experimental 

factor considered was the alignment of the steel microfibers (either parallel or perpendic-

ular to the fracture plane). Fiber orientation was induced during the pouring procedure. 

The  trials were  conducted  following  the  technique known as  the Double Edge Wedge 

Splitting Test (DEWS) [132]. Figure 13 shows the graphs with the results obtained in the 

specimens with fibers aligned perpendicular to the fracture [106]. It  is noteworthy that 

these  results  are  the  only  ones  that  could  be  corroborated with  those  obtained  from 

Figure 12. Effect of 2% of fibers on the waste glass–UHPC flexural behavior [15].

148



Sustainability 2024, 16, 5077

Moreover, it is important to note that the performance of series reinforced with 1%
and 2% high-strength steel fibers (represented as 1.00S and 2.00S in Figures 11 and 12)
achieved results comparable to those reported for the same reinforcement in traditional
UHPC matrices without recycled glass. Among these pieces of research with typical UHPC
matrices and similar limits of proportionality and modulus of rupture when using 1% or
2% of OL 13/0.20 fiber, the following references can be consulted [129–131].

5.4.5. Tensile Behavior

Mousa et al. [106] studied the tensile behavior of UHPC through the utilization of GP
and GS as replacements for cement and fine aggregates, respectively. This study compares
two distinct UHPC compositions: one incorporating GP as a cement substitute, and the
other integrating both GP and GS. Both mixtures featured a 2% volume fraction of OL
13/02 steel microfibers with an aspect ratio of 65. In addition, the research explored the
influence of two curing regimes, hot curing and normal curing, on the tensile behavior of
the recycled glass UHPC samples at the ages of 28 and 91 days. A significant experimental
factor considered was the alignment of the steel microfibers (either parallel or perpendicular
to the fracture plane). Fiber orientation was induced during the pouring procedure. The
trials were conducted following the technique known as the Double Edge Wedge Splitting
Test (DEWS) [132]. Figure 13 shows the graphs with the results obtained in the specimens
with fibers aligned perpendicular to the fracture [106]. It is noteworthy that these results
are the only ones that could be corroborated with those obtained from dogbone specimens,
as the use of dogbone specimens, owing to their gauge dimensions, promotes a favorable
orientation of the fibers [101,133].
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Figure 13. Maximum tensile stresses of UHPC mixtures with only glass powder (GP) or glass powder
and glass sand (GP+GS) after 2 days of heat curing, and 28 and 91 days of standard curing (SC) [106].

As can be observed in Figure 13, both cementitious matrices achieved excellent tensile
strength [106], in the same range as those achieved with standard UHPC reinforced with a
2% OL 13/0.2 fiber [123,133–135]. Another conclusion that can be drawn from this figure is
the improvement in the CS between 28 and 90 days of standard curing (SC) which may be
attributed to the slow pozzolanic reaction of glass powder [61,92]. Finally, it is relevant to
denote that, the results obtained in the specimens with fibers aligned parallel to the fracture
were about half of those presented in Figure 13 [106].

Nevertheless, the most relevant feature of UHPC is not its maximum tensile strength,
but its direct tensile performance [10,100,136]. The introduction of fibers not only augments
the material’s tensile strength but, with the proper dosage of adequate fibers, also facilitates
efficient force transfer even in the presence of cracks, thereby impeding or decelerating
their propagation [137,138]. Fibers within the fissures serve to convey a portion of the
matrix’s tensile strength, enabling the composite to endure greater strains under favorable
circumstances [11,138]. This state is achieved through the strategic alignment of a suffi-
cient number of fibers possessing proper properties within the cementitious matrix [139].
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In strain-hardening UHPC, the fiber-reinforced composite demonstrates the capacity to
withstand stress increments beyond its cracking stress (σcc) until it reaches its maximum
peak stress (σpc) [18,140]. Figure 14 depicts the various phases of the stress-strain curve for
a strain-hardening UHPC under uniaxial tensile loading [106]. These stages encompass
the elastic phase, multicracking phase, crack-straining phase and strain-softening phase.
Initially, the material experiences elastic deformation until it reaches the point of tension,
known as σcc, and attains a strain of εcc. Beyond this point, the material enters the inelastic
strain zone characterized by repeated micro-cracking, surpassing the σcc tension, with
stress levels remaining relatively stable [11,106]. Subsequently, the crack-straining phase
ensues, marked by a significant increase in crack opening as the fiber reinforcement un-
dergoes debonding and elastic straining, contingent upon the fiber type [101]. This branch
extends until it reaches the maximum stress σpc and strain εpc [139].

Sustainability 2024, 16, x FOR PEER REVIEW  24  of  43 
 

 

Figure 14. Phases of the uniaxial stress-strain curve for a strain-hardening UHPC [93]. 

In Figure 14, the energy absorption capacity (g) of the material can be computed as 

the area below the strain-stress curve until reaching the stress level denoted by σpc and εpc 

[18].  Subsequently,  in  the  third  step,  a  notable  decline  in  the  finer-reinforced UHPC 

strength develops as the strain  increases, a phenomenon known as the strain-softening 

branch. During this phase, specimen failure is attributed to the slippage and/or rupture of 

fibers within critical fissures [20,106]. 

Abellán-García [12,93] investigated the ductility performance of uniaxial tensile be-

havior across 52 different series of recycled glass UHPC tests. His research focused on a 

recycled-glass cementitious matrix, particularly examining its suitability for seismic ret-

rofitting applications. The experimentation encompassed various fiber  types,  including 

both steel and synthetic options, whose descriptions are presented  in Table 9. It  is also 

worth noticing that the S1 fiber utilized in these studies corresponds to the smooth and 

high-strength steel OL 13/02 fiber. 

Table 9. Detailed description of the fibers reported by [93]. 

Notation  Form  df/lf Material  Strength (MPa) 

S1  Smooth  65  Steel  ≈2600 

S2  Smooth  30  Steel  ≈2600 

H1  Hooked  70  Steel  ≈2000 

H2  Hooked  80  Steel  ≈1600 

PP  Twisted  26  Steel  ≈1700 

PE  Corrugated  75  Polypropylene  ≈650 

PVA  Fibrillated  67  Polyethylene  ≈550 

Figure 15 presents the multicracking pattern in a strain-hardening glass–UHPC spec-

imen reported in reference [12]. Some of the strain stress curves of strain hardening glass 

UHPC developed in [12,93] are presented in Figure 16. 

Figure 14. Phases of the uniaxial stress-strain curve for a strain-hardening UHPC [93].

In Figure 14, the energy absorption capacity (g) of the material can be computed as
the area below the strain-stress curve until reaching the stress level denoted by σpc and
εpc [18]. Subsequently, in the third step, a notable decline in the finer-reinforced UHPC
strength develops as the strain increases, a phenomenon known as the strain-softening
branch. During this phase, specimen failure is attributed to the slippage and/or rupture of
fibers within critical fissures [20,106].

Abellán-García [12,93] investigated the ductility performance of uniaxial tensile be-
havior across 52 different series of recycled glass UHPC tests. His research focused on
a recycled-glass cementitious matrix, particularly examining its suitability for seismic
retrofitting applications. The experimentation encompassed various fiber types, including
both steel and synthetic options, whose descriptions are presented in Table 9. It is also
worth noticing that the S1 fiber utilized in these studies corresponds to the smooth and
high-strength steel OL 13/02 fiber.

Table 9. Detailed description of the fibers reported by [93].

Notation Form df/lf Material Strength (MPa)

S1 Smooth 65 Steel ≈2600

S2 Smooth 30 Steel ≈2600

H1 Hooked 70 Steel ≈2000

H2 Hooked 80 Steel ≈1600

PP Twisted 26 Steel ≈1700

PE Corrugated 75 Polypropylene ≈650

PVA Fibrillated 67 Polyethylene ≈550
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Figure 15 presents the multicracking pattern in a strain-hardening glass–UHPC speci-
men reported in reference [12]. Some of the strain stress curves of strain hardening glass
UHPC developed in [12,93] are presented in Figure 16.
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Figure 15. Recycled glass UHPC specimens with strain hardening behavior after failure. Detail of
muli crack pattern [12].
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Figure 16. Direct traction stress-strain graphs [93]. H1 represents hooked steel fiber; S1 represents
smooth steel fiber; and PVA represents polyvinyl alcohol fiber.

Among the conclusions drawn from these studies, it is notable that the ductility
parameters achieved with the glass cementitious matrix closely approximate those reported
in studies employing conventional UHPC matrices [93,96]. For instance, the waste glass–
UHPC reinforced with a 2.0% volume fraction of OL 13/0.2 fibers exhibited a peak post-
cracking strength of 11.03 MPa, only marginally lower than the 11.30 MPa reported in
previous research, with a strain of 0.20% compared to 0.19%. The performance achieved,
despite reducing cement content by approximately 35% and silica fume by 50%, can be
attributed to the chemical and physical properties of micro-limestone and recycled glass
powder [10,93,96]. These materials facilitated substantial substitution of the typical UHPC-
making constituents without significantly compromising the chemical balance and packing
density of the matrix.

5.5. Durability Properties

This review investigates the effect of GP on UHPC’s durability by analyzing several
key properties reported in existing literature. These properties include voids in hardened
concrete, chloride penetration, initial surface absorption, freeze-thaw performance, ASR,
mechanical abrasion resistance, drying shrinkage and resistance to deicing salt scaling.

5.5.1. Voids in Hardened Concrete

In their study, Jaramillo-Murcia et al. [58] presented compelling findings regarding
void measurements in hardened concrete, following the ASTM C642 procedure, comparing
the results of a Control UHPC mixture, without any alternative SCMs, with two optimized
mixtures that incorporate recycled glass as mineral admixtures. More information about
these dosages can be found in Table 6 and Figure 6. The reported results, measured at
different ages, are illustrated in Figure 17. Their investigation revealed that all UHPC mixes
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consistently exhibit low void content throughout the curing process. This way, by the
seventh day of curing, samples demonstrate void content below 5%, indicating a promising
trend that persists with advancing treatment time.

Sustainability 2024, 16, x FOR PEER REVIEW  27  of  43 
 

at different ages, are illustrated in Figure 17. Their investigation revealed that all UHPC 

mixes consistently exhibit low void content throughout the curing process. This way, by 

the  seventh day  of  curing,  samples demonstrate  void  content  below  5%,  indicating  a 

promising trend that persists with advancing treatment time. 

Of particular interest is the exceptional performance of the Optimized 2 mixture, sur-

passing even the Control mixture by the 90-day mark. This noteworthy discovery high-

lights the positive impacts of the investigated admixtures, attributed to the development 

of C-S-H gel facilitated by the  interaction of CH crystals with SF and GP particles [58]. 

Furthermore, Jaramillo-Murcia et al. [58] shed light on the implications of silica fume par-

ticle content in the Control mixture, which necessitates a higher water dosage, potentially 

contributing to increased internal fracturing. Their findings suggest a correlation between 

reduced silica fume content and mitigated drying shrinkage, thereby minimizing the risk 

of microcracking. These findings are also aligned with [12,141]. The study observes that 

the Optimized 2 mixture requires the lowest water dosage, a phenomenon attributed to 

the elevated alkali content in this formulation, synergistically enhanced by both types of 

glass powders. The effect of alkali content in rheology was previously explained and has 

been widely reported by [75,108,142], whose results underscore the intricate relationship 

between material composition and superplasticizer efficacy. 

 

Figure 17. Findings in voids in hardened concrete measured by Jaramillo-Murcia et al. [58] at dif-

ferent ages. 

5.5.2. Chloride Penetration 

As per Nancy Soliman et al. [40], in the realm of UHPC, the incorporation of recycled 

GP  introduces a notable enhancement  in  resistance  to chloride-ion penetration. As per 

these authors, the dense matrix inherent to UHPC serves as a critical barrier against the 

ingress of detrimental materials, effectively sealing the structure and bolstering its dura-

bility. Therefore, Soliman’s findings reveal that UHPC formulations containing recycled 

glass powder exhibit remarkably low levels of chloride-ion penetration, with average total 

Coulombs passed values of 5.0 and 3.0 at 28 and 91 days, respectively. These findings align 

with the “negligible” classification as per ASTM C1202 standards, underscoring the effec-

tiveness of the dense matrix in mitigating chloride ingress [40]. By comparison, traditional 

UHPC  formulations  subjected  to  standard  heat  treatment  demonstrate  significantly 

higher total charge passed values, reaching 18 Coulombs for heat-treated samples and a 

staggering 360 Coulombs for untreated samples. Such stark contrasts highlight the supe-

rior  chloride-ion  penetration  resistance  offered  by UHPC  formulations  incorporating 

Figure 17. Findings in voids in hardened concrete measured by Jaramillo-Murcia et al. [58] at
different ages.

Of particular interest is the exceptional performance of the Optimized 2 mixture,
surpassing even the Control mixture by the 90-day mark. This noteworthy discovery high-
lights the positive impacts of the investigated admixtures, attributed to the development
of C-S-H gel facilitated by the interaction of CH crystals with SF and GP particles [58].
Furthermore, Jaramillo-Murcia et al. [58] shed light on the implications of silica fume parti-
cle content in the Control mixture, which necessitates a higher water dosage, potentially
contributing to increased internal fracturing. Their findings suggest a correlation between
reduced silica fume content and mitigated drying shrinkage, thereby minimizing the risk
of microcracking. These findings are also aligned with [12,141]. The study observes that
the Optimized 2 mixture requires the lowest water dosage, a phenomenon attributed to
the elevated alkali content in this formulation, synergistically enhanced by both types of
glass powders. The effect of alkali content in rheology was previously explained and has
been widely reported by [75,108,142], whose results underscore the intricate relationship
between material composition and superplasticizer efficacy.

5.5.2. Chloride Penetration

As per Nancy Soliman et al. [40], in the realm of UHPC, the incorporation of recycled
GP introduces a notable enhancement in resistance to chloride-ion penetration. As per
these authors, the dense matrix inherent to UHPC serves as a critical barrier against the
ingress of detrimental materials, effectively sealing the structure and bolstering its dura-
bility. Therefore, Soliman’s findings reveal that UHPC formulations containing recycled
glass powder exhibit remarkably low levels of chloride-ion penetration, with average total
Coulombs passed values of 5.0 and 3.0 at 28 and 91 days, respectively. These findings
align with the “negligible” classification as per ASTM C1202 standards, underscoring the
effectiveness of the dense matrix in mitigating chloride ingress [40]. By comparison, tradi-
tional UHPC formulations subjected to standard heat treatment demonstrate significantly
higher total charge passed values, reaching 18 Coulombs for heat-treated samples and a
staggering 360 Coulombs for untreated samples. Such stark contrasts highlight the superior
chloride-ion penetration resistance offered by UHPC formulations incorporating recycled
glass powder, positioning them as promising candidates for improving the durability and
longevity of concrete structures [40].
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In the same line, Jaramillo-Murcia et al. [58] also compared the two recycled glass
UHPC formulations with the control one but using just standard curing for the specimens.
Their results are represented in Figure 18. Notably, the findings reveal a consistent enhance-
ment in durability across different UHPC mixtures and ages. Initially, discernible differ-
ences are observed among the mixtures, particularly at the seven-day mark, attributable
to variations in packaging density. The Control mixture exhibited Coulombs values of
1161, 80 and 49 at 7, 28 and 90 days, respectively, while Optimized 1 displayed values of
1211, 488 and 75 for the same time intervals. Optimized 2, on the other hand, showed
Coulombs values of 2178, 531 and 90 at 7, 28 and 90 days, respectively. However, as the
glass content matures within the mixtures, these disparities diminish due to the activation
of its pozzolanic properties. Specifically, at 28 days, the penetration of chloride ions for
Control and Optimized 1 dosages is deemed negligible, while that of Optimized 2 dosage
is exceptionally low. Remarkably, at 90 days, all blend outcomes demonstrate negligible
chloride ion penetration, underscoring the exceptional efficacy of the mineral admixtures.
These findings not only corroborate the potential application of the investigated UHPCs
in infrastructure elements facing harsh environmental conditions, such as coastal environ-
ments but also resonate with previous studies conducted on various UHPC dosages by
multiple researchers, including Soliman’s research. The remarkable performance exhibited
by the mineral admixtures further fortifies their suitability for deployment in demanding
construction scenarios [58].
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5.5.3. Initial Surface Absorption

The Initial Surface Absorption Test (ISAT) for concrete assesses the rate at which water
is absorbed by the concrete’s specimen’s surface over a specific duration, providing insights
into its permeability and potential durability. Figures 19 and 20 present the findings of
the ISAT measured during a period of 10 and 30 min respectively, conducted by [12] on
the three UHPC dosages depicted in Table 6 and whose particle packing is presented in
Figure 6. The data reveal consistently low absorption levels across all samples, with a
gradual decline as curing progresses. Notably, there is a marked reduction in absorption
values over time for the Control dosage, suggesting potential densification of the structure,
likely attributed to pore filling [58,82]. The findings from density, absorption and void
testing on hardened concrete support this observation. Figure 19 indicates that the use of
recycled glass and limestone powders as a partial cement replacement yields comparable
initial absorption rates, as evidenced at the 10-min interval. Similarly, Figure 20 depicts data
for the initial absorption rate at 30 min and across all test ages. Analysis indicates a direct
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correlation between exposure duration and water absorption, with prolonged exposure
resulting in decreased absorption due to surface pore saturation. Further examination
reveals the most notable discrepancy between the control dosage and optimized dosages
at 7 days of age, with diminishing disparities as curing time progresses. This suggests a
gradual convergence in performance as the curing duration extends [58,82].
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In accordance with the Brithishstandard [143], concrete exhibiting absorption rates
under 0.25 mL/m2s for ISAT-10 and 0.17 mL/m2s for ISAT-30 is defined as low-absorption
concrete. As depicted in Figures 19 and 20, the recorded values across all dosages and
ages significantly surpass these thresholds. This discrepancy highlights the enhanced
microstructure of all UHPC formulations considered [12].

5.5.4. Freeze-Thaw Performance

Freeze-thaw performance represents the ability of a material to withstand the adverse
effects of repeated cycles of freezing and thawing. In the context of construction materials,
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such as UHPC, resistance to freezing and thawing is a key feature to ensure durability and
structural integrity over time, especially in regions with cold climates or subject to extreme
seasonal changes [112,144]. A recent study, based on ASTM C 666 specification, evaluated
the freeze-thaw resistance of UHPC modified with glass particles [40]. In that research, a
portion of the cement was replaced by glass particles in the mixture, resulting in a refined
microstructure that enhanced its resistance to the freeze-thaw cycle. During 1000 cycles
of freezing and thawing, the recycled glass added UHPC showed no significant signs of
deterioration, suggesting excellent freeze-thaw performance [40].

Moreover, the resistance to freeze-thaw cycles, evaluated as per ASTM C666 standard,
the aforementioned study put forward a mean dynamic MoE of 101% after 1000 cycles
for glass UHPC, with no sign of jeopardizing or cracking at the end of the experiment. In
comparison, minimal degradation was observed in traditional UHPC after 600 to 800 cycles,
while the relative dynamic modulus decreased to 90% after 1000 freeze-thaw cycles [40].

5.5.5. Alkali-Silica Reaction Resistance

When GP is utilized as a cementitious agent, as in the case of glass powder, it does not
represent a hazard of ASR expansion in the UHPC, as the pozzolanic action of the glass
is activated before the ASR [54,85,145]. The situation could change when recycled glass
is used as a substitute for sand, with particle diameters greater than when it is used as
cementitious material [91]. In a research conducted by Redondo-Mosquera et al. [49] 100%
of the sand was replaced by GS with an average diameter of particles of 300 µm in a UHPC
with a w/b less than 0.2. Three mixtures were designed with different amounts of SF (from
100 to 210 kg/m3) to evaluate the ASR expansion according to ASTM C 1260 [146]. With
an amount of 100 kg/m3 of SF the volume expansion of the UHPC was 0.28%, which is
higher than the 0.1% recommended in ASTM C 1260, however when using 155 kg/m3

and 210 kg/m3 of SF the results are satisfactory (less than 0.1%). The trend shown in
Figure 21 indicated that at such a high glass replacement level it is appropriate to add
mineral admixtures with high pozzolanic reactivity to the UHPC in order to mitigate the
ASR expansion. The latter is in concordance with what was exposed in [65]. Consistent
results were reported for a UHPC with w/cm of 0.189 designed with glass (d50: 275 mm)
used as a sand replacement. The UHPC volume expansion was no more than 0.05% [69].
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Figure 21. Rapid ASR expansion test of UHPC [49,69]. UHPC 50 (SF-223): 50% sand replacement
and 223 kg/m3 of SF; UHPC 100 (SF-210): 100% sand replacement and 210 kg/m3 of SF; UHPC
100 (SF-155): 100% sand replacement and 155 kg/m3 of SF; UHPC 100 (SF-100): 100% sand replace-
ment and 100 kg/m3 of SF.

5.5.6. Resistance to Mechanical Abrasion

Measuring mechanical abrasion resistance is particularly useful for evaluating the
durability of materials used in buildings, like concrete, masonry and cementitious prod-
ucts [40,147]. It helps assess how well these materials can withstand abrasive forces encoun-
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tered in real-world conditions, such as foot traffic, vehicular traffic and other mechanical
actions. Soliman et al. analyzed the influence of GP on UHPC’s mechanical abrasion [1,40].
According to the ASTM C944 standard, this resistance is determined by the relative volume
loss index [148]. In the case of waste glass–UHPC under study, this index was measured
at 1.35 mm after 28 days of standard curing. In comparison, for conventional UHPC, this
index varied between 1.1 and 1.7 mm. It is important to note that the maximum specified
threshold in ASTM C944 is 3.0 mm [40].

5.5.7. Drying Shrinkage

The study presented by [96] delved into the impact of limestone and milled glass
powders on UHPC drying shrinkage, by considering the three dosages depicted in Table 6
and Figure 6, with and without fiber reinforcement. As previously stated, three different
dosages were examined: two with partial substitution of cement and SF, and one serving as
a reference without any substitution [47,59]. By integrating 2% (vol.) of steel microfiber into
these three UHPC dosages, fiber-reinforced UHPC samples were successfully produced.
Figure 22 depicts the findings of the tests conducted in the aforementioned research. In that
figure, 2%Control corresponds to the Control dosage depicted in Table 6 reinforced with
2% of fiber OL 13/0.2, and 2%Optimzed 1 and 2%Optimized 2 represented the same fiber
reinforcement for Optimized 1 and Optimized 2, respectively. The study demonstrated
that the inclusion of limestone and GP enhances the rheological characteristics of concrete,
thereby reducing dependence on chemical admixtures and enhancing cost-effectiveness.
Thereby, as per this study’s findings, partial substitution of cement and SF had been found
to effectively mitigate drying shrinkage in both UHPC and UHPFRC compared to Control
dosage [96]. The reported experimentation also revealed that incorporating microfibers into
reinforcement and adjusting cement and SF proportions significantly reduced UHPC drying
shrinkage by up to 40% compared to the Control UHPC formulation. The addition of 2%
straight steel fibers led to notable reductions in Control dosage shrinkage, with reductions
of 10.8%, 18.1%, 12.1% and 12.2% observed at 5, 15, 20 and 25 days, respectively [96].
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Figure 22. Reported drying shrinkage of UHPC formulations depicted in Table 6 with and without
2% volume fiber reinforcement [96].

Significantly, findings also depicted that the incorporation of a substantial volume
of fibers into the mix of limestone and GP powders (i.e., into Optimized 1 or Optimized
2) resulted in considerable shrinkage reductions of 40.4%, 28.3%, 25.0% and 18.1% at
the same ages [96]. Similar results in the same orders of magnitude were reported
by PP when analyzing mixtures with and without UHPC fibers with recycled glass
and calcium carbonate. Similar results in the same orders of magnitude were reported
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by [12,47,59] when analyzing mixtures with and without UHPC fibers with recycled glass
and calcium carbonate.

5.5.8. Resistance to Deicing Salt Scaling

The resistance to deicing salt scaling is a critical factor for assessing concrete durability,
especially in structures subjected to saltwater or in which de-icing salts are used, like
pavements and bridge decks. In the study conducted by [1,40], this resistance was evaluated
on a UHPC mixture proportion that utilized recycled glass powder for total substitution of
quartz powder. The UHPC formulation is put forward in Table 10.

Table 10. Glass UHPC formulation reported by [40] in kg/m3.

Cement SF Glass Powder Quartz Sand PVA Fiber Water

549 204 403 888 32.5 224

The test was conducted by measuring mass loss on the concrete surface after 56 freeze-
thaw cycles, resulting in a scaled mass of approximately 12 g/m2, which compares favorably
with the ASTM C672 specified limit of 1000 g/m2. This measured value falls within the
range reported in the literature for traditional UHPC, which varies from 8 to 60 g/m2 after
28 to 50 freeze-thaw cycles. As per the authors, these results suggested excellent durability
of the concrete evaluated in this study under freeze-thaw cycle exposure conditions, which
is promising for its application in structures exposed to marine environments or subject to
de-icing salt usage [1,40].

6. Impact of Recycled Glass Inclusion on the Life Cycle Assessment of UHPC

Life Cycle Assessment (LCA) is a pivotal methodology employed to comprehensively
assess the environmental impact of a product, material or technology by considering its
entire life cycle—from raw material extraction to manufacturing, application and disposal.
When it comes to UHPC incorporating alternative mineral admixtures, such as recycled
glass, LCA serves as a robust tool to quantify and analyze the environmental implications of
this innovative construction material [41,52,94]. The LCA analysis considers various stages
in the life cycle of UHPC, including the extraction and transportation of raw materials,
the manufacturing process, construction and end-of-life scenarios. This holistic approach
allows researchers and practitioners to assess the overall environmental footprint, providing
insights into potential environmental benefits and areas for improvement [94]. Key aspects
taken into account during the LCA analysis include [41,52,94]:

1. Raw Material Extraction and Transportation: Examining the environmental impact
associated with the extraction of raw materials such as cement, recycled glass and
other supplementary materials, as well as the energy-intensive transportation of these
materials to the production site.

2. Manufacturing Process: Assessing the environmental consequences of the UHPC
production process, including energy consumption, emissions and waste generation.
This stage is critical for understanding the influence of incorporating recycled glass
on factors like carbon footprint and energy efficiency.

3. Construction Phase: Considering the environmental impact during the construction
phase, which includes transportation of UHPC to the construction site, energy use
during placement and potential implications for construction-related activities.

4. Service Life: Evaluating the durability and performance of UHPC over its service life,
as these factors can significantly influence the overall environmental sustainability of
the material.

5. End-of-Life Scenarios: Investigating the environmental implications of various end-
of-life scenarios, such as recycling, reuse or disposal in landfills. This aspect is
particularly relevant for assessing the potential environmental benefits of recycling
glass in UHPC compared to conventional end-of-life options.
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Therefore, the LCA analysis provides a quantitative and systematic approach to un-
derstanding the environmental trade-offs associated with UHPC incorporating recycled
glass. By considering these various stages in the life cycle, researchers can identify opportu-
nities for optimization and innovation, ultimately contributing to the development of more
sustainable construction materials and practices [41,52,94]. In this sense, a comprehensive
study conducted by Tagnit-Hamou et al. [52] demonstrated the noteworthy environmental
benefits of incorporating recycled glass into concrete, including those of normal, high and
ultra-high strength, compared to conventional end-of-life scenarios such as landfilling.
In addition, Abellan-García and colleagues have analyzed the carbon footprint of UHPC
dosages which incorporates other mineral admixtures such as LP and RHA in addition to
glass powder [47,59,94].

Figure 23 synthesizes the findings from various research works that analyzed the use
of alternative mineral admixtures for lowering the carbon footprint of the cement-based
material, focusing on the use of waste glass, along with several typical UHPC dosages with
higher dosages of cement in their composition. This way, Figure 23 presents a compre-
hensive view of UHPC dosages, showcasing their coordinates of compressive strength in
MPa and their corresponding CO2-equivalent emissions. Notably, the increase in CS of
analyzed UHPCs corresponded to higher embedded CO2 emissions and environmental im-
pact. However, as Figure 23 depicts, the compressive strength reached by the UHPC which
utilizes waste glass in their composition as alternative SCM outperforms the compressive
strength of those with other alternative mineral admixtures, such as LP, GGBFS and FA,
for the same range of embedded CO2 emissions. The reason behind the latter has been
reported to lie in the optimized particle-packing model, coupled with cement replacement
by waste glass, which emerged as a strategic approach to achieve both ‘greener’ concrete
and higher mechanical properties [24,52,63,117]. This design strategy not only reduces CO2
emissions but also facilitates the reuse of glass, minimizing the need for landfilling and
conserving natural resources [50].

Sustainability 2024, 16, x FOR PEER REVIEW  34  of  43 
 

 

Symbol  Reference  Symbol  Reference  Symbol  Reference  Symbol  Reference  Symbol  Reference 

  Herold et 

al., 2004, 
    Schmidt 

et al., 2003 
  Abellán  et 

al., 2023 
  Urbonas 

et al., 2013 
  Graybeal, 

2005 

  Corinaldesi

et al, 2012 
  Oliver  et

al., 1997 
  Soliman  et 

al., 2016 
  Soliman et 

al., 2016 
  Soliman et 

al., 2016 

  Soliman et 

al., 2016 
 Soliman et

al., 2016 
 Soliman  et 

al., 2016 
 Abellán  et 

al., 2023b 
 Abellán  et 

al., 2023 

  Abellán et 

al., 2023c 
 Abellán  et

al., 2023c 
 Yang  et  al., 

2009   
 Yu  et  al., 

2015 
 Yu  et  al., 

2015 

  Yu et al., 

2015 
 Randl  et

al., 2014 
 Randl et al., 

2014 
     

Figure 23. Correlation between the amount of embedded CO2 emissions in kg/m3 and the UHPC’s 

CS in MPa for different formulations [41,47,59,94,130,149–156].   

7. Cost Implications 

Over the past decade, considerable data have been acquired on UHPC developments 

and uses, which has demonstrated that despite its superior qualities, the higher produc-

tion cost of UHPC—largely due to increased cement, quartz powder and silica fume re-

quirements—is among the causes that have limited its widespread adoption in the con-

struction sector [157]. Therefore, substituting typical UHPC-making ingredients, such as 

QP, SF, cement and even quartz sand, with ground waste glass has the potential to sub-

stantially reduce the expenses associated with traditional UHPC formulations [76,77]. In 

addition, due to the chemical features depicted in Table 3, the low water absorption (see 

Table 4) and the lack of porosity of milled waste glass particles, the utilization of GP and 

GS allows for reducing the necessary amount of HRWR [47,59,82], which has a significant 

positive impact on the final cost of UHPC [12]. Moreover, the utilization of locally availa-

ble WG for UHPC manufacturing has the added advantage of reducing material transpor-

tation expenses [41]. 

To illustrate, as per studies conducted in Canada by [41] the cost of quartz powder 

exceeds  that of GP by  threefold. For  its part,  research carried out  in Colombia by  [12] 

found that the cost of recycled glass powder after the milling process was about half the 

price of cement and a tenth of the price of quartz powder. For its part, the cost of glass 

sand was also reported to be half of that of UHPC typical quartz sand [50]. Moreover, as 

per [12], the utilization of waste glass and limestone powders as alternative mineral ad-

mixtures in Optimized 1 and 2 UHPC formulations (see Table 6) represents a decrease in 

the final prize of about 40% with respect to the Control dosage. 

Furthermore, beyond the direct cost savings, incorporating waste glass into UHPC 

has several  indirect economic benefits. For  instance,  the reduction  in cement and silica 

100

120

140

160

180

200

300 400 500 600 700 800 900

U
H

P
C

’s
co

m
pr

es
si

ve
st

re
ng

th
(M

P
a)

Embedded CO2 Emissions (kg/m3)

Waste glass UHPC

Typical UHPCWaste glass UHPC with LP, RHA

UHPC with LP, GGBFS, FA

Figure 23. Correlation between the amount of embedded CO2 emissions in kg/m3 and the UHPC’s
CS in MPa for different formulations [41,47,59,94,130,149–156].

159



Sustainability 2024, 16, 5077

7. Cost Implications

Over the past decade, considerable data have been acquired on UHPC developments
and uses, which has demonstrated that despite its superior qualities, the higher produc-
tion cost of UHPC—largely due to increased cement, quartz powder and silica fume
requirements—is among the causes that have limited its widespread adoption in the con-
struction sector [157]. Therefore, substituting typical UHPC-making ingredients, such
as QP, SF, cement and even quartz sand, with ground waste glass has the potential to
substantially reduce the expenses associated with traditional UHPC formulations [76,77].
In addition, due to the chemical features depicted in Table 3, the low water absorption (see
Table 4) and the lack of porosity of milled waste glass particles, the utilization of GP and
GS allows for reducing the necessary amount of HRWR [47,59,82], which has a significant
positive impact on the final cost of UHPC [12]. Moreover, the utilization of locally available
WG for UHPC manufacturing has the added advantage of reducing material transportation
expenses [41].

To illustrate, as per studies conducted in Canada by [41] the cost of quartz powder
exceeds that of GP by threefold. For its part, research carried out in Colombia by [12] found
that the cost of recycled glass powder after the milling process was about half the price of
cement and a tenth of the price of quartz powder. For its part, the cost of glass sand was
also reported to be half of that of UHPC typical quartz sand [50]. Moreover, as per [12],
the utilization of waste glass and limestone powders as alternative mineral admixtures in
Optimized 1 and 2 UHPC formulations (see Table 6) represents a decrease in the final prize
of about 40% with respect to the Control dosage.

Furthermore, beyond the direct cost savings, incorporating waste glass into UHPC has
several indirect economic benefits. For instance, the reduction in cement and silica fume
content not only lowers material costs but also reduces mixing times [12,47,59,82], thereby
decreasing the overall cost of mixing in plant-recycled-glass–UHPC compared to typical
UHPC formulations. This efficiency can further drive down production costs [157].

For its part, the high processing costs, as well as the energy implications of UHPC, are
partly due to the extensive use of cement, which functions as an expensive filler [157]. A
more effective method of enhancing strength involves improving binder phase packing using
cement substitute materials and fine fillers, rather than simply increasing cement content.
Recent methodologies for designing economical and efficient UHPC binders incorporate
recycled glass achieving high microstructural packing and desirable rheology for flowable
concrete, which could lessen the pouring process and formwork costs [47,75,157].

In any case, practical applications of UHPC reveal that its higher initial costs can be
offset by savings in construction supplies, labor, transportation expenses and reduced use
of lifting and moving equipment on construction sites. The smaller quantity of concrete
required, reduced reinforcement, less formwork and improved floor space utilization
due to thinner sections all contribute to lowering overall costs [41,157]. In this sense,
the properties both in the fresh state, as well as mechanical and durability reported in the
present review study, as well as the real case study in Section 8 of this document, support the
idea that waste glass–UHPC follows the trend described above. This way, the reduction in
material costs depicted before can make UHPC more competitive compared to conventional
concretes, potentially expanding its market reach. Moreover, the environmental benefits of
using recycled materials such as waste glass could be a hook for attracting projects with
sustainability goals and enhancing the marketability of UHPC products.

8. Case Study of a Field Application

The waste glass–UHPC has not only remained in laboratory tests. In addition, real-field
applications have been reported. Among them, the construction of two similar footbridges,
replacing the University of Sherbrooke campus’s damaged wooden structures, stands out.
The bridge utilized the recycled glass UHPC formulation depicted in Table 10, which was
manufactured in the University of Sherbrooke’s laboratory [40]. More information about the
waste glass–UHPC formulation and mixing procedure can be found in the references [1,40,52].
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As per reference [40], the construction of the two pedestrian bridges met the university’s
architectural and structural requirements for pedestrian applications, as well as aligned
with its sustainability policy. The waste glass–UHPC’s mechanical properties facilitated the
creation of spans with minimal cross-sections, with each bridge weighing approximately
four tons. In addition, the concrete exhibited remarkable workability and rheological
properties [1]. This may be attributed to GP’s particles’ completely non-absorbent nature
and the meticulously optimized packing density across the concrete matrix [75]. Moreover,
the extensive investigation of this material boasted robustness, exceptional abrasion and
impact resistance [1,40,52]. The bridge exhibits the following properties: the arch slab has a
length of 4.91 m, a width of 2.5 m and a thickness of 0.075 m. It is supported by longitudinal
ribs of different heights and a uniform width of 0.13 m [1]. The mid-height of the arch slab
was reinforced with welded-wire reinforcement (M10 at 300 mm in both directions), and
the bottom of each rib was strengthened with a single M20 reinforcing bar [1].

9. Conclusions

After a careful and deep review of 157 documents from the scientific literature, this
paper discusses the advantages and disadvantages of using milled WG in the form of GP
and/or GS in the manufacture of UHPC mixes, based on past and present research. The
following conclusions are drawn:

1. Environmental and Economic Benefits: Using WG in UHPC helps preserve the en-
vironment and reduces costs by substituting traditional materials such as cement,
silica fume, quartz powder and quartz sand. Incorporating waste glass and limestone
powders in UHPC formulations substantially lowers production costs, with savings
of up to 40% compared to traditional formulations.

2. Supplementary Cementitious Material: Due to its high silicon oxide content and amor-
phous nature, GP, when properly milled, effectively acts as a supplementary cementitious
material, enhancing the formation of C-S-H and improving UHPC properties.

3. Enhanced Hydration Kinetics: The inclusion of GP improves hydration kinetics,
reduces heat of hydration and mitigates microcrack formation.

4. Compressive Strength: Substituting up to 25% of cement with GP can enhance com-
pressive strength through pozzolanic reactions. However, cement replacement ratios
over 30% may reduce it.

5. Material Efficiency: The incorporation of GP allows for significant reductions in
cement and silica fume content (up to 30% and 50%, respectively), while maintaining
critical compressive strength thresholds above 150 MPa and achieving strengths
exceeding 200 MPa in some formulations.

6. Synergistic Effects with Limestone Powder: The combined use of GP and limestone
powder improves rheology, reduces superplasticizer demand and lowers water-to-
binder ratios, enhancing both mechanical properties and sustainability.

7. Early Strength Development: The utilization of glass and limestone powder, along
with FC3R and MK, shows promising advancements in early strength development.
Through the synergy between glass and limestone, the negative effect on the rheology
of the aluminum silicates in these components can be mitigated.

8. Fiber-reinforced UHPC mechanical Performance: Waste glass–UHPC exhibits bend-
ing and direct tensile performances comparable to traditional UHPC with similar
fiber reinforcement.

9. Durability: The inclusion of milled GP in UHPC has been thoroughly analyzed,
focusing on properties such as voids in hardened concrete, chloride penetration,
initial surface absorption, freeze-thaw performance, alkali-silica reaction resistance,
mechanical abrasion resistance, drying shrinkage and resistance to deicing salt scaling.
While the addition of GP generally produces favorable results, slightly lower than
traditional UHPC without recycled glass, it demonstrates superior performance in
specific areas such as freeze-thaw resilience and drying shrinkage.
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10. Environmental Impact: Incorporating GP into UHPC formulations offers significant
environmental benefits, as evidenced by life cycle analysis studies. Revised studies
have shown that UHPC incorporating recycled glass exhibits lower carbon footprints
compared to conventional end-of-life scenarios like landfilling, contributing to sus-
tainability in construction. Furthermore, research indicates that UHPC formulations
with GP achieve higher compressive strengths at lower CO2 emissions, in comparison
with other supplementary cementitious materials.

11. Scalable Application: The successful use of WG in UHPC for constructing the foot-
bridge at the University of Sherbrooke demonstrates its potential for scalable and
practical applications.

10. Future Research Directions

Further research is essential to explore the long-term performance and durability of
UHPC incorporating various types and proportions of waste glass under diverse environ-
mental conditions. Investigating the impact of glass particle size distribution on UHPC
properties and the combined effects of waste glass with other supplementary materials
could further enhance UHPC’s performance and sustainability. Large-scale field applica-
tions and pilot projects are necessary to validate laboratory findings and assess practical
implications. Expanded life cycle analyses and cost-benefit studies across different scenar-
ios and locations will provide a comprehensive understanding of the benefits. Additionally,
innovative recycling techniques and advanced processing methods for waste glass should
be explored to improve its quality and performance in UHPC formulations.
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Abstract: Properly disposal of industrial waste is a recurring issue due to its large volume and
environmental impact. In turn, civil construction has shown itself to be a potential consumer of waste
and can contribute to expanding the circular economy. Clay matrix materials have been a focus of
interest for absorbing waste, with the possibility of varying their aesthetics, depending on the waste,
as an exposed clay brick. Therefore, it is necessary to understand the research and technological trends
on the topic to truly meet the demands of the market and society, in an innovative and sustainable
way. To this end, a bibliometric review was carried out considering articles published in journals
and an analysis of patent trends was carried out. The use of industrial waste was considerably
influential in the growth of research on clay bricks. However, while the scientific community focuses
on understanding the impact of industrial waste on clay brick properties, inventors focus on processes
and methods for synthesizing clay particles associated with contaminants. The existence of gaps to
be explored was identified, such as the aesthetic evaluation of clay bricks. The need to further study
the properties of bricks made with waste, optimizing production processes and evaluating the life
cycle of these materials are some of the challenges for future research.

Keywords: industrial waste; clay; exposed bricks; review

1. Introduction

The incorporation of waste into the construction supply chain is aligned with environ-
mental sustainability. It promotes the reduction in consumption of natural raw materials,
allows the recycling and reuse of waste and ensures its proper disposal [1–5]. Some addi-
tional benefits are the commercial valorization of discarded materials, reduction in energy
expenditure in transformation processes, reduction in the volume of materials sent to
landfill areas and compensation for the imbalance in local sustainability [1,2,6].

The generation of solid waste is understood as a serious problem in the modern
world. A study conducted by the United Nations Environment Program (UNEP) and
the International Solid Waste Association (ISWA) in 2024 highlights the need to increase
waste management capacity for both public and private entities. This study presents
data on municipal solid waste generation, in addition to the amount of uncontrolled or
unmanaged waste for the year 2020. Control, in this context, is associated with appropriate
waste disposal.

South America had a controlled waste generation rate of approximately 100,000 thou-
sand tons/year. Uncontrolled generation was estimated at 75,000 thousand tons/year.
North America, with greater economic power and a higher level of industrialization, has a
controlled waste generation rate of about 310,000 thousand tons/year. No data are available
regarding waste without management processes. Oceania, with its main representatives
Australia and New Zealand, has the lowest waste generation rates. The rate of managed
waste is less than 50 thousand tons/year [7].

Sustainability 2024, 16, 11274. https://doi.org/10.3390/su162411274 https://www.mdpi.com/journal/sustainability169



Sustainability 2024, 16, 11274

Regarding waste quantification in Brazil, data mainly originates from business associ-
ations, the National Sanitation Information System (SNIS), and the National Solid Waste
Management Information System (SINIR) established by the National Solid Waste Policy,
linked to the federal government. The SNIS and SINIR databases do not use the concept
of waste generation, but rather per capita collected mass for the urban population, which
includes the amount collected through selective collection by all executing agents (public
agents, private agents, waste pickers’ associations or cooperatives, and other executing
agents). However, the use of the term “generation” is not entirely inaccurate, since Brazil
has a high waste collection rate (98.8%).

It is estimated that waste collection in 2019, in Brazil, reached an annual amount of
65.11 million tons, equivalent to 178.4 thousand tons per day [8,9]. The year 2019 was
chosen due to the complexity of the studies conducted up to that year. It is believed that data
collection and processing in subsequent years were impacted by the COVID-19 pandemic.

Brazil still falls short of its potential for reuse or recycling, according to the data
presented in Table 1. The value of 1.67% corresponds to the Waste Recovery Index or IRR,
quantified by the sum of reused, recycled, and energy recovery waste divided by the total
waste generated in the country. This value exposes the challenges that must be faced in
Brazil regarding this issue [8].

Table 1. Waste recycling index and absolute value of waste recycled in Brazil.

Year IRR % Recycled Waste (Thousand Tons/Year)

2019 1.67 928.96
2018 1.75 923.2
2017 1.70 890.08
2016 1.65 842.5
2015 1.90 1020
2014 1.60 937.28

Source: [8,9].

Specifically, regarding industrial waste, Table 2 presents data on generated/collected
waste, categorized by type of industrial activity and hazardousness to human health and
the environment, available on the SINIR platform. The sectors classified as industrial
mainly encompass waste originating from filter media, scrap metal and slag, scrap/used
tires, fly ash from coal and zinc combustion, sugarcane bagasse, and waste containing
hydrocarbons. Among mining waste, dust and particulate matter, waste contaminated
with hydrocarbons, packaging, gravel, and rock fragments are noteworthy. The column
labeled “Other Activities” encompasses various activities; however, the most frequently
cited waste materials include ash, slag, and boiler dust, wood waste, sludge from urban
effluent treatment, and caustic waste.

Table 2. Mass of industrial waste collected in Brazil.

Type Industry (Thousand Tons) Mining (Thousand Tons) Other Activities (Thousand Tons)

Year Hazardous Non-Hazardous Hazardous Non-Hazardous Hazardous Non-Hazardous

2019 28.60 2200.00 4.00 898.00 99.70 4400.00
2018 16.30 157.00 3.40 366.40 135.30 940.60
2017 26.40 118.00 3.90 24.50 187.10 1100.00
2016 39.50 60.00 3.50 33.20 854.90 2800.00
2015 23.10 2200.00 10.30 12.80 70.30 4100.00
2014 15.80 40.90 44.90 134.00 53.00 3700.00

Source: [8,9].

Civil construction presents itself as a consumer of waste from other industries, con-
tributing to the circular economy. One possibility that has been studied is the use of waste
in the production of ceramic pieces, such as exposed brick, which is widely used in masonry

170



Sustainability 2024, 16, 11274

systems. Exposed brick is a parallelepiped solid piece, made of clay, and obtained by extru-
sion. It is dried and burned under high temperatures to obtain important properties, such
as resistance and durability. Its sides are full of material and can have different finishing
characteristics on both or one of the sides, making it visible without the need for layers of
coating. This brick forms a unique aesthetic expression related to the Brazilian architectural
tradition. Notable examples include the Convent of São Francisco in São Paulo and the
Church of São Francisco de Assis in Belo Horizonte, where the exposed brick is not only a
structural material but also a decorative element [8,9]

Among the various waste materials studied as additions or substitutes for clay raw
materials, those rich in aluminum stand out due to the high recyclability and control of
aluminum-based products in Brazil, and the affinity of aluminum oxides with the clay
mixture. Aluminum industry filter dust was used as a raw material for the manufacture
of clay bricks, at a content of 20% by mass, producing bricks with higher bulk density
and compressive strength, and water absorption similar to reference bricks [10]. An
aluminum-rich sludge, produced from anodizing or surface coating processes, was utilized
for the fabrication of refractory ceramic bodies with high thermal inertia and mechanical
strength [11]. An abundant residue in Brazil that has also been studied as an addition in the
manufacture of ceramic bricks is sugarcane bagasse. Studies show that the mechanical and
physical properties of bricks made with sugarcane bagasse are better than conventional
ones [12].

Therefore, considering the need to conserve traditional construction materials and
expand their possibilities of use, there is an effort to search for alternative raw materials.
Given the different possibilities for incorporating industrial waste into ceramic products,
this study sought to identify the existing gaps on the subject, focusing on the preservation
of the raw material (natural clay), possibilities for reducing energy consumption for pro-
duction and the need to improve the properties of mechanical resistance, water absorption,
porosity, linear shrinkage and aesthetic appearance [6,13]. To this end, a bibliometric review
was carried out on the recycling of waste in the production of exposed bricks, covering
the main patents and published articles. It is expected to contribute to the advances in the
compatibility of clay with mining, petrochemical and sewage treatment industry waste,
due to its importance in the Brazilian scenario [14–16].

2. Materials and Methods

The ProKnow-C (Knowledge Development) method, a systematic approach for prepar-
ing review articles, was used, which aims to ensure the careful selection of data. This
method is structured into four main steps (Figure 1).
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Figure 1. Description of the ProKnow-C method used to prepare the systematic review.

The Scopus database was used to search for scientific articles, while the Lens.org
database was used to search for patents. The keywords used in each database were
different, as indicated by the ProKnow-C method, to obtain as many works related to the
topic as possible (Figure 2). Among the key words, the Boolean operator “AND” was used.
Additionally, the Boolean operators “NOT” or “ANDNOT” were used for the word cement,
aiming to exclude works on bricks with Portland cement.
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Figure 2. Keywords selected to apply the data collection method.

For scientific articles, the period between 2013 and 2023 and the types of publications
(only articles published in journals) were used as filters. Also, Biblioshiny and Bibliometrix
(software package for the R language, version RStudio 4.4.2) were used for analyzing
the data.

Biblioshiny, the graphical interface for the Bibliometrix package in the R language,
offers a comprehensive suite of tools for bibliometric analysis. These tools facilitate complex
analyses of bibliographic data, even for users without extensive R programming exper-
tise. The interactive interface allows for dynamic exploration of results, simplifying data
interpretation and the identification of patterns and trends. The combined use of these
tools enables the extraction of metadata from renowned databases such as Scopus and Web
of Science, the generation of bibliometric indicators including H-indices, co-authorship
networks, and bibliographic coupling, and data visualization through network graphs and
word clouds.

For the global analysis of patents, the tool available on the Lens.org platform was used.
To analyze the most found words in patents, the VOSViewer (2023) tool, version 1.6.20, was
used because the Bibliometrix tool proved to be ineffective in analyzing the data generated
through the Lens.org platform.

Thereby, a robust bibliometric analysis was carried out, highlighting information
regarding the number of publications per year, authors, countries and institutions. Through
a complete reading of reference articles and patents, the main industrial waste and their
interference with the properties of exposed brick were discussed. In this way, it was possible
to identify gaps in studies and topics of greatest interest to society related to exposed bricks.

3. Results and Discussion
3.1. Bibliometric Review Based on Articles Published in Journals

The number of articles on clay bricks with industrial waste showed an increasing trend
between 2017 and 2019, reaching a maximum of 93 publications (Figure 3) in that period.
Between 2019 and 2021 there was again a new interest in the topic with 148 publications.
Since then, a decrease has been observed, with 56 productions recorded in 2023. However,
in recent years the number of publications has effectively grown, which indicates a search
for compatibility between the construction materials industry and the waste generators
and possibilities to validate the recycling of their waste.

The 598 publications were separated into conference articles (7.78%), review articles
(16.68%) and research articles (75.54%). This result shows that there is still space for more
research on clay bricks with industrial waste. It also justifies the focus of this study and of
debates and publications at conferences, fundamental for the dissemination and debate of
the topic.

There was a total of 225 authors who published about incorporating industrial waste
into the composition of clay bricks. The 10 researchers with the most publications are
presented in Figure 4. The author considered first in the volume of publications was
Aeslina Abdul Kadir, with 25 articles. The focus of her research is the different burning
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temperatures of clay bricks with waste in their composition, as well the use of waste with
the presence of heavy metals, bodywork mill sludge and quarry dust.

Sustainability 2025, 17, x FOR PEER REVIEW 5 of 21 
 

 

3. Results and Discussion 
3.1. Bibliometric Review Based on Articles Published in Journals 

The number of articles on clay bricks with industrial waste showed an increasing 
trend between 2017 and 2019, reaching a maximum of 93 publications (Figure 3) in that 
period. Between 2019 and 2021 there was again a new interest in the topic with 148 publi-
cations. Since then, a decrease has been observed, with 56 productions recorded in 2023. 
However, in recent years the number of publications has effectively grown, which indi-
cates a search for compatibility between the construction materials industry and the waste 
generators and possibilities to validate the recycling of their waste. 

 

Figure 3. Scientific production on clay bricks with industrial waste from 2013 to 2023. 

The 598 publications were separated into conference articles (7.78%), review articles 
(16.68%) and research articles (75.54%). This result shows that there is still space for more 
research on clay bricks with industrial waste. It also justifies the focus of this study and of 
debates and publications at conferences, fundamental for the dissemination and debate of 
the topic. 

There was a total of 225 authors who published about incorporating industrial waste 
into the composition of clay bricks. The 10 researchers with the most publications are pre-
sented in Figure 4. The author considered first in the volume of publications was Aeslina 
Abdul Kadir, with 25 articles. The focus of her research is the different burning tempera-
tures of clay bricks with waste in their composition, as well the use of waste with the 
presence of heavy metals, bodywork mill sludge and quarry dust. 

 

Figure 3. Scientific production on clay bricks with industrial waste from 2013 to 2023.

Sustainability 2025, 17, x FOR PEER REVIEW 5 of 21 
 

 

3. Results and Discussion 
3.1. Bibliometric Review Based on Articles Published in Journals 

The number of articles on clay bricks with industrial waste showed an increasing 
trend between 2017 and 2019, reaching a maximum of 93 publications (Figure 3) in that 
period. Between 2019 and 2021 there was again a new interest in the topic with 148 publi-
cations. Since then, a decrease has been observed, with 56 productions recorded in 2023. 
However, in recent years the number of publications has effectively grown, which indi-
cates a search for compatibility between the construction materials industry and the waste 
generators and possibilities to validate the recycling of their waste. 

 

Figure 3. Scientific production on clay bricks with industrial waste from 2013 to 2023. 

The 598 publications were separated into conference articles (7.78%), review articles 
(16.68%) and research articles (75.54%). This result shows that there is still space for more 
research on clay bricks with industrial waste. It also justifies the focus of this study and of 
debates and publications at conferences, fundamental for the dissemination and debate of 
the topic. 

There was a total of 225 authors who published about incorporating industrial waste 
into the composition of clay bricks. The 10 researchers with the most publications are pre-
sented in Figure 4. The author considered first in the volume of publications was Aeslina 
Abdul Kadir, with 25 articles. The focus of her research is the different burning tempera-
tures of clay bricks with waste in their composition, as well the use of waste with the 
presence of heavy metals, bodywork mill sludge and quarry dust. 

 

Figure 4. The 10 authors with the highest number of publications.

In total, 41 countries were identified researching clay bricks, and the 10 countries with
the highest frequency of publications are presented in Table 3.

Table 3. The 10 countries with the highest frequency of publications.

Region Frequency

Brazil 62
Spain 52
India 23

Turkey 19
Chile 16

France 11
Australia 10

Italy 10
USA 10

Greece 9

173



Sustainability 2024, 16, 11274

Brazil is the country with the largest number of studies on the destination and re-
cycling of industrial waste into clay products with a frequency of 62 publications, in
absolute numbers.

Next is Spain, with a frequency of 52 articles, and India with 23. It is understood
that Brazil’s leadership can be associated with the incentives of associations regarding
the disposal of solid waste. Furthermore, the occurrence of landslide flood disasters in
industrial areas of Brazil was considered a reason for implementing waste management
policies [17]. Spain and India follow the same perspective and are countries that seek to
invest and develop innovation and technology aiming at waste management with a great
possibility of reuse [18,19].

The National Solid Waste Policy, enacted in Brazil in 2010, provided a crucial frame-
work for waste management guidelines, facilitating research and technical analyses. Fur-
thermore, Brazil holds a prominent position in research on clay bricks incorporating waste
materials, due to its tradition of self-supporting masonry with solid clay bricks, a legacy
largely influenced by Portuguese colonization. However, the emergence of new products
(different types of blocks and wall systems) has been diminishing the competitiveness
of bricks within the sector. The incorporation of waste materials in bricks emerges as a
promising solution to address this challenge.

By reducing the extraction of raw materials and waste generated in brick production,
companies in the sector can not only mitigate their environmental impacts—a primary
effect of implementing more sustainable practices—but also generate substantial economic
benefits. Optimizing production processes and seeking innovative solutions can result in
secondary impacts such as reduced production costs, new job creation, and the stimulation
of technological innovation, configuring a virtuous cycle of sustainable development.

The 10 institutions, from 212, with the most publications and research development in
clay bricks and the compatibility of industrial waste are presented in Figure 5. Although
Brazil has been identified as the country with the highest frequency of publications (Table 3),
the research on this subject is of interest to a large group spread across the globe. Bartin
University, Tun Hussein University and RMIT University, located in Turkey, Malaysia and
Australia, respectively, are the most relevant in the development of studies on the topic
covered in this article.
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Another important aspect to be analyzed is the choice of journals for publication.
Figure 6 lists the 10 (out of 60) most relevant journals regarding the impact factor, which
considers the number of publications and citations per year. Construction and Building
Materials stand out with the maximum number in the index. Next, there is the Jour-
nal of Cleaner Production, with an impact index of 8, and in third place the Journal of
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Building Engineering, with an index of 6. These are the main journals on the recycling of
industrial waste in construction materials. However, they are seen as multidisciplinary
because they publish research on materials engineering, civil construction, the chemistry
of materials, clean production, waste management and treatment and energy efficiency in
production processes.
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Figure 6. Measurement of the indexing number of the 10 most relevant journals.

The evaluation of keywords was carried out through the visual representation of
the word cloud, where the font size determined the relevance of the topic in the searches
on the database. Among the 50 words mapped and used in Figure 7, it was observed
that the themes with the greatest research relevance are focused on the words bricks,
with 504 repetitions, clay, with 206, ceramic materials, with 113, and recycling, with
99 repetitions. The most relevant properties under study were resistance to variation, with
504 repetitions, water absorption, with 235 and thermal conductivity, with 113.
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The other keywords had a frequency of repetition lower than 113 times, thus having
less relevance and frequency of use in searches. The keywords referring to waste topics,
such as industrial waste, had 68 repetitions in the articles found. Furthermore, words
such as firing temperature, sintering and particle size were also found, however, with
a minimum amount of frequency. In view of this analysis, it is possible to see that the
panorama of studies about the recycling of industrial waste is still a subject in development.
It also showed an increase in consolidated research areas, like clay bricks, and possibilities
to combine industrial waste into ceramic pieces [20,21].

When collecting keywords, it was identified that there was no high frequency of the
words aesthetics and texture. Those are important properties to be studied in exposed
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bricks, since one of the functions of the product is to compose the masonry system and
be exposed in facades, forming the composition and aesthetics. Therefore, this topic is a
knowledge gap for future research.

A thematic map of niches (Figure 8) was developed, addressing themes that are rele-
vant and under development. In the quadrant referring to “basic” themes, the most frequent
themes are about clays, ceramics and energy conservation, as they are underdeveloped due
to their consolidated concepts.
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In the second quadrant are the “motor” themes, which have continuous relevance and
are currently featured in the research and publications found. Considering only clay bricks,
compressive strength and water absorption are words with great relevance in the point
cloud and, according to the studies, there is a search for improvements and enhancement
of these properties. Studies have also been developed on X-ray diffraction (XRD), scanning
electron microscopy (SEM) and particle size, which are fundamental for understanding the
physical and mineralogical characteristics of types of waste, influencing compatibility with
clay matrices.

The topics about chemistry, industrial waste and temperature are seen as “central”
and highly relevant in analysis and discussions. These themes are the ones that are most
underdeveloped. It shows a need to consolidate scientific studies and methodologies to
advance the manufacturing of products, achieving the necessary requirements.

Topics considered “emerging or declining” are presented in the fourth quadrant. It
includes paper, cellulose, materials testing, environmental problems, heavy metals and
industrial waste. There has been a growing number of publications in the last 10 years
about them, which are themes for studies that have emerged (or can still be considered as
emerging); however, there is still low production, and there may be advances.

Considering a general view, research has shown that there is a great interest of the
construction industry in unraveling studies on the characteristics of the types of industry
waste and consolidating methodologies for its application and inclusion in clay matrices.

3.2. Types of Industrial Waste and Their Influence on the Properties of Clay Bricks

Table 4 contains the articles pre-selected by the ProKnow-C method, in which, based
on the author’s interpretation, we sought those that are most closely aligned with the theme
studied and the types of industrial waste most used. This was carried ou by reading the
abstracts and titles. These articles (Table 4) were read in full and in detail. The table was
organized according to the type of waste evaluated, whether there was a need for treatment
for application and what the influence was on the properties of the clay bricks.
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Table 4. Industrial waste and the influence on the properties of clay bricks.

n◦ Waste Preparation Properties Percentage References

1 Marble slurry
residue N.T.S (not specified)

Mass loss; Decrease in compressive
strength; Increase in water absorption;

Reduction in thermal conductivity;
Increase in apparent porosity; larger
open pore size after firing; Irregular

and interconnected pores

5, 10, 15, 20 and
25 wt% [22]

2 Sulfide Mining
Waste

Flotation and
comminution

Lower porosity; lower water
absorption; greater retraction; higher

modulus of elasticity; greater
efflorescence; high arsenic leaching

20 and 40 wt% [16]

3 Fly ash N.T.S

Decrease in compressive and flexural
strength; lower efflorescence; less

mass; higher porosity; higher water
absorption;

5, 10, 15, 20 and
25 wt% [23]

4 Fly ash N.T.S

Decrease in plasticity index; Increase in
compressive strength; lower water
absorption; higher porosity; higher

water absorption

50, 60, 75, 80 wt% [24]

5 Kraft cellulose
pulp residue

Dried to a uniform
weight and then

dissolved in water

Increase in water requirement to confer
plasticity; increase in shrinkage;

increase in apparent porosity; decrease
in density; increase in water absorption;

decrease in compressive strength

0, 2.5, 5 and
10 wt% [25]

6
Electroplating

sludge (10 wt%)
+ Glass residue

The sludge and pulp
were dried at 105 ◦C for
24 h, then the glass was

ground to 74 µm.
Everything was mixed

in powder form
until homogeneity was

obtained

Reduction in open porosity; reduction
in the surface area of the bricks;

increase in compressive
strength; higher density; reduction

in heavy metal leaching

Content of
electroplating

sludge of 10 wt%
and 5, 10 15, 20, 25,

30 wt% of waste
glass powder

[26]

7 Coconut husk Dried in an oven,
ground and classified

Greater mass loss on firing; increase in
porosity; increase in water absorption;

decrease in compressive strength;
decrease in apparent density; decrease

in thermal conductivity; decrease in
shrinkage, decrease in sintering

temperature

0, 10, 20, and
30 wt% [27]

8 Urban sewage
treatment sludge

Anaerobic reactor,
anoxic filter, drum filter,
secondary and tertiary

decanters and
calcium hydroxide

Greater mass loss, decrease in
compressive strength, decrease in
sintering temperature, increase in

porosity, increase in water absorption,
increase in plasticity

15 wt% sludge [28]

9 Contaminated
glass powder N.T.S

Decrease in firing temperature,
decrease in shrinkage, increase in
compressive strength, increase in
thermal conductivity, increase in

density, decrease in porosity, decrease
in water absorption, lower leaching

index

5, 10, 15, 25 wt% [29]
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Table 4. Cont.

n◦ Waste Preparation Properties Percentage References

10 Water treatment
plant sludge

Sieved at 60 mesh,
drying at 70 ◦C for 24 h

Increase in porosity, decrease in
flexural strength, increase in water
absorption, increase in mass loss,

decrease in apparent specific mass

5, 10, 15, 20 and
25 wt% [30]

11 Silica sand

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Decrease in plasticity, decrease in
flexural strength on drying, decrease in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

11 wt% [31]

12 Sawdust

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Increase in plasticity, decrease in
flexural strength on drying, decrease in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

3.7 wt% [31]

13 Bauxite residue

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Decrease in plasticity, increase in
flexural strength on drying, decrease in

shrinkage, increase in thermal
conductivity, increase in flexural

strength, increase in water absorption,
increase in density

3 wt% [31]

14 Dolomitic
limestone

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Increase in plasticity. Decrease in
flexural strength on drying, decrease in

shrinkage, increase in thermal
conductivity, decrease in flexural

strength, decrease in water absorption,
increase in density

25 wt% [31]

15 Paper sludge

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Increase in plasticity, increase in
flexural strength on drying, increase in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

8 wt% [31]

16 Iron scrap

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Decrease in plasticity, increase in
flexural strength on drying, increase in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

15 wt% [31]

17 Coal

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Increase in plasticity, decrease in
flexural strength on drying, decrease in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

8 wt% [31]

18 Olive stone

Drying at 105 ◦C for
24 h, Comminution up
to 1.2 mm, mixed with

water for extrusion

Increase in plasticity, increase in
flexural strength on drying, decrease in

shrinkage, decrease in thermal
conductivity, decrease in flexural

strength, increase in water absorption,
decrease in density

20 wt% [31]
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Table 4. Cont.

n◦ Waste Preparation Properties Percentage References

19 Hausmannite N.T.S

Decrease in water absorption, no
change in drying rate, lower mass loss
in freeze–thaw test, decrease in mass

loss in crystallization test, little change
in porosity: more interconnected pores

15 wt% [32]

20 Industrial
ceramic sludge N.T.S

Greater pore interconnectivity, increase
in water absorption index, increase in

drying rate, Greater mass loss in
freeze–thaw test, Mass gain in salt
crystallization test, little change in

porosity: greater number of open pores

10 wt% [32]

According to Table 4, mining, water and sewage treatment waste, glass, fly ash and
biomaterials were used in the last research. Mining residues are wastes from the industrial
processing of ores and, as they have a composition closer to the raw material used in bricks,
they are the first to be investigated and considered ideal additives. Industrial ceramic waste
is an example of application, as it has a majority composition of aluminum-silicon and has
a chemical composition similar to that of the clay used to manufacture bricks, influencing
the reduction in defects [6].

Researchers [22] studied the marble mud waste, rich in calcite, and observed an
increase in apparent porosity, a larger pore size and irregular and interconnected pores. The
results were influenced by the combustion of calcite that decomposes into CO2, creating
pores in the brick structure and CaO prone to expansion, forming pores. Porosity allows
the brick to be lighter and provides better thermal insulation.

Other identified wastes were silica sand, bauxite residue, dolomitic limestone, iron
scrap and coal [31]. Bricks using silica sand, bauxite residue and iron scrap showed
a decrease in plasticity and a reduction in flexural strength during drying and in the
product. Those with bauxite residue had a higher flexural strength. These wastes influenced
shrinkage positively, reducing the risk of defects; however, the use of scrap residue had the
opposite effect. Bricks with dolomitic limestone and coal achieved plasticity with better
processing conditions and an increase in thermal conductivity proportional to the increase
in density. All samples, except for the one with dolomitic limestone, had an increase in
water absorption.

The incorporation of industrial ceramic sludge waste [28] and waste from the produc-
tion of iron alloys and manganese oxide batteries (hausmannite) [32] was also considered.
The samples with ceramic sludge showed greater pore interconnectivity, resulting in a
higher water absorption rate and better drying rate. The samples with hausmannite had a
decrease in water absorption, while the drying rate remained almost the same.

Water treatment and sewage industries’ sludge is a mixture of organic and mineral
waste, presenting pollution risks for rivers and other bodies of water. The biggest concern
when it comes to incorporating this waste is its toxicity and risk to human and environmen-
tal health. The presence of heavy metals and other metals is considered toxic but during
the burning process, the organic matter combusted and released enough energy to cause
the inclusion of these metals in the crystalline structure of the brick. This combustion
process helped with the energy efficiency of burning, increasing the temperature inside the
brick. Properties such as linear retraction were not influenced, however, water absorption
increased, and compressive strength reduced. The incorporation of water treatment sludge
interfered with the loss of mass during burning [19], influencing the pores and reducing the
density of the material, which caused thermal insulation and the reduction in mechanical
resistance. However, even with the lowest mechanical resistance, the bricks with up to 15%
incorporation of this residue were in accordance with Brazilian safety standards [30].
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Glass waste is considered a flow agent and directly influences the reduction in the
sintering temperature, with the introduction of a liquid phase filling the pores and densify-
ing the brick during firing. Research shows that this material immobilizes heavy metals
through the vitrification process, being able to reduce or eliminate the leaching of these
metals in bricks. The glass was able to fuse, acting as an encapsulation of metallic atoms,
called spinels. Once the glass creates the liquid phase, it fills the pores, increasing density
and mechanical resistance. A study showed that this addition reduced porosity, burning
temperature for sintering, and shrinkage. It also caused an increase in compressive strength
and density, in addition to reducing water absorption and the leaching rate [26–29].

Fly ash, a waste identified among the 50 keywords in the word cloud presented in
Figure 7, comes from the combustion of coal in thermoelectric plants. A study incorporated
50%, 20% and 25% of fly ash in the clay composition and identified different responses
regarding compressive strength [23,24]. However, more studies are still needed to establish
a pattern.

Biomaterials are classified as organic matter wastes and are considered combustible
agents, reducing the energy and temperature required for sintering. Due to the cause of
combustion, it is common to identify the formation of pores and a lower density. The
addition of Kraft cellulose pulp waste [25], in ratios of 2.5%, 5% and 10%, increased the clay
brick porosity. However, the greater the content of the waste, the density, water absorption
and compressive strength were more negatively affected. Another modified property was
plasticity, increasing the need for water in the extrusion process.

The use of coconut shells, and other biomaterials, in clay matrices was evaluated and
there was a greater loss of mass during burning due to the combustion of the material [27].
The result of this is increased porosity, thermal conductivity and water absorption and
lower density and compression resistance. This combustion effect caused internal centers
of high temperature, reducing the sintering temperature. Sawdust waste, paper sludge and
olive pits have also been studied and in all cases, there is an increase in plasticity, porosity
water absorption, and a decrease in thermal conductivity and flexural strength [31].

4. Technological Prospection

The research began with the selection of keywords to be inserted into the database
Lens.org. Table 5 lists the attempts made. The set of words that provided the greatest
number of patents should be the chosen one. However, by reading part of the texts, the
Boolean operator “NOT” was included due to the large number of works that use Portland
cement as a binder, which is not the focus of this study.

Table 5. Key words used to search the database Lens.org.

Key Words Results

Faced Brick AND Exposed AND clay AND industrial waste AND aesthetic
ANDNOT cement 62

Exposed Brick AND clay AND industrial waste AND aesthetic 79
Faced Brick AND clay AND industrial waste NOT cement 435

Exposed Brick AND clay AND industrial waste NOT cement 712
Exposed Brick AND clay AND industrial waste 2211

The word “faced brick” provided a satisfactory number of documents, however, most
patents were related to the production of refractory bricks for the manufacturing industry,
and not for the construction of walls. The final selection was exposed brick AND clay AND
industrial waste NOT cement, totaling 712 patent texts, as listed in Figure 2.

Figure 9 shows the number of patents linked to the topic over the years, together with
the equation obtained from the simple regression analysis.
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The analysis yielded an R2 value of 77.05% with a significance level of 5%. The p-value
for the “year” variable was lower than the significance level (5.213 × 10−15), indicating that
the variable has a significant effect on the number of patents. Despite this, we concluded
that to accurately forecast the number of patents based on the year, a larger dataset should
be analyzed. This is because the residuals exhibited in Figure 9 show a certain trend up to
the year 2000, with greater dispersion observed after that year. The seemingly parabolic
trend suggests that the relationship between the variables may be nonlinear. In other words,
the number of patents does not increase at a constant rate over time, but rather with a
variable growth rate.

There has been a considerable increase since the early 1990s, coinciding with the grow-
ing global interest in the preservation of natural resources and sustainable development. It
is important to mention the ECO-92 event (or Earth Summit), held by the United Nations
Conference on Environment and Development in the city of Rio de Janeiro, in 1992. This
conference is understood as a milestone, helping to consolidate and expand the concept of
“sustainable development”, making it a central part of the international development and
environmental agenda [33]

Comparing the results shown in Figures 3 and 9, it is possible to observe that the
growth patterns of scientific research and technological work are similar after 2013. In
both cases, the production peaks occurred in 2021, during the pandemic. Thereby, the
production of clay bricks incorporating industrial waste has become a topic of interest to
the scientific and technical community, also evidenced by the increase in concessions and
patent applications related to the topic (Table 6). The COVID-19 pandemic has underscored
the urgent need to re-evaluate and modify existing production and consumption models,
prompting a heightened focus on sustainable practices and the exploration of alternative
materials. In this context, the incorporation of industrial waste in brick manufacturing
emerges as a solution with dual benefits: it reduces reliance on natural resources, such
as virgin clay, and contributes to effective waste management, thereby minimizing the
environmental impact of the construction industry.

Figure 10 presents the jurisdiction of the patents identified in this study. American
patents fall under the jurisdiction of the United States Patent and Trademark Office (USPTO),
which guarantees intellectual property rights granted by the U.S. government. These
patents provide protection concerning sale, use, and manufacturing for the domestic market,
as well as importation into the U.S. This protection is time-limited (typically 20 years) in
exchange for public disclosure of the invention upon patent grant [34]. The European Patent
Office (EPO) has enhanced its collaborations with major foreign corporations such as Bosch,
Toyota, Nissan, and Phillips, among others. The EPO’s patent network is a more globalized
and interconnected framework [35]. The World Intellectual Property Organization (WIPO)
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serves as the global forum for services, policies, information, and cooperation in the field of
intellectual property. The WIPO became a specialized agency of the United Nations in 1974.
This entity comprises various sectors responsible for administering numerous international
treaties and ensuring protection for inventions across multiple countries [35].

Table 6. Number of patents granted and patents applications per year.

Year Granted Patent Patent Application

2016 9 19
2017 12 18
2018 11 14
2019 15 27
2020 12 36
2021 15 30
2022 23 42
2023 25 28
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The results presented in Figure 10 differ from those from Table 3. The countries with
the most scientific research on exposed clay bricks with waste are not the ones that develop
the most technology with this material.

The nationality of inventors matches the country that has the most patents (Figure 11).
However, when comparing the data obtained in the survey of articles, there is a difference in
the results. At least part of the top 10 researchers are known to be non-American (Figure 4),
even though the USA is the country with the most patent inventors.

Despite the significant number of American inventors, many patent holders are
Japanese and Canadian entities. These organizations hold exclusive commercialization
rights for these inventions (Figure 12. Number of patents according to the nationality of
the patent holders).

The main corporations holding patents are shown in Figure 13. The different areas in
which the companies operate can also be seen. The patents associated with the keywords
selected are focused on water treatment and the uses of clay materials as thickeners or
rheology modifiers [36]. For example, the company Boral Industries INC., a construction
company, holds a patent that use clay materials to manufacture polyurethane composites
filled with light fillers [37]. However, we also identified patents for different uses than
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listed as those held by the Fluid Energy Group, a Canadian company. Their patents are
related to fine particle technology for different industrial applications [38].
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Regarding the relevance of the study, the citation was also considered as a research
variable. Figure 14 demonstrates the growing interest in this topic over recent decades,
as evidenced by the numerous citations of the documents selected for this study. Patents
classified under section A (Human Needs) are more prevalent. However, this category en-
compasses various purposes. Examples include adsorbent ceramic particles [39]; processes
for the chemical binding of heavy metals from sludge into the silicate structure of clays
and shales for building manufacturing material [40]; a method for forming bricks, tiles,
and similar products by treating clay, shale, or other clay ceramic raw materials containing
pyrite [41]; and a formula for sintered brick with red mud [42].
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Among the most relevant patents in class B are those that propose advancements
in raw material processing, material recovery in effluent and waste treatment, and the
synthesis of new materials. Examples include the composition and manufacturing process
of building bricks and tiles [43], clay fiber filtration tubes containing flocculant wound
on a mandrel [44], linear hearth kiln system and related methods [45], and method for
processing clay ceramic materials [41].

The legal status of the surveyed patents is in Figure 15. It is evident that even patents
filed over 20 years ago remain active, reflecting the ongoing interest of the holders. Notably,
there is a significant number of patents with pending filing confirmations. Specifically,
between 2017 and 2023, there are 121 patents awaiting filing confirmation. Again, a
confirmation of the interest of the industry and the market on the use of waste in exposed
clay bricks.
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The recurring keywords found in the patent abstracts are shown in Figure 16. The
words “embodiment”, “chemical product”, “article”, “mixture” and “coating” highlight the
focus of the patents: the search for optimized processes and compositions. These keywords
are strongly connected. From this central core, connections radiate to more specific areas
of research. For example, the term “mixture” is linked to “catalyst” and “chamber”,
suggesting that the patents explore chemical reactions in controlled environments to create
innovative mixtures.
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The connection between “mixture” and “particle” and “weight” indicates the inves-
tigation of the impact of particle size and proportion on the composition of clays. The
presence of the term “contaminant” connected to “mixture” and “coating” highlights the
concern with the safety and sustainability of the inventions.

The word “contaminant” is most strongly connected to “amount”, “pellets” and
“particle”, which are believed to represent inventions about the synthesis of particles to the
encapsulation of contaminating substances. The pellets produced are then incorporated
into the manufacturing of bricks or other building materials.

It can be observed that the scientific community, regarding the production of clay
bricks, seeks to understand the impact of the incorporation of different types of industrial
waste on the properties of the brick, with emphasis on compressive strength. However, from
the analysis of the selected patents, the inventors focus on the processes of transformation
of clays as a mineral and on the creation of methods that allow the synthesis of clay particles
associated with contaminants [46,47]. For example, the US patent 4882067 [40] discusses
the chemical bonding of heavy metals from sludge in the silicate structure of clays and
shale for the manufacture of construction materials.

5. Conclusions

This study has revealed a diverse range of research over the last decade on the incor-
poration of waste materials in clay bricks, highlighting a growing trend in publications and
patents. This field demonstrates significant potential for promoting sustainability within
the construction industry, driven by increasing interest in waste recycling and reuse.

Analysis of the most cited keywords in scientific articles has shown a focus on the
properties of water absorption, strength, and thermal conductivity of bricks incorporating
waste materials. Various industrial wastes, such as those from mining, water treatment,
glass, and fly ash, have proven promising for this application, significantly impacting brick
properties such as plasticity, shrinkage, and water absorption. However, the impact on these
properties varied according to the waste studied, as shown in Table 2. This is associated
with the variation in the chemical and mineralogical composition of the waste materials.

Patent analysis has revealed trends and opportunities for innovation in the field,
particularly highlighting the use of waste contaminated with pyrite, red mud, and ash from
various sources.

An interesting point identified was the divergence of interests between academia and
industry. While academic research focuses on the influence of waste on brick properties,
the industry seeks to optimize production processes. This divergence points to the need for
greater alignment between research and development, aiming to accelerate innovation and
the application of new technologies.

Finally, the study identified a knowledge gap regarding the aesthetics of bricks in-
corporating waste materials, both in scientific articles and patents. Future research could
explore the impact of sustainability and the use of clean energy on the aesthetics of bricks,
in addition to investigating the life cycle of these materials.
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Abstract: This research work focuses on the recycling of gypsum, a key component of drywall panels
commonly used in construction. It proposes this practice as a technically and economically viable
strategy that also aligns with the circular economy model. In this context, waste loses its status as
refuse and is transformed back into raw material. A technical feasibility analysis was conducted
based on a sample extracted from a specific project, which was subjected to characterization tests and
mechanical behavior assessments in both laboratory and real construction conditions. Additionally,
an economic feasibility analysis was performed by comparing the budgets of the same project in
two scenarios: the traditional plastering process and the use of recycled gypsum. This analysis
highlighted the fiscal and legal benefits that adopting the circular model could offer to stakeholders
in the construction industry. This study began with a market analysis to determine the availability
of recyclable material and to assess the multiple benefits that its reuse can provide. Based on
the characterization of the material obtained from the construction site and the mechanical tests
conducted, the economic advantages were evaluated for contractors as well as for the potential
establishment of companies focused on gypsum recycling. All of this analysis was framed within the
context of sustainability, emphasizing the positive environmental impacts of this practice, as well as
the development of a strategy that serves as a valuable proposal for the construction sector. This work
concludes that recycling gypsum in construction projects represents a technically, environmentally,
and economically sustainable alternative that can positively transform the industry.

Keywords: feasibility analysis; gypsum board recycling; circular economy; construction waste
potential; gypsum characterization; construction strategy

1. Introduction

In recent decades, the concept of a circular economy has gained prominence as a
promising approach to promoting sustainability and the efficient use of resources, chal-
lenging the traditional linear model of “extract, produce, dispose” [1]. Construction, being
one of the sectors with the highest consumption of raw materials and generation of waste,
represents a key area for implementing circular economy practices [2]. The extensive use of
gypsum boards (also known as drywall) in partition systems, flooring, ceilings, and wall
coverings has raised growing concerns about the volumes of waste generated. This waste,
resulting from cutting, damage during handling and dismantling, is often discarded as
common debris, wasting its potential to be recycled and reintegrated into production cycles.
Numerous studies have explored the recycling of gypsum boards, primarily focusing on
the recovery of gypsum through wet separation processes, calcination, and thermal treat-
ments. Although these methods have demonstrated the viability of high-quality recycled
gypsum, they involve additional costs, complexity, and, in some cases, environmental
impacts associated with energy consumption and emissions [3]. Recognizing these limita-
tions, this paper proposes an alternative strategy for the direct recycling of gypsum board
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waste at construction sites, assessing its technical and economic feasibility as a substitute
for conventional gypsum used in the manufacture of stucco and finishes. This approach
avoids complex and costly treatments, facilitating the on-site reuse of generated waste
and aligning with the principles of a circular economy and sustainable construction. In
addition to the potential environmental and economic benefits, the recycling of gypsum
boards helps address the challenges associated with their final disposal, as this waste can
generate pollution problems if not managed properly. In this context, various international
initiatives and regulations have promoted responsible management and recycling of these
construction wastes [4]. This study contributes to this trend by providing a practical and
cost-effective solution for utilizing gypsum board waste, fostering the transition toward a
more circular and sustainable construction industry [5].

2. Materials and Methods

The main objective of the implemented methodological strategy was to transform
gypsum board waste, through mechanical grinding and filtering processes, into recycled
gypsum that met the minimum characteristics required to be used as a substitute for
conventional commercial gypsum in plastering and finishing applications in construction
projects. Once a suitable recycled material was obtained, its properties were thoroughly
studied and its potential for application as finishing plaster was evaluated through a
series of standardized technical tests, comparing it with a reference sample of standard
commercial gypsum widely used in Colombian construction projects for plastering and
finishing processes.

To ensure the representativeness and practical relevance of the study, samples of
gypsum board waste were selected from an ongoing commercial project in the city of
Bogotá, Colombia, where this type of material was being intensively used. In the first stage,
these samples were homogenized through a grinding and filtering process (Figure 1). The
waste material underwent a total of 4 cycles of grinding and sieving in order to achieve
an acceptable degree of fineness, meeting the requirement established by the Colombian
standard [6], which defines a maximum particle size of 600 µm, equivalent to the mesh
opening of the No. 30 sieve in the standard series.
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This initial preparation of the samples was crucial to ensure that the obtained recycled
material met the necessary fineness standards for its use in finishing processes, laying the
groundwork for its subsequent characterization and performance evaluation.

Once a suitable recycled material was obtained, with particles smaller than the size
required for use as stucco plaster, a thorough characterization process was carried out to
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evaluate its physical and mechanical properties. This stage was crucial in determining the
technical feasibility of using recycled gypsum as a substitute for conventional gypsum.

To carry out this characterization, a battery of standardized tests widely recognized in
the construction industry were applied. Table 1 presents a detailed list of the test methods
used, which are based on current international and Colombian technical standards.

Table 1. List of applied characterization tests.

Test Characteristic International Reference
Standards/Colombia

Flow Determination of water-to-gypsum ratio ASTM C230/NTC 111 [7,8]
Purity Chemical analysis ASTM C471M/NTC 5227 [9,10]

Compressive strength Compressive strength ASTM C472/NA [11]
Setting time Setting time ASTM C472/NTC 490 [12]

Density Density ASTM C188/NTC 221 [13,14]

These tests, conducted strictly following the protocols established in the mentioned
standards, allowed for precise and reliable characterization of key aspects of the recycled
material’s behavior, such as its workability, mechanical strength, setting times, and funda-
mental physical properties. The results obtained were compared with those of a reference
sample of standard commercial gypsum, widely used in Colombian construction projects,
in order to evaluate the technical feasibility of recycled gypsum as an effective substitute.

In the first characterization stage, the index properties of both recycled and reference
gypsums were established. Subsequently, the fresh state properties of pastes made with
both materials were determined (Figures 2 and 3). These tests allowed for the evalua-
tion of crucial aspects such as initial and final setting times, as well as consistency and
workability indicators—such as the optimal water/gypsum ratio for mixing—through the
determination of paste fluidity. Additionally, a series of mechanical tests were performed
on the mixtures in the hardened state to characterize fundamental properties such as com-
pressive and tensile strength (Figure 4). These mechanical tests were complemented by
detailed observations made using scanning electron microscopy (SEM), which allowed
for an in-depth analysis of the morphology and microstructure of the materials, provid-
ing valuable information on the interaction between the components of recycled gypsum.
Finally, as a key stage of the methodology, performance tests were carried out in which
both recycled and reference gypsums were applied under real-use conditions (Figure 5).
These tests aimed to evaluate the behavior and durability of the materials when used for
plastering and finishing surfaces, simulating the conditions they would be exposed to in
a construction project. This comprehensive methodology, which combines standardized
characterization tests with performance tests under real conditions and microstructural
analysis, allowed for a deep and reliable understanding of the behavior of recycled gypsum,
laying the foundation for evaluating its technical viability as a substitute for conventional
gypsum in finishing applications in the construction industry.
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3. Results, Discussion, and Analysis
3.1. Testing Phyisical and Mechanical Properties

Table 2 presents a comparative summary of the main parameters resulting from
the characterization process carried out for recycled gypsum and conventional reference
gypsum. One of the fundamental aspects that influenced the behavior of recycled gypsum
was the presence of remaining cardboard particles in the mixture, which could not be
completely removed during the sieving process. This presence of organic matter was
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clearly evidenced in the results of the chemical analysis, which reported values close to
4% for recycled gypsum. While this percentage is well below the 7% that corresponds
to the typical cardboard content in a standard gypsum board [15], it is significant and
reflects that the material used in this study, being homogenized only through grinding and
screening processes, retained an appreciable fraction of cardboard particles smaller than
the meshes used.

Table 2. Summary of characterization results for reference and recycled gypsum.

Parameter Standard Gypsum Standard Recycled

Density (g/cm3) 2.66 2.56
Organic matter (%) 0 3.8
Optimal ratio A/Y 0.5 0.7

Compressive strength (MPa) 7.6 5.2
Tensile strength (MPa) 1.67 0.5

Initial setting time (Min) 3 150
Final setting time (Min) 10 >1000

It is worth noting that this minimal processing approach, avoiding wet separation
methods or thermal treatments commonly applied in recycling plants [16,17], was im-
plemented with the aim of simulating the processing that could be performed on waste
directly at the construction site, facilitating its on-site reuse. The remaining cardboard
particles, composed mainly of cellulose fibers, had a significant impact on the hydration
kinetics of recycled gypsum. This retarding effect of cellulose on gypsum hydration has
been widely documented in previous studies [18–20] and was reflected in the setting times
obtained. While the conventional reference gypsum set in normal times, recycled gypsum
experienced a substantial delay in its initial and final setting times, as observed in the
evolution of the setting process presented in (Figure 6). This phenomenon can be explained
according to the setting stages described [21], where the presence of cellulose fibers delays
the transition between the fluid phase and the moldable phase in which the paste acquires
a plastic consistency. Although these prolonged setting times exceed the limits established
in some regulations [22], recent research has shown that gypsum mixtures with delayed
hydration kinetics can be used in applications requiring greater workability and extended
use times, avoiding the use of retarding additives [23].
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The setting of recycled gypsum with cardboard particles experienced a significant
delay, requiring almost a full day to complete its setting. This behavior is explained by the
retarding effect caused by cellulose from the cardboard, as has been reported in numerous
studies where cellulose pulp has been incorporated to generate composite materials with
gypsum [18–20]. Although these prolonged setting times exceed the maximums allowed
by the current Colombian Technical Standard [6], which establishes a limit of 50 min, it is
important to note that the final state of the stucco with cardboard particles after completing
its setting was acceptable and did not present significant surface effects. This finding
suggests that the recycled material could be used in complex work areas that require longer
utilization times compared to conventional stuccos, providing greater workability without
the need to incorporate additional retarding additives. Regarding mechanical properties,
the test results revealed that the presence of cardboard particles generated a 31.5% reduction
in compressive strength and a 70% reduction in tensile strength, compared to the standard
sample of conventional gypsum. These values, although lower than those of the reference
sample, are in line with those reported in previous studies that have evaluated the effect of
incorporating natural fibers into gypsum mixtures.

For example, Refs. [24,25] have documented similar reductions in compressive strength
when incorporating different types of natural fibers into gypsum, attributing this behavior
to the lack of adequate integration between the fibers and the gypsum matrix, as evidenced
in the scanning electron microscopy observations carried out in the present study. However,
it is important to highlight that, despite these decreases in mechanical properties, the
compressive strength values obtained for recycled gypsum (5.2 MPa) meet the minimum
requirements established by the European standard EN 13279-1 [26] (2 MPa) for construc-
tion gypsums. This result supports the technical feasibility of using recycled material in
plastering and finishing applications, coinciding with the findings of other studies that
have evaluated mixtures of recycled and conventional gypsums.

For example, compressive strength values between 6 and 7 MPa have been reported
for mixtures of conventional and recycled gypsums (70/30 ratio) that were subjected
to thermal processes between 100 and 140 ◦C to remove cardboard. In comparison,
the variation with respect to the recycled gypsum in the present study would be only
13–25%, which is considered favorable given that the recycled material was only subjected
to grinding processes, without additional thermal treatments. It is important to note that,
as in the study by [27], the reference sample of conventional gypsum used in this work did
not meet the compressive strength requirement established by the Colombian standard
(12.4 MPa), adopted from ASTM standards. This fact suggests that national standards
might be excessively strict compared to international requirements, such as those of
European regulations.

3.2. Performance Test

In order to comprehensively and objectively evaluate the performance of recycled
gypsum under real-use conditions, extensive application and on-site tests were carried out.
These tests were conducted in both indoor and outdoor environments (Figure 7), preparing
the mixtures with the optimal dosage previously determined in the characterization tests.

The main purpose of these tests was to evaluate the final appearance of the stucco made
with recycled gypsum and to monitor any changes in appearance that might occur when
varying the grinding process and, consequently the fineness of the material. Additionally,
the aim was to analyze possible changes in the properties of the stucco over time and its
response to wetting and drying processes. To this end, stucco samples were prepared using
recycled gypsum subjected to 1, 2, and 3 grinding cycles and were exposed to the outdoor
environment for an extended period of 55 days. During this time, periodic and detailed
monitoring was carried out, evaluated through visual inspection of any changes in surface
texture or alterations in the color of the stucco.

These observations were complemented with an objective analysis of colorimetric
variations using advanced digital image analysis techniques. Following the methodology
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defined by [28], Def-Lab-Geo-Imagen software GEO5 2022 [29] was applied to compare the
average colors of the samples in different color spaces (CIELa*b and RGB) before and after
the exposure period. Additionally, Euclidean distances between initial and final chromatic
values were calculated, using a threshold of 2 units established by [30] as an indication that
two materials or bodies present the same color.
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The results obtained, both from visual evaluations and image analysis, led to the
conclusion that the stucco made with recycled gypsum exhibited excellent stability and
durability over time (Figure 8). No significant changes were observed in surface appear-
ance, texture, or color, regardless of the degree of grinding of the recycled material used.
Even after prolonged exposure to the elements, the stucco did not show any detachment,
alterations, or loss of consistency.
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Additionally, to evaluate the material’s resistance to extreme conditions, two stucco
samples were subjected to multiple wetting and drying cycles. These tests simulated
exposure to sudden changes in humidity, such as those that could occur in real construction
conditions due to environmental factors or cleaning processes. Again, the recycled gypsum
demonstrated optimal behavior, without presenting significant changes in its appearance
or surface properties.

These results support the practical viability of using recycled gypsum in plastering and
finishing applications, demonstrating its ability to maintain its integrity and appearance
even under adverse conditions. The stability and durability exhibited by the recycled
material are consistent with the findings reported by [31] in their technical feasibility
analysis of gypsum board recycling, reinforcing the promising potential of this circular
economy-based strategy in the construction industry.

3.3. Observation of Morphology and Microstructure

In order to gain a deep understanding of the microstructure and organization of
recycled gypsum, as well as the distribution and interaction of remaining cardboard fibers
with the present gypsum crystals and their agglomeration levels, detailed observations were
carried out using scanning electron microscopy (SEM). These observations were conducted
at the facilities of the Geosciences Laboratories at the National University of Colombia.
Figure 9 shows a representative micrograph of a recycled gypsum sample obtained through
SEM. In it, agglomerated particles with different crystalline morphologies can be observed.
Needle-like or prismatic shapes predominate and are characteristic of dehydrated gypsum
crystals (CaSO4·2H2O), the main mineralogical component of gypsum. Additionally,
crystals with a spherical morphology can be distinguished in smaller proportions, which
could indicate the presence of other mineralogical phases or compounds formed during
the gypsum hydration process. These observations align with the results reported by other
researchers who have studied the microstructure of recycled gypsum mixtures [16,32].
A key aspect evident in the micrographs is the presence of fibers dispersed among the
crystalline agglomerations. These fibers correspond to cardboard particles that could
not be completely removed during the screening process and were incorporated into the
recycled gypsum matrix. Although these cellulose fibers are heterogeneously distributed
in the microstructure, no significant integration or embedding of gypsum crystals into
them is observed. This phenomenon could explain, at least in part, the observed decrease
in the mechanical properties of recycled gypsum compared to conventional gypsum, as
discussed earlier.
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On the other hand, the lack of adequate adhesion and interaction between the card-
board fibers and the gypsum matrix could be due to the hydrophilic nature of cellulose,
which hinders the formation of strong bonds with gypsum crystals during the hydration
process. This behavior has been previously documented in studies that have analyzed
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the incorporation of natural fibers into gypsum matrices [24,25]. These microstructural
observations provide valuable information about the mechanisms underlying the observed
macroscopic behavior in recycled gypsum and will serve as a basis for future research
aimed at optimizing the integration of cardboard fibers into the gypsum matrix, in order
to improve mechanical properties without compromising workability and setting times.
Figure 10 shows a detail of the gypsum crystal agglomerations around the cellulose fibers
from the cardboard present in the recycled gypsum board waste. It can be observed that
there is no appreciable embedding of gypsum crystals into the cellulose fibers.
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4. Discussion on Circular Economy

In addition to the above, the life cycle analysis of gypsum board supports the technical
feasibility of its direct recycling in construction projects, while highlighting the inherent
advantages of the circular economy. By avoiding complex and costly treatments for gypsum
recovery, this approach significantly reduces the environmental impacts associated with raw
material extraction and the production of new materials. Furthermore, by reincorporating
gypsum board waste into productive cycles, waste generation is minimized and a more
efficient use of resources is promoted, contributing to sustainability throughout the entire
value chain of this construction material.

The life cycle analysis of gypsum board, or drywall, spans from raw material extraction
to the recycling of waste generated on-site. The production of virgin gypsum, the main
component of these boards, leads to high CO2 emissions due to the use of fossil fuels.
However, recycling allows for a 49.8% reduction in greenhouse gas emissions compared to
production from primary sources, as well as decreasing energy consumption and depletion
of natural resources.

In the same context, among the environmental benefits of recycling gypsum board,
a reduction of up to 50% in electricity consumption stands out, as more is used for the
production of the original material. Additionally, it promotes the development of ecological
awareness, encouraging responsible environmental behaviors from construction companies
and contractors. Furthermore, from a slightly broader perspective, using recycled material
generates Certified Emission Reductions (CERs), which are units of reduction in greenhouse
gas (GHG) emissions resulting from Clean Development Mechanism (CDM) projects. These
reductions are expressed in metric tons of carbon dioxide equivalent (tCO2e), and in the case
study featured in this research, we found a reduction of 7.2525277 × 10−5 tCO2 eq/t (CERs)
in the global warming category and 0.001372033271 tCO2 eq/t (CERs) in the non-renewable
energy category. The characterization results were obtained using SimaPro 8.3.0 software [33].
See Table 3.

Now, from an economic standpoint, and considering that this factor is of great im-
portance for builders when making decisions, recycling gypsum board becomes a viable
and sustainable alternative to its final disposal in landfills or dumps, while avoiding costly
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disposal fees. Additionally, there is potential to generate new income by commercializing
recovered materials to produce new construction products.

Table 3. Characterization results for natural gypsum.

Impact Category Unit Total

Global warming Kg CO2. Eq/Kg 0.072525277
Non-renewable energy M J primaria/Kg 1.372033271

In the same vein, and seeking to incentivize Colombian contracting companies in
this activity, in the business context, the adoption of recycling practices not only boosts
corporate image by reflecting a commitment to sustainability but also positively influences
the loyalty and satisfaction of consumers aware of these causes.

On the other hand, regarding material consumption, it is estimated that approximately
100 million tons of construction materials are used nationally. Of this amount, about
91.5 million tons (equivalent to 91%) are used in the construction of buildings, housing,
and civil works in the country. The remaining 2% is destined for export as construction
products, while the remaining 7%, equivalent to 7.4 million tons, is considered debris
resulting from construction works (Government of the Republic of Colombia, 2019) [34].
Moreover, specific regulations promote the recycling of materials, and complying with
these regulations is not only an environmental responsibility but also a smart strategy to
avoid fines and penalties, ultimately having a direct and positive effect on the finances of
companies in the sector.

In this context, the proposal to recycle gypsum board in the construction industry
strategically aligns with the principles of the circular economy promoted by the Colombian
government through various initiatives such as the National Circular Economy Strategy
2018–2022, which sought continuous resource valorization, closing material cycles, and
above all, the adoption of new, more efficient and sustainable business models; Resolution
1407 of 2018, which sought to regulate environmental waste management, assigning re-
sponsibilities to producers; or CONPES 3874 of 2016 [35], which established the National
Policy for Integrated Solid Waste Management 2016–2030.

The construction project that served as a case study for this research is located in the
city of Bogotá, Colombia. To document the economic benefit, the official budget of the
contractor in charge of the activity was worked on, and only the items representing the use
of both gypsum board and stucco were impacted, showing that the savings make up only
1% of the total direct cost value of the project when implementing the recycling strategy.
However, this work was carried out experimentally without contemplating truly efficient
logistics. Furthermore, there are not many studies that focus on the empirical analysis of this
type of strategy, and therefore, there was no frame of reference or comparison. Nevertheless,
it was also evident that the behavior of several companies in obtaining a typology of
implementation of these practices is a gradual process that begins with the implementation
of recycling and material reuse measures to continue with minimizing energy consumption
and redesigning products (in this case, substituting stucco for gypsum). Only after this
process will it be possible to analyze the economic benefits in their full dimension.

5. Conclusions

The on-site application tests conducted over nearly two months with stucco made
from recycled gypsum containing around 4% cardboard particles demonstrated that this
material is stable over time and does not easily deteriorate. There were no changes in its
surface finish, with no detachment or alterations, maintaining its consistency even when
exposed to the elements.

The setting of recycled gypsum with cardboard particles is much slower than conven-
tional gypsum, taking almost a full day to complete setting. This is due to the retarding
effect caused by the cellulose present in the cardboard. Although the setting times exceed
the maximum allowed by Colombian regulations, the final state of the cardboard-containing
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stucco after setting is acceptable. This slower setting could allow the use of recycled gyp-
sum in work areas that require longer usage times than conventional stuccos, providing
greater workability and avoiding the use of retarding additives.

Microstructure observations suggest that the hydrophilic nature of cellulose fibers may
affect the adhesion between the fibers and the matrix composed of dehydrated gypsum crys-
tals (gypsita), resulting in poor phase integration. This could explain the reduction in the
mechanical properties of recycled gypsum compared to mixtures made with conventional
gypsum without cellulose fibers.
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Abstract: Textile-reinforced concrete (TRC) is a composite made with bi-directional non-metallic
fabric embedded in a fine-grained cementitious matrix. When engineered appropriately, these
composites can reduce material usage for the desired performance, resulting in slimmer sections and
enhanced material efficiency, which in turn lowers the CO2 footprint. To facilitate the widespread
application of TRC in practice, it is crucial to comprehend the material and structural behavior of
these composites, which can pave the way toward an optimized design methodology. In this paper,
the tensile response of TRC is studied with different textile geometries, volume fractions and matrix
strengths. The influence of the coating impregnation on the effectiveness of the textile to enhance
the response of the composite is discussed, with complementing evidence from microstructural
observations. The results of tests with different textile configurations indicate a transition in the
type of stress–strain response from tri-linear to bi-linear, beyond a certain effective volume fraction.
The paper also presents a simplified model to predict the bi-linear response from the efficiency
factor-based approach. The insights gained can assist in achieving composite designs with optimized
sections and limited tensile stress cracking, ensuring the targeted performance in slender elements.

Keywords: textile-reinforced concrete; tensile response; textile coating; fracture; toughening

1. Introduction

The most sustainable options in construction, in terms of reducing the carbon footprint,
involve the choice of the right structural system, minimization of the element dimensions
(for lower raw material consumption) and increasing the durability (for more efficient
exploitation of resources). Textile-reinforced concrete (TRC) presents a unique advantage
in this regard, enabling the construction of lightweight, durable and modular structural
elements, while eliminating the risk of curtailed service life due to corrosion [1]. Com-
prising bi-directional non-metallic fabric embedded in a fine-grained cementitious matrix,
TRC exhibits high tensile strength, proving to be a viable solution for both the construction
of slender elements and the retrofitting of existing structures [1–3]. This innovative com-
bination of the concepts of mesh reinforcement with fiber-reinforced concrete effectively
addresses the limitations of durability and crack width control in both of those systems [4].

TRC provides an environmentally sustainable option by substantially reducing con-
crete usage [4,5], thereby reducing the impacts associated with conventional reinforced
concrete, including a reduction in the use of materials like portland cement and steel. The
non-corrosive reinforcement (i.e., glass or carbon) in TRC contributes to its durability, which
enhances sustainability. Overall, such aspects lead to a significant decrease in embodied
emissions and energy, raw material consumption and waste generation [6].

Most applications of TRC have been in thin-walled tensile and flexural members.
However, with a better understanding of its response, the rational design of more complex
TRC elements is becoming a reality. Substantial work in this area has been reported in
many state-of-the-art reports [1–4], and the results are encouraging with respect to the
performance of these composites in terms of limiting crack propagation during failure and
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enhancing tensile strength and strain capacity. The response of TRC is, however, influenced
by several factors, such as the material characteristics and geometric parameters of the
reinforcement, and its volume fraction. High-moduli, high-strength fabrics, such as those
of carbon, glass and aramid, impart high strength and toughness to the composite [7,8],
and are consequently more desirable as reinforcement.

The tensile stress–strain response of TRC composites is conventionally represented by
three distinct zones [9,10]. The initial phase—Zone I—pertaining to the linear response, is
governed by the stiffness of the matrix, until first cracking. Due to the relatively low fiber
volume fractions, the contribution of the textile to the overall stiffness of the composite
is negligible in this zone. After the first crack, a further increase in load leads to the
development of multiple cracks, which manifests as a nonlinear zone of the tensile response
(Zone II). A significant drop in stiffness is observed in this zone, with its extent and number
of cracks being dependent on the amount of reinforcement, the textile geometry, and the
bond between the textile and matrix [11–15]. Often, cracking is observed to occur at almost
constant or decreasing stress. The next phase (i.e., Zone III) of the stress–strain response is
of the strain-hardening type, with a practically linear response, governed by the properties
of the reinforcement. In this stage, all the load is carried by the textile yarns, and the
existing cracks widen until the fabric, bridging one of the cracks, ruptures. The final failure
could also be accompanied by the pullout of the yarns, depending on the geometry of the
composite element [16,17]. In some cases, the response is practically bi-linear, with the
absence of a distinct Zone II, yielding higher load-carrying capacity at the same strain,
when compared with a composite with a tri-linear response.

The nature of the individual fibers that make up each yarn, the coating material [18–20]
and the level of impregnation [21] are crucial for the micro-mechanics of the composite,
especially in terms of the stress distribution at the matrix–fabric interface. The interaction
between the inner and outer fibers of yarns determines if their response in the composite is
monolithic or telescopic [21,22]. A fully impregnated fabric behaves more monolithically,
with uniform stress distribution across the yarn, whereas partial impregnation results in
higher stresses in the exterior fibers causing a reduction in the ultimate tensile capacity
of the composite due to telescopic failure. Stiffer coating materials, such as epoxy, are
observed to impart better uniformity of the stress distribution in the yarn, and therefore,
yield higher tensile strength, in comparison to softer styrene–butadiene rubber (SBR) or
acrylic-based coated systems [19,23,24]. Furthermore, the durability and aging of fibers
within the cementitious system can also alter the final behavior of the composite [25–27].

The matrix composition and the specimen geometry can significantly influence the
response of TRC composites [11,16,28]. Using a matrix with lower strength can reduce the
bond between the textile and the matrix, resulting in potential failure due to fiber pullout
or slippage [23,29,30]. The incorporation of short fibers can improve the bond, especially
when utilizing low-strength mixtures [31,32].

It should also be noted that the experimental procedure used for characterizing the
tensile response of the composite can influence the type of failure. Earlier research predom-
inantly endorsed rotating end conditions during uniaxial tensile testing of TRC [11,33,34].
However, more recent studies apply partially clamped boundary conditions, where the
grips mitigate textile slippage, curbing pullout failure [14,21,35]. However, reports indicate
that the end conditions are especially important for uncoated textiles, compared to those
that are partially or fully impregnated [36,37], or for specimens that are warped or have
misaligned reinforcement [38].

Several approaches for the prediction of the overall response of TRC can be seen in
the literature. Two early analytical models were the ACK model [39] and the Cuypers
model [40], both of which are based on the tri-linear model for the stress–strain behavior,
with the initial response based on the method of mixtures and the final strain-hardening
zone based only on the textile response. The difference between the two models lies in the
second phase, where the ACK model considers multiple cracking at constant stress levels
while the Cuypers model contemplates crack formation at progressively increasing stress
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based on the Weibull distribution. However, several studies indicate that these models may
not always represent the true behavior of TRC [41,42]. A more recent analytical approach
is based on the global stiffness governed by cracking behavior and stress drops at each
crack [43]. Another model accounts for the bond-lag behavior between the core and sleeve
filaments to obtain the composite response [21]. Even though both these approaches can
predict the TRC behavior with reasonable accuracy, the input parameters for the modeling
require complex experimental procedures. The present study attempts to complement the
more sophisticated models by developing a simplified methodology for representing the
tensile response of TRC based on efficiency factors.

An important aspect of the design of TRC for sustainability is the decision on the
number of layers of reinforcement or volume fraction for a given matrix, to provide the
desired load-carrying capacity for an allowable strain with the least element thickness.
Despite earlier research, there is a deficit in the understanding of the tensile behavior of
TRC when considering varying textile configurations and reinforcement ratios, which is
critical for an optimized design approach for achieving better sustainability. Accordingly,
an objective of this paper is to propose a criterion for choosing the minimum number
of layers that result in the highest load-carrying capacity at a given strain. This concept
is illustrated here with several types of textiles embedded in two different cementitious
matrices, by analyzing the composite tensile behavior.

2. Materials Used
2.1. Textiles

Six types of bi-directional woven glass fiber textiles were used in the study (see Table 1
for the geometry and characteristics). The architecture and weaving patterns of the different
textiles (denoted F1 to F6) are shown in Figure 1. Textile F2 is an alkali-resistant (AR) glass
textile, with zirconium, and the others are E-glass textiles with alkali-resistant coatings.
Fourier transform infrared spectroscopy (FTIR) analysis indicates that the coatings on the
F1, F3, F4, F5, and F6 textiles contain styrene–butadiene, and that F2 is coated with an
acrylic-based product. The textiles have different mesh opening sizes, yarn densities, and
tensile strength. In the current study, testing and analysis focus solely on the weft direction
(the widthwise orientation that is strongest for the selected fabrics). The cross-sectional area
of the textile yarn was calculated from the TEX value provided by the manufacturer and
verified by weighing the fibers after removing the coating by thermal treatment. The tensile
strength of the single yarn, in each case, was determined as per ASTM D6637/D6637M-15
(Test Method A) [44].

Table 1. Properties of the textiles used.

Textile Coating Material a Opening Size c

[mm ×mm]

Mass per Unit
Textile Area with

the Coating c [g/m2]

Nominal Cross-Section
Area of a Single Weft

Yarn b [mm2]

Measured Weft
Yarn Tensile

Strength [MPa]

F1 SBR 8.5 × 6.5 267 0.79 1168 ± 103
F2 Acrylic 25.0 × 25.0 180 0.92 1040 ± 102
F3 SBR 15.7 × 10.1 280 0.92 1144 ± 133
F4 SBR 8.0 × 8.0 178 0.31 1367 ± 86
F5 SBR 9.0 × 10.0 118 0.31 1393 ± 76
F6 SBR 4.0 × 4.5 117 0.13 1483 ± 12

a From FTIR analysis; SBR: styrene–butadiene rubber. b Calculated based on the TEX value provided by the
manufacturer. c Details provided by the manufacturers.
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Figure 1. Types of textiles used in the study.

2.2. Cementitious Matrices

The matrix used for TRC is required to possess high flowability for adequate pene-
tration between layers of textile in thin elements. In view of this, two self-consolidating
matrices were developed with a relatively high binder content. A polycarboxylate-based
superplasticizer was used to obtain the desired rheology. The matrix M1 had a water–
binder ratio of 0.4 and a moderate compressive strength of 60.2 ± 2.7 MPa while the
higher-strength mix M2 had a water–binder ratio of 0.24 and a compressive strength of
104.1 ± 4.2 MPa. The binder for both mixes was a blend of ordinary portland cement,
ASTM Class F fly ash and silica fume. A hydroxypropyl methylcellulose-based viscosity
modifying agent (VMA) was used in mix M2 for better stability. The maximum size of
aggregates was limited to about 1 mm to facilitate uniform penetration of the matrix be-
tween the textile layers. The mix proportions and the mechanical properties of the mixes
are given in Table 2. The compression tests were conducted in accordance with IS 4031 on
70.6 mm cube specimens. The flexural test was carried out as per ASTM C348 standards,
with specimens of 40 × 40 × 160 mm dimensions. The matrix tensile strength was derived
from the uniaxial test following the RILEM TC 232-TDT (2016) guidelines [33]. All samples
were tested after 28 days of curing in a mist room, at a temperature of 25 ± 2 ◦C.

Table 2. Mix proportions and mechanical properties (mean ± standard deviation) of the fine-grained
concrete.

Materials/Properties Mix M1 Mix M2

Cement (kg/m3) 583 674
Fly ash (kg/m3) 208 114
Silica fume (kg/m3) 42 79
Quartz sand, 0.2–1.1 mm (kg/m3) 595 1037
Quartz powder, 20–160 µm (kg/m3) 357 207
Water/binder 0.40 0.24
PCE superplasticizer (% solids/binder by weight) 0.15 1.30
VMA (% solids/binder by weight of binder) - 0.08
28-day cube compressive strength (MPa) 60.2 ± 2.7 104.1 ± 4.2
28-day flexural strength (MPa) 7.2 ± 0.1 11.8 ± 0.2
28-day tensile strength (MPa) 3.9 ± 0.2 5.8 ± 0.3
Modulus of elasticity (GPa) 27.1 ± 1.8 34.6 ± 1.7

204



Sustainability 2023, 15, 14502

3. Experimental Programme
3.1. Specimen Preparation

All the specimens, of 500 mm length and 60 mm width, were molded as per the
geometry specified by RILEM TC 232-TDT (2016); see Figure 2. The thickness was kept
at 10.0 mm, except for the five-layer configurations of F2 and F3 textiles for which it was
increased to 11.2 mm. The specimens were cast in steel molds with screw-down end plates.
The textiles were positioned horizontally in layers with steel spacers at the edges, and the
matrix mix was poured into the mold. Five specimens were cast for each configuration and
maintained at room temperature (about 25 ◦C) for 24 h, after which they were demolded,
and cured in a mist room at 25 ± 2 ◦C for 28 days. The nomenclature of the specimens
presented in the study is T-FM-nL: where T indicates the tensile test, F—the textile type
(i.e., F1 to F6), M—matrix used (i.e., M1 or M2) and nL—number of layers (i.e., 1 to 5).
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3.2. Experimental Setup

The uniaxial tensile tests (Figure 2) were carried out in a servo-controlled electrome-
chanical system with a 50 kN load cell, as shown in Figure 2b. Aluminum end plates of
2 mm thickness with rectangular geometry were glued to the gripping zone to avoid local
crushing at the supports during testing, and screw grips were used to mount the specimens
on the machine. The tests were performed at a constant displacement rate of 0.8 mm/min.
A combination of signals from video and strain gauge-based axial extensometers was used
to obtain the displacement of the specimen. The axial extensometer was used to measure
the strain in the composite until the first crack, and the video extensometer, measuring the
relative displacement over a 200 mm gauge length, was used for the remaining portion
of the curve. This method was adopted to mitigate the influence of the noise in the video
extensometer signal at the low displacement range. It is to be noted that though some crack-
ing occurred outside the gauge length, the strains calculated were consistent. Specimens
exhibiting failure in the end zone or clamping area were discarded from the analysis.

4. Results and Discussions

In all the cases, the stress values were obtained by dividing the measured load by the
gross cross-sectional area of the composite. The stress corresponding to the first crack was
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identified from the first drop in the initial linear portion of the stress–strain response, after
which there was a sudden change in the slope.

4.1. Effect of Textile Geometry on Stress-Response and Crack Formation

The textiles F1 and F2 are both leno woven but have different geometries and reinforce-
ment ratios (see Table 1). The typical stress–strain responses of the composites with one to
four layers of textile F1 and one to five layers with textile F2 in the matrix M1 are shown in
Figure 3, and the average stress and strain values are reported in Table 3. In these cases, the
specimens exhibited distributed cracking, with the number of cracks increasing with the
reinforcement ratio and the crack widths consequently reducing. For lower reinforcement
ratios, such as in F1M1-1L and -2L, and F2M1-1L and -2L, the ultimate rupture occurred
near the mid-length of the specimen. However, for higher reinforcement ratios, the failure
occurred in the vicinity of the endplates. Visual examination revealed that the first crack
occurs near the fill yarns, possibly due to weakening of the cross-section at these locations,
especially for high fill yarn volume fraction or fill yarns with larger cross-sections. However,
at higher reinforcement ratios, additional cracks form between the fill yarns.
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Figure 3. Typical stress–strain responses of M1 matrix reinforced with different layers of (a) F1 and
(b) F2 textiles.

As observed from Figure 3, specimens F1M1-1L and F2M1-1L with single layers
of reinforcement showed strain-softening behavior, without multiple cracking. With an
increase in reinforcement ratio, the composite response changes to the strain-hardening
type with multiple cracking. The tensile response of specimens F1M1-2L and F2M1-2L with
two layers of textile did not have any distinct crack stabilization phase whereas specimens
F1M1-3L, F2M1-3L and F2M1-4L exhibit typical tri-linear behavior with multiple cracking
under almost constant stress, followed by the widening of the cracks under increasing
stress. However, a few new cracks were observed to form in some of the specimens during
the strain-hardening regime. Further increase in reinforcement (i.e., in specimens F1M1-4L
and F2M1-5L) leads to a transition in the nature of the stress–strain response from tri-linear
to bi-linear, with multiple cracking occurring as the stress increases. It is evident that
composites with bi-linear response exhibit much better load-carrying capacities at the same
strains when compared to those with tri-linear behavior.

Considering the stress and strain values given in Table 3, it is seen that the ultimate
strains are higher for lower reinforcement ratios and that an increase in the reinforcement
ratio leads to higher stiffness in the strain hardening regime, as expected, with a reduction
in the ultimate strain of the composite.
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Table 3. Parameters of tensile response of the composites.

Specimen
First Peak Intermediate Stress at Different Strains Ultimate Peak Number of

Cracks

Stress Strain 0.2% 0.4% 0.8% 1.2% Stress Strain

F1M1-1L 3.38 ± 0.51 0.013 ± 0.0014 3.73 ± 0.21 3.47 ± 0.73 1.75 ± 0.78 - 4.08 ± 0.23 0.31 ± 0.11 1

F1M1-2L 3.4 ± 0.65 0.0126 ± 0.0015 3.66 ± 0.37 3.89 ± 0.47 5.49 ± 0.41 6.46 ± 0.44 6.84 ± 0.36 1.33 ± 0.15 7

F1M1-3L 4.03 ± 0.75 0.0164 ± 0.0052 5.092 ± 0.60 6.704 ± 0.45 10.12 ± 0.44 - 11.37 ± 0.44 1.10 ± 0.041 10

F1M1-4L 5.15 ± 0.41 0.0198 ± 0.0026 7.84 ± 0.24 10.51 ± 0.77 15.31 ± 0.25 - 15.80 ± 0.36 0.91 ± 0.054 15

F2M1-1L 3.11 ± 0.62 0.0114 ± 0.0025 2.8 ± 0.30 2.5 ± 0.76 1.37 ± 1.30 - 3.14 ± 0.30 0.63 ± 0.23 1

F2M1-2L 3.86 ± 0.426 0.0142 ± 0.003 3.67 ± 0.34 4.42 ± 0.4 4.88 ± 1.00 3.98 ± 1.6 5.62 ± 0.9 0.99 ± 0.22 7

F2M1-3L 3.51 ± 0.26 0.0126 ± 0.0005 4.17 ± 0.66 4.47 ± 0.53 6.02 ± 0.13 7.96 ± 0.15 8.45 ± 0.10 1.40 ± 0.10 7

F2M1-4L 4.05 ± 0.20 0.0142 ± 0.0014 4.53 ± 0.28 5.78 ± 0.55 9.04 ± 1.02 11.99 ± 0.90 12.26 ± 0.91 1.26 ± 0.04 10

F2M1-5L 4.39 ± 0.28 0.0165 ± 0.002 6.24 ± 0.5 9.56 ± 0.86 14.67 ± 0.47 - 15.13 ± 0.54 1.09 ± 0.03 15

F3M1-4L 3.83 ± 0.37 0.013 ± 0.002 4.02 ± 0.43 6.03 ± 0.36 10.53 ± 0.42 12.21 ± 0.86 12.58 ± 1.03 1.23 ± 0.13 13

F3M1-5L 4.32 ± 0.52 0.016 ± 0.006 6.83 ± 0.38 9.43 ± 0.92 15.32 ± 1.12 - 16.63 ± 0.86 1.06 ± 0.09 17

F4M1-4L 3.32 ± 0.61 0.0118 ± 0.0025 3.52 ± 0.36 3.88 ± 0.73 5.43 ± 1.30 - 7.35 ± 0.35 1.13 ± 0.048 9

F4M1-5L 3.46 ± 0.43 0.0124 ± 0.0018 3.72 ± 0.24 4.13 ± 0.23 6.96 ± 0.83 - 9.34 ± 0.56 1.15 ± 0.032 13

F1M2-3L 5.62 ± 0.45 0.016 ± 0.0012 5.96 ± 0.52 7.68 ± 1.01 10.54 ± 1.31 - 11.13 ± 0.76 0.816 ± 0.016 10

F1M2-4L 5.67 ± 0.38 0.0168 ± 0.0026 7.67 ± 0.24 10.56 ± 0.77 - - 15.32 ± 0.36 0.789 ± 0.034 14

F2M2-4L 5.23 ± 0.23 0.0152 ± 0.0018 5.82 ± 0.27 6.96 ± 0.32 11.56 ± 52 - 11.63 ± 0.36 0.802 ± 0.05

F2M2-5L 5.63 ± 0.34 0.0171 ± 0.002 8.93 ± 0.42 11.32 ± 0.86 - - 15.03 ± 0.54 0.74 ± 0.02 15

F3M1-4L 5.33 ± 0.42 0.016 ± 0.003 5.86 ± 0.46 7.56 ± 0.58 - - 11.03 ± 1.03 0.89 ± 0.16 11

F3M2-5L 5.16 ± 0.18 0.015 ± 0.003 7.96 ± 0.36 10.86 ± 0.75 15.83 ± 1.36 - 16.13 ± 1.43 0.88 ± 0.12 16

The effect of concrete strength on the stress–strain response of the composites can be
studied by comparing the responses of specimens with the F1 and F2 textiles in the M1
(60 MPa) and M2 (104 MPa) matrices. It is seen from the typical curves shown in Figure 4
and the data in Table 3 that the first-crack strength of the composite was 30–55% higher for
the M2 mix in comparison to the M1 mix and the ultimate strain was lower, as expected.
However, the number of cracks was observed to be in the same range for both matrices,
which indicates that the textile characteristics govern the spacing of the cracks. Evidently,
the composites with the M2 matrix also exhibit a transition in the response from softening
to tri-linear to bi-linear.

In general, the first-crack stress is observed to be marginally less for a TRC composite
with a low reinforcement ratio than that of plain mortar. This could be attributed to
the reduction of the cross-section near the fill yarns. However, with an increase in the
reinforcement ratio, the first-crack stress is found to be in the same range or higher for the
composite in comparison to that of the mortar. Further, it is seen that the first-crack stress
increases with reinforcement ratio in closely spaced textile configurations. For example,
F1M1-4L exhibits 51% higher first-crack stress than the composite with the two-layer
configuration of the same textile (F1M1-2L). However, the first-crack response seems to
be strongly influenced by the textile geometry, as observed in the cases of textiles F2 and
F3 with yarn spacing 25 mm and 16.5 mm, respectively, where there is no significant
enhancement in the first-crack stress even with 5 layers of textiles.

To further explore the influence of the textile geometry on the first-crack stress, tests
were performed with two textiles F5 and F6 having a similar reinforcement ratio but
different yarn spacing. Textile F5 had a relatively larger opening size of 9.0 × 10.0 mm and
F6 had an opening size of 4.0 × 4.05 mm. The typical stress–strain responses of F5TM1-4L
and F6TM1-4L are shown in Figure 5; it is observed that the first-crack load with 4 layers
of F6 textiles was 40% higher than that observed with 4 layers of F5 textiles. The reason
for the higher first-crack stress with the textiles of closer yarn spacing can be attributed to
more effective arresting of the microcracks, thereby avoiding interconnected cracking and
a drop in the strength of the composite.
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Figure 4. Typical stress–strain responses of specimens with M2 (104 MPa) matrix and different layers
of (a) F1 and (b) F2 textiles.
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4.2. Efficiency Factor

The relation between the nominal stress in the textile in the composite at failure and
the tensile strength of the yarn is often expressed as the efficiency of the textile in terms of a
factor, which can be defined as

k = Fct/(Vt × ftt) (1)

where Vt is the volume fraction of the textile in the direction of tensile loading, and Fct is
the tensile capacity of the composite and ftt is the tensile strength of the textile used. The
efficiency factor depends on the uniformity of the stress distribution between the outer
(sleeve) and the inner (core) fibers of a yarn (Figure 6). Since the outer fibers are bonded to
the cementitious matrix and the inner fibers are free to slip, the crack bridging generates
tensile stresses mostly in the sleeve fibers, and when these rupture, the inner fibers are
progressively stressed until the ultimate collapse of the composite. Therefore, the efficiency
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of reinforcement by the textile yarns in the composite is largely dependent on the relative
amounts of sleeve and core fibers in the yarn.
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Figure 6. Graphical representation of the core and sleeve fibers in concrete matrix.

The efficiency factors obtained for the different configurations (of textile and matrix)
tested here are shown in Figure 7, in terms of average values. It is evident that the values
fall in two ranges indicated by the dashed lines. For the SBR-coated textiles, the efficiency
factor has an average value of 0.45 ± 0.038, and for the acrylic-coated textiles, it is observed
to be 0.62 ± 0.020. This implies that only about 45% and 62% of the strength, respectively,
are effectively reached in these textiles when the composite ruptures.

An important reason for the difference in the efficiencies of the two types of textile
coatings appears to be the uniformity of the coating material on the yarn. The scanning
electron microscope (SEM) images in Figure 8 show the cross-section of the yarns of the
F1 (Figure 8a), F2 (in Figure 8b), F3 (in Figure 8c) and F4 (in Figure 8d) textile. It should
be noted that F2, F3 and F4 have SBR coating, and F2 has an acrylic-based coating. A
closer examination of the cross-section of F1 (Figure 8a) reveals loosely held interior fibers
surrounded by sleeve fibers, suggesting the occurrence of slip between the core and sleeve,
and within the core itself. This is reflected by the lower efficiency factors, with F1 having
the lowest average efficiency factor of 0.42. Textile F2 (Figure 1) has two yarns per roving
in the weft direction, and the SEM image of one of the yarns, in Figure 8b, shows an evenly
distributed coating with good penetration of the acrylic-based material through the yarn
cross-section. Consequently, there is proper adhesion between the interior and exterior
fibers and an average efficiency factor of 0.62. Textile F3 (Figure 8c) is seen to have a thicker
surface coating with low penetration of coating material into the interior in comparison
with F2, though better than F1. The larger cross-section of the textile yarn, the elongated
shape and the thick coating result in a hollow central core, with the average efficiency factor
for F3 textiles being only 0.47. The efficiency factor for F4 (Figure 8d) textiles is marginally
higher than the F1 textiles, which can be attributed to the thinner rovings. Similarly, the
efficiency factor for F1 textiles with larger cross-sections is 0.42 whereas composites with
the textile F6 with the smallest cross-sectional area have an efficiency factor of 0.47. This
is due to the reduction of the sleeve-to-core ratio with an increase in the cross-sectional
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area. Therefore, it can be generalized that the efficiency factor is influenced by the coating
material, the uniformity of the coating and the cross-sectional area of the yarn.
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Figure 7. Efficiency factor for the different configurations.
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5. Transition in Tensile Response from Tri-Linear to Bi-Linear

As seen earlier, the tensile behavior of textile-reinforced concrete can be idealized as
being tri-linear or bi-linear, except when low reinforcement causes strain softening. As seen
in the tests performed here, the response of the composite is characteristically bi-linear,
beyond a certain reinforcement ratio, with multiple cracking occurring as the stress level
progressively increases after the first crack, resulting in a strain-hardening type response,
without any plateau. For such specimens, crack stabilization (or the absence of new cracks)
occurs at a higher strain level than those with a tri-linear response. With a higher strength
matrix, the bi-linear response occurs with fewer layers, suggesting that the better bond
between the textile and yarn enhances the toughening in the composite. On the other
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hand, textiles with lower cross-section areas need more layers for the transition to occur
(e.g., F4M1-5L versus F1M1-4L).

For any given matrix, the transition in the stress–strain behavior can be related to
an effective volume fraction, defined as the product of the efficiency factor and volume
fraction (see Table 4), which indicates the proportion of fibers that contribute to the tensile
resistance of the composite. It is observed, in the present study, that the transformation
from tri-linear to bi-linear occurs when the effective volume fraction crosses a threshold
of about 1.3, except for F2M2-4L, which can be attributed to the higher bond strength and
better performance of the acrylic coating.

Table 4. Effective volume fraction.

Composite Volume
Fraction (Vt)

Average Efficiency
Factor (k)

Average Effective
Volume Fraction Behavior

F1M1-3L 2.38 0.43 1.02 tri-linear
F1M1-4L 3.17 0.41 1.30 bi-linear
F2M1-4L 1.85 0.64 1.18 tri-linear
F2M1-5L 2.31 0.63 1.46 bi-linear
F3M1-4L 2.46 0.45 1.11 tri-linear
F3M1-5L 3.08 0.47 1.45 bi-linear
F4M1-4L 1.23 0.42 0.52 tri-linear
F4M1-5L 1.54 0.43 0.66 tri-linear
F1M2-3L 2.38 0.42 1.00 tri-linear
F1M2-4L 3.17 0.41 1.30 bi-linear
F2M2-4L 1.85 0.63 1.17 bi-linear
F2M2-5L 2.31 0.61 1.41 bi-linear
F3M1-4L 2.46 0.46 1.13 tri-linear
F3M2-5L 3.08 0.44 1.36 bi-linear

The transition of the tensile response from tri-linear to bi-linear can be explained
based on the phenomena involved in the cracking and its propagation. As the tensile stress
increases, cracking is initiated at some regions that could be statistically weaker than other
regions with similar tensile stresses. The crack propagates (with a drop in load-carrying
capacity) until it is arrested from progressing further by the textile yarn(s) that bridge(s)
the crack tip. For the crack to propagate beyond the yarn(s), a much higher stress would be
required. Consequently, cracks initiate at other sections of the composite member as the
local tensile strengths at these points are reached. This leads to multiple cracking in TRC
with little or no significant increase in load-carrying capacity. Later, mobilization of energy
dissipation mechanisms, such as crack bridging and pullout, increases the crack resistance
and the load-carrying capacity, resulting in the tri-linear response. However, when the
reinforcement level is higher (or denser), the toughening is more effective, and as each crack
initiates and is arrested, the stress progressively increases, resulting in a strain-hardening
type or bi-linear response.

Considering the bi-linear behavior to be desirable in the composite due to the phe-
nomena discussed earlier, it can be idealized as consisting of two phases for the purposes
of structural design [45,46]. The first phase, until the first crack, can be characterized using
the law of mixtures based on the moduli of elasticity of the textile yarns (Et) and matrix
(Em), with the modulus of the elasticity of the composite represented by:

Ec = Et Vt + Em (1 − Vt) (2)

where Vt is the volume fraction of the textile in the direction of loading. Since Vt is generally
small, the initial response is dominated by the properties of the matrix. The first-crack stress
can be considered for practical purposes to be the tensile strength of the plain matrix (fmt).
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The second (strain-hardening) part of the composite response is taken to be the product of
the elastic modulus of the textile, the efficiency factor and the volume fraction of the fabric:

Eh = k Vt Et. (3)

The ultimate tensile stress of the composite or its tensile strength (Fct) can be obtained
from the efficiency factor, the volume fraction of the textile and the strength of the textile
(ftt), as follows:

Fct = k Vt ftt. (4)

Several bi-linear responses modeled with the above equations are compared with the
corresponding experimental results in Figure 9.
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Figure 9. Cont.
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Figure 9. Comparison of the stress–strain response from the model with experimental data for
composites with matrices M1 (a–c) and M2 (d–f).

From the results, it can be observed that the proposed model can represent the overall
tensile behavior of the composite within acceptable limits. It should be noted that the
model is conservative in cases where the first-crack strength is enhanced due to the closer
grid spacing of yarns at a high reinforcement ratio (as in Figure 9a). More importantly, the
model can be used to design the composite system even though test data are not available
for the volume fractions or number of layers that are required. This could lead to more
efficient material utilization with the appropriate composite thickness and textile layers.

6. Summary and Conclusions

This paper investigates the tensile response of textile-reinforced concrete (TRC) with
six types of glass fabrics in two different fine-grained concrete matrices. Composites with
multiple layers of textiles were tested to evaluate the influence of the reinforcement ratio
on the tensile response. Based on the experimental results, an efficiency factor is obtained
for determining the maximum contribution of a given type of textile in a certain matrix.
Further, it is seen that a simple model based on this factor can represent the bi-linear
response of TRC under tension. Using the model and the understanding gained, the
potential to engineer thin elements that are not only optimized for higher performance
but also embody principles of sustainability by reducing raw material consumption and
cement usage.

Some specific findings from the study are summarized below:

• The first crack in the composite develops mostly in the vicinity of the cross-yarn,
especially at lower reinforcement ratios. However, at higher reinforcement ratios,
cracks were observed to develop between the cross yarns.

• Though the first-crack strength depends mainly on the matrix properties, it was
observed that it could be enhanced by the geometry of the fabric. A closer yarn
configuration at a higher reinforcement volume was seen to result in higher first-crack
stress than the matrix tensile strength.

• For the textiles used in the study, the tensile response of the composite changes from
strain-softening to strain-hardening as the number of layers increases, with a transition
from a tri-linear to a bi-linear response.

• The effectiveness of the textiles in the composite is influenced significantly by the type
and extent of the penetration of the coating material into the yarns.

• An efficiency factor has been defined as the ratio between the nominal tensile stress
in the textile at the failure of the composite and its tensile strength. This seems to be

213



Sustainability 2023, 15, 14502

independent of the matrix strength or the volume fraction of the particular textile used
in the TRC composite.

• From the present study, an effective volume fraction or cross-sectional area of textiles
was identified based on the efficiency factor for predicting the threshold for the tri-
linear to bi-linear transition.

• A simple model for the bi-linear response of TRC was developed for possible use
in design methods, based on the efficiency factor, the volume fraction of the textile
used, tensile strength and modulus of elasticity of the matrix, and the modulus of
elasticity and strength of the textile. The prediction model compares satisfactorily
with the experimental results. This approach would aid in the design for appropriate
functionality of these elements with low material usage, leading to better sustainability.
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Abstract: This article explores the sustainable management of construction and demolition
waste (CDW) as part of a circular economy in Europe. It provides an overview of current
European practices, identifies the main challenges associated with collecting, sorting and re-
cycling waste, and highlights the need to design buildings and construction that encourage
the reuse of materials. The study also draws on best practice from internationally recog-
nised examples such as Japan, Singapore, California, the Netherlands and China, which
highlights the effectiveness of a combination of strict regulations, economic incentives and
advanced recycling technologies. These international cases provide valuable lessons that
can be adapted to the European context to improve the situation and fill gaps in policy,
innovation and education. This article recommends targeted measures to strengthen circu-
lar practices, such as harmonising European standards, promoting eco-design principles
in public procurement, investing in research and development (R&D) and establishing
green administrative practices. By adopting these strategies, Europe can significantly
improve the management of CDW, fostering a more resilient, sustainable and integrated
circular economy.

Keywords: circular economy; construction and demolition waste (CDW); sustainable waste
management; recycling building materials; environmental regulation; waste recovery;
waste management policy; sorting and recycling technology

1. Introduction
The circular economy is an innovative economic model that aims to minimise the use

of resources and reduce the production of waste, while promoting the reuse, recycling
and recovery of materials. In contrast to the traditional linear economy, which follows
the “produce, consume and dispose” pattern, this model promises a more sustainable and
environmentally friendly approach [1]. The transition to a circular economy is particularly
relevant in the construction and demolition sector in Europe, where construction and
demolition waste (CDW) accounts for around 37% of all waste produced, with an upward
trend projected in the coming years [2]. This significant proportion demonstrates the
substantial environmental impact of this sector, which is often considered to be one of
the most polluting in Europe. The generation rates of CDW also vary considerably across
Europe, ranging from just 1% to almost 90% of all waste generated depending on the
country, reflecting major disparities in construction practices and national regulations [3].

Sustainability 2025, 17, 3586 https://doi.org/10.3390/su17083586
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In response to this problem, the European Union has stepped up its efforts by intro-
ducing new regulations, directives and targets to encourage Member States to further adopt
the principles of the circular economy. Recent measures include, for instance, improving
the recycling and reuse rate of CDW to 70%, reducing landfill waste and increasing the
quality of recycled materials—initiatives that are part of the new European Green Deal
Action Plan for the Circular Economy [4–6]. Other examples include the new taxonomy
regulation aimed at directing investments towards sustainable activities and the newly
adopted construction products regulation for clean and smart products [7–9]. Other recent
initiatives by the European Commission Joint Research Centre on modular and reusable
panels for buildings are also under assessment [10].

However, despite these advances, considerable challenges remain, particularly in
terms of collection, sorting and design for circularity. CDW recovery rates vary widely
between countries, from around 60% in Finland to almost 99% in the Netherlands, reflecting
differences in national policies, the effectiveness of waste management systems and the
commitment of local actors to the circular economy [2]. Recent studies indicate that
many aspects of the circular economy value chain still require improvement to achieve
optimal efficiency [11–15].

This study examines the current state of CDW management in Europe, highlights
examples of best practices from around the world, including the Japanese and Singaporean
models, and proposes concrete solutions for improving circularity in this sector. The aim is
twofold: to assess the effectiveness of current practices in Europe and to propose specific
measures to address existing gaps, thus to optimise the management of CDW. Ultimately,
this article aims to demonstrate how, through combined regulations, technological inno-
vation and economic incentives, Europe can become a world leader in the sustainable
management of construction and demolition waste.

The methodology adopted to structure the path followed in this article is based on
an analytical and comparative approach (developed in Figure 1), making it possible to
link local European issues to proven global solutions. First, a contextual data analysis was
carried out to identify the key challenges facing the management of CDW in Europe, such
as disparities in recycling rates, gaps in standards and the fragmentation of practices in
flow management. This was followed by an in-depth literature review, which provided an
overview of existing policies and initiatives in Europe. Next, an international comparative
analysis was conducted, based on case studies identified as best practices from regions
that are leaders in the management of CDW (Japan, Singapore, California, the Netherlands
and China), in order to extract lessons that can be applied to the European context. Finally,
the solutions proposed in this article have been developed through a critical synthesis
of the strengths and weaknesses of European practices, coupled with an adaptation of
international best practices, thus guaranteeing, in principle, operational and strategic
relevance for strengthening the circular economy in Europe.

Figure 1. Methodology and analytical framework for this study.
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2. Review of Policies, Initiatives and Best Practices for Managing
Construction and Demolition Waste in Europe

The management of construction and demolition waste (CDW) has become a strategic
priority for Europe, where the construction sector is both an economic mainstay and a
major source of waste. In response to growing environmental pressures and sustainability
requirements, the European Union has developed an ambitious regulatory framework to
transform the way CDW is managed. EU policies aim not only to minimise the amount of
waste sent to landfill but also to encourage innovation throughout the product lifecycle,
notably in the sorting, recycling and reuse of construction materials. Different Member
States, depending on their national contexts and capacities, have implemented these direc-
tives with varying results. As a result, Europe is becoming a hub of initiatives and good
practices, offering valuable lessons on effective strategies for the sustainable management
of CDW. However, CDW generation continues to increase over time, with a significant
proportion still being diverted to landfill. According to Eurostat, the EU-wide recycling
rate of CDW reached around 88% in 2020; yet, this figure is misleading, as a large share is
downcycled into low-value uses (e.g., backfilling) rather than high-quality reuse.

The country cases selected in this section are not intended to be exhaustive. They
have been chosen to illustrate a diversity of countries regulatory frameworks, policy
maturity levels and geographical contexts across Europe. This approach aims to highlight
representative best practices without claiming full coverage of all Member States.

One of the European Union’s current targets is to improve the recycling and reuse rate
of construction and demolition waste (CDW) to 70% by weight, with a focus on reducing
landfill waste and increasing the quality of recycled materials, which is in line with the
new Circular Economy Action Plan (CEAP) introduced as part of the European Green
Deal [4]. This initiative is part of the Waste Framework Directive 2008/98/EC [16], which
aims to promote waste prevention and improve resource efficiency in Europe. Member
countries are required to put in place waste management plans that include measures for
the sorting and recycling of construction materials [6]. However, the implementation of
these measures is uneven, and many Member States struggle to meet the 70% target with
high-quality reuse.

CDW is also addressed in policies relating to critical raw materials, as it represents an
important urban source for recovering critical, strategic and precious materials, such as
copper, aluminium or niobium [17–21]. Construction and demolition waste also contains
significant quantities of raw materials, such as steel, iron, aggregates and glass, which are
essential for various industries. Recovering them from CDW not only helps to reduce the
dependence on imports but also strengthens EU competitiveness and secures the supply
of materials needed for European strategic sectors such as electronics, automotive and
renewable energy. It also contributes to the decarbonisation roadmap highlighted within
the European Clean Industrial Deal [22].

The implementation of CDW management policies varies considerably across Europe.
For example, the Netherlands has developed a robust waste management infrastructure,
with selective collection systems and advanced recycling facilities. The country has also
introduced financial incentives to encourage businesses to adopt sustainable practices [12].
In Belgium, CDW management is also well regulated, with initiatives such as the certi-
fication of recycled materials and the creation of secondary market platforms for reused
construction materials. On the other hand, countries such as Italy and Poland still face sig-
nificant challenges in implementing these advanced policies due to fragmented regulations
and a lack of appropriate infrastructure [13].

Across Europe, some countries are leading the way with innovative approaches and
effective strategies to maximise recycling, reuse and waste reduction.
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In the Netherlands, known for its advanced sorting systems and financial incentives,
CDW management policy is one of the most advanced in Europe. The country has set up
specialised sorting centres that enable recyclable materials to be effectively separated at
building sites. In addition, financial and tax incentives are offered to companies that adopt
sustainable construction practices. For example, the Dutch government subsidises projects
using recycled materials and imposes strict recycling quotas [12].

In Belgium, recognised for its certification systems and reuse platforms, CDW man-
agement policy is well regulated and among the most structured in Europe. The country
has developed several programmes and strategies to promote a circular economy [23,24],
including a certification system for recycled building materials. This certification guaran-
tees that the materials meet strict quality standards, enhancing their acceptance and use
in new construction projects. In addition, the country has created online platforms where
companies can buy and sell recycled materials, thereby facilitating their reuse [13].

In France, where regulations and training initiatives support the circular economy,
CDW management policy is reinforced by strict measures and innovative practices. The
country reinforces the management of CDW through strict regulations and initiatives sup-
ported by EPR schemes (Extended Producer Responsibility) [25]. This initiative requires
producers to finance waste collection and recycling, encouraging companies to adopt sus-
tainable design practices and minimise waste during the planning phase of construction
projects. The country also encourages the creation of sorting centres at building sites and
offers subsidies for construction projects that use recycled materials [25]. In addition,
France has developed training programmes for construction workers to promote sustain-
able practices and efficient waste management [25]. Furthermore, the RE2020 regulation,
introduced to improve the energy efficiency of buildings, also supports the use of greener
materials by prioritising low-carbon construction products [26]. In principle, RE2020 could
contribute to better end-of-life management by encouraging design practices that facilitate
deconstruction, reuse and recycling.

3. Discussion: Challenges, Opportunities and Strategies for
CDW Management

Despite the significant progress made in Europe in integrating the circular economy
into the management of construction and demolition waste (CDW), a number of challenges
persist throughout the value chain. These challenges are not only technical but also regula-
tory, economic and behavioural. They constitute major obstacles to the wider adoption of
circular practices, but they also offer opportunities for future innovation and improvement.

3.1. Locks and Challenges in the Circular Economy Value Chain

To achieve a true circular economy in CDW management, it is crucial to overcome
existing shortcomings at every stage of the value chain. Key challenges include inefficiencies
in waste collection and sorting, lack of design for circularity, lack of harmonised standards,
insufficient economic incentives as well as the lack of awareness and training.

Inefficient collection and sorting of waste on construction sites remains a fundamental
problem. Much recyclable material is often contaminated with other types of waste, reduc-
ing its quality and limiting its potential for reuse [12,27]. This leads to the degradation of
recycled materials, affecting their acceptability for new construction projects. Improving
selective collection, supported by stricter regulations, could significantly increase the purity
of recovered materials. Practices such as sorting at the site and the use of specialised sorting
centres are examples of approaches that can maximise the quality of recycled materials.

The lack of design for circularity is another major challenge. Buildings are often
designed without consideration for the end-of-life of the materials used, which limits
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the possibility of reusing or recycling these materials. To maximise the recyclability of
materials, it is essential to incorporate eco-design principles, such as the use of modular
and demountable materials [20,28]. In addition, designing for circularity should include
strategies to minimise the contamination of materials during use, making them easier
to recycle.

The lack of harmonised Europe-wide standards for the recycling of construction
materials remains a significant obstacle. Differences in standards and quality output
requirements limit the market acceptance of recycled materials and their integration into
new projects. Updated, clear and uniform standards would help to guarantee the quality
of recycled materials and stimulate demand for them. This could also facilitate cross-
border trade in recycled materials, contributing to a more integrated circular economy
in Europe [29].

Economic incentives play a crucial role in promoting circular practices, but they are
often insufficient or poorly targeted. Subsidies for projects using recycled materials, taxes
on virgin materials and tax credits for companies adopting sustainable practices are some
examples of policies that could encourage a faster transition to a circular economy [25]. A
better design of these incentives, tailored to the economic realities of different countries,
could stimulate the wider adoption of recycling and reuse practices.

Finally, the lack of awareness and training among those involved in the construction
sector represents a major barrier. Waste management operators are usually not aware of all
of the materials incorporated in products, which reduces the likelihood of their recovery
at the end of life. Knowledge sharing should thus be encouraged; it is also a pillar of the
European Construction Sector Observatory [30]. Many professionals are not sufficiently
informed about the benefits of the circular economy and modern techniques for recycling
and reusing materials. Ongoing training programmes and awareness-raising campaigns
are needed to fill this gap and encourage the wider adoption of circular practices [25]. These
efforts should aim to integrate practical knowledge on the economic and environmental
benefits of the sustainable management of CDW.

3.2. International Practices for Managing CDW: Relevant Examples from the Rest of the World

As Europe continues to make progress in implementing the circular economy for the
management of construction and demolition waste (CDW), it is instructive to consider
best practices from other parts of the world that could be adapted or adopted in Europe.
Countries such as Japan, Singapore, California, the Netherlands and China have developed
particularly effective systems that overcome some of the challenges identified in Europe,
including strict regulation, economic incentives and advanced technologies.

Japan is renowned for its recycling and recovery model in waste management, achiev-
ing remarkable results through a combination of rigorous standards, cutting-edge tech-
nologies and strategic planning. The country recycles more than 95% of its construction
waste thanks to supporting policies and innovative technologies [29]. This success relies
on a combination of stringent regulation and continuous innovation. Japan’s Construction
Materials Recycling Law, implemented in 2000, requires companies to recycle specific
materials such as concrete, wood and asphalt. This legislation aims to ensure the separation
of recoverable materials from the demolition phase, thereby improving the purity and
quality of recycled materials [29].

To reinforce this policy, selective demolition methods, such as the “Kajima Cut and
Take Down” technique [31], have been developed to allow buildings to be dismantled in
stages while sorting the recoverable materials directly on-site (Figure 2). This approach re-
duces cross-contamination and maximises the recovery of high-quality materials, which can
then be reused in new construction projects. However, despite its technical relevance, the
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method remains costly, time-consuming and difficult to apply on a large scale. As a result,
its deployment in Japan has been limited to a small number of demonstration projects.

In addition, facilities such as the Taisei Ecological Reproduction System (Tecorep) [32]
efficiently transform construction waste into high-quality materials, demonstrating the
importance of an integrated approach combining recycling and eco-design. The Japanese
model also illustrates the importance of long-term planning and support for innovation to
optimise CDW management. The government encourages the use of low-carbon-footprint
materials and the development of advanced recycling technologies, creating an environ-
ment conducive to continuous innovation in the building sector.

Figure 2. Illustration of the “Kajima Cut and Take Down” method for deconstructing buildings;
figure extracted and adapted from [33].

Singapore, renowned for its strategic integration of regulations, economic incentives
and advanced technologies, is a successful example of CDW management. This approach
effectively combines strict regulations, targeted economic incentives and cutting-edge tech-
nologies to address waste management challenges [12]. The government has introduced
stringent policies, such as the Green Mark Scheme, which rewards buildings that achieve
high standards of sustainability and recycling [34–36]. Similar international frameworks,
such as LEED (Leadership in Energy and Environmental Design, USA) and GSAS-CM
(Global Sustainability Assessment System for Construction Management, Middle East),
also include criteria relevant to CDW management. These frameworks promote the use of
recycled materials, construction waste minimisation and design for disassembly, encourag-
ing buildings to be more easily deconstructed and for materials to be reused or recovered
at end-of-life.

For example, Table 1 provides an overview of the criteria and point allocation system
under the Green Mark Scheme in Singapore, which rewards sustainable construction
practices. Projects can earn up to three points if the materials used contain at least 30%
recycled content by weight or volume, as highlighted in the table (see point c.(ii)) [37,38].
This system encourages the adoption of environmentally friendly materials and aligns with
Singapore’s broader goals of reducing waste and promoting a circular economy.
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Table 1. Sustainable construction criteria and allocation of points in the Green Mark Scheme in
Singapore, adapted from [36–38]. Each score on the right column corresponds to the mentioned
practice on the left column. The use of recycled content in products is highlighted by light blue in
the table.

Part 3–Environmental protection Green Mark Points

RB 3-1 Sustainable Construction:
The aim is to encourage the adoption of building designs,
construction practices and materials that are environmentally
friendly and sustainable. This can be as following:

(a) More efficient concrete usage for building components.

(b) Conservation of existing building structure. Applicable
to existing structural elements or building envelope.

(c) Use of sustainable materials and products in building
construction such as:
(i) Environmentally friendly products that are

certified under the Singapore Green Labelling
Scheme (SGLS).

(ii) Products with at least 30% recycled

content by weight or volume (applicable

only to non-structural elements).

Note (2): for products that are certified under SGLS and with
at least 30% recycled contents, points can only be scored
either from RB 3-1 (c)(i) or (c)(ii)

0.1 point for every percentage reduction in the
prescribed Concrete Usage Index (CUI) limit for
residential buildings.
(up to 4 points)
Extent of coverage: Conserve at least 50% of the
existing structural elements or building envelope
(by area)
2 points

1 point for high Impact item
0.5 point for low impact item
(cap at 3 points)
1 point for high Impact item
0.5 point for low impact item
(cap at 3 points)
(up to 6 points)

Construction companies must comply with waste management standards, and severe
penalties are applied for non-compliance. In addition to these regulations, Singapore uses
state-of-the-art technology to sort and recover waste. Facilities such as the Tuas South
Incineration Plant effectively separate recyclable materials from waste, reducing the amount
of waste sent to landfill [12]. Singapore is also investing in energy recovery technologies,
converting non-recyclable waste into energy, thereby reducing reliance on landfill.

The Netherlands stands out as a pioneer in the circular economy and eco-design,
adopting an integrated approach to CDW management with ambitious policies to achieve
a circular economy by 2050 [39,40]. The country actively promotes the use of advanced sort-
ing centres, and financial incentives have been introduced to promote source separation and
the use of recycled materials [39]. In addition, the concept of ‘circular hubs’, where compa-
nies collaborate to exchange materials and resources, is being actively promoted [39]. These
hubs enhance stakeholder collaboration and facilitate the circular economy by encouraging
material reuse.

The Netherlands also supports circular design and procurement strategies, which
are guided by measurement tools such as the Environmental Cost Indicator (ECI) and
the Dutch National Environmental Database. These tools help to assess environmental
impacts and promote circular products [41]. Furthermore, the Building Circularity Index
(BCI) provides an innovative method to measure the circularity of buildings, encouraging
eco-design and waste reduction at the source [40]. Table 2 provides a comparative overview
of these tools, highlighting their objectives, applications and data requirements.
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Table 2. Comparison of measurement tools for the circular economy in the Netherlands.

Measurement Tool Objective Application Types of Data/Indicators Used

Environmental Cost
Indicator (ECI)

Assessing the
environmental impact of

construction materials
and products.

Used by companies and
local authorities to

compare the
environmental impact of
materials and to choose

more sustainable solutions.

CO2 emissions, energy
consumption, the use of
resources, the impact on
biodiversity and external

environmental costs.

Dutch National
Environmental

Database

Providing a standardised
database of the

environmental impacts of
construction materials.

Used for sustainable
building design and

calculating the
environmental impact of

construction projects.

Lifecycle inventory (LCI) data,
product profiles, greenhouse gas

emissions and raw
materials consumption.

Building Circularity
Index (BCI)

Measuring the circularity
of buildings and

promoting eco-design
and waste reduction.

Used by architects,
engineers and urban
planners to assess the

circularity of a building
and plan more

sustainable constructions.

Proportion of materials
reused/recycled, the lifespan of

materials, the adaptability of
structures and the potential

for dismantling.

To further drive sustainable practices, the Netherlands has implemented taxes on
virgin materials, incentivising the use of recycled alternatives and fostering innovation in
construction [40]. Innovations such as material passports make it easier to track materials
throughout their lifecycle, supporting reuse and recycling [41]. Pilot projects like the
Green House in Utrecht, a demountable circular catering pavilion, exemplify the practical
application of circular construction. Additionally, technologies such as SmartCrusher,
which recovers sand, gravel and cement from concrete, highlight the potential for advanced
recycling techniques in the building sector [41].

California illustrates how a mix of federal regulations and local incentives can create
a robust framework for CDW management. California legislation requires construction
projects to meet certain recycling standards, notably under the California Green Building
Standards Code [42], which mandates that 65% of construction waste be recycled or diverted
from landfill since 2010.

In addition to CALGreen’s statewide mandate, local governments have introduced
complementary initiatives to further encourage recycling and material reuse. Cities such
as San Francisco and Los Angeles have established municipal programmes that promote
the reuse of materials recovered from construction sites and offer economic incentives to
contractors who comply with recycling guidelines.

The Californian government’s green procurement policies, which impose sustainable
building standards for municipal projects, are also driving change in the private sector. As
shown in Figure 3, municipal recycling programmes in San Francisco and Los Angeles set
ambitious targets for material reuse and incentivise contractors who meet these guidelines.
These policies encourage private developers to adopt similar standards, such as LEED
(Leadership in Energy and Environmental Design) certification, thereby expanding the
market for sustainable building materials and practices [43].
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Figure 3. Impact of green building policies in California on the reuse of materials and
economic incentives.

Furthermore, these initiatives are fostering the development of local expertise in
sustainable construction. For instance, the number of Leadership in Energy and Environ-
mental Design Accredited Professionals (LEED APs) has increased significantly in local
markets, as developers align with green building standards [43]. California’s policies also
have a regional impact, influencing private sector practices and LEED AP certifications in
neighbouring cities. This ripple effect demonstrates how well-designed local policies can
influence the broader adoption of sustainable practices, thereby extending their benefits
beyond state boundaries.

China demonstrates the challenges and opportunities of scaling up CDW management
in the context of rapid urbanisation. As one of the largest producers of construction and
demolition waste (CDW) in the world, it has historically faced significant challenges in its
management, including economic feasibility and the implementation of effective recycling
practices [44]. Since 2015, China has intensified its efforts by introducing a national policy
encouraging CDW recycling, with a particular focus on Zero-Waste City Demonstration
Zones [45–47]. These initiatives aim to integrate waste management practices into urban
development plans by promoting source separation, the recycling of construction materials
and energy recovery from waste.

As part of its 14th Five-Year Plan (2021–2025), China has expanded its “zero-waste
cities” pilot programme to include 113 cities and 8 special areas. This programme focuses
on reducing solid waste at the source, thus achieving full recycling, and ensuring safe
waste management to reduce pollution and carbon emissions while promoting green and
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sustainable urban development [46]. The government has introduced a ‘zero-waste city
indicator system’ to assess progress and provide guidance, enabling cities to adapt their
strategies to local conditions [46].

Figure 4 illustrates the chronology of the key steps and initiatives taken by China
to strengthen CDW management and achieve zero-waste goals. These steps include the
launch of initial research, the development of policies and the implementation of pilot and
demonstration projects.

Figure 4. Chronology of China’s initiatives and policies for the management of construction and
demolition waste (CDW) and the “zero-waste” objective.

Technologies such as concrete recycling and steel waste treatment are being actively
encouraged by the government, with subsidies and incentives for companies adopting
these practices. In addition, the programme initiated a legalisation process in 2021, in-
troducing laws and regulations that require local governments to integrate solid waste
management into economic development and environmental protection plans [46]. How-
ever, scaling up remains a significant challenge due to heterogeneous local capacities, a
lack of awareness and the need for better coordination to synergistically “reduce pollution
and carbon emissions” [46].

3.3. Potential Inputs for European CDW Management

In order to further clarify the relevance of international benchmarks for Europe, a
comparative synthesis of the case studies is proposed in Table 3. This table highlights the
main strengths and weaknesses observed in each country’s approach—Japan, Singapore,
California, the Netherlands and China—with a specific focus on regulatory frameworks,
economic incentives, technological tools and governance models.
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Table 3. Comparative synthesis of international case studies: strengths, weaknesses and transferable
elements for EU CE implementation.

Country Strengths Weaknesses Transferable Elements for the
CE in EU

Japan

Rigorous national regulation,
high recycling rates, selective
demolition, integration of
innovation

High costs of selective
demolition, not easily scalable

Selective deconstruction, legal
obligations for material
separation

Singapore
Certification schemes (Green
Mark), advanced technologies,
penalties for non-compliance

Dependence on incineration,
limited space for sorting

Incentive systems, integration
of sustainability in building
codes

California

Mix of federal and local
policies, green procurement
spillovers, widespread LEED
certification

Disparities between
municipalities, moderate
recycling targets

Local empowerment, green
procurement, spillover
strategies

Netherlands
Circular hubs, material
passports, advanced tools (ECI
and BCI), fiscal incentives

High upfront investment
required, complex tracking

Digital tools, inter-company
collaboration, national CE
roadmap

China
Ambitious top-down policy
(zero-waste cities), scaling
strategies, subsidies

Regional disparities, lack of
enforcement in some areas

National indicator
frameworks adaptable at the
local level

The comparative perspective allows for the identification of key transferable elements
that could inspire the design of a more coherent and effective strategy for implementing
circular economy principles in the European construction and demolition sector. These
include, for example, selective deconstruction protocols, digital tools for material tracking,
incentive-based certification systems or integrated governance frameworks that combine
national coordination with local adaptability.

This structured comparison supports the formulation of shared and scalable practices,
which can help to bridge current disparities between EU Member States and contribute to
the harmonisation of CDW management approaches across Europe.

3.4. Opportunities for Improving the Management of CDW in Europe

The challenges and lessons learned from international practices offer a number of
concrete opportunities for improving the management of construction and demolition
waste (CDW) in Europe. This section summarises some key areas for improvement.

- Harmonisation of standards and regulations: Europe could work to harmonise CDW
management and use standards across its Member States while allowing for local
adaptations. The introduction of Europe-wide guidelines, similar to the EU omnibus
or the forthcoming Circular Economy Act, or similar to those in California and Japan,
combined with local adaptations to meet the specific needs of each region, could
enhance the effectiveness of CDW management policies.

- Strengthening economic incentives: Policies, such as subsidies for projects using
recycled materials, taxes on virgin materials or tax credits for businesses adopting
sustainable practices, are essential to encourage a faster transition to a circular econ-
omy. Europe could benefit from Singapore’s approach by developing certification
and reward schemes for sustainable buildings, which would encourage businesses to
adopt circular practices.

- Supporting innovation and developing advanced sorting and recycling technologies:
Europe could invest more in advanced sorting and recycling technologies, such as
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those used in Japan and Singapore. Targeted investments in selective demolition tech-
nologies, such as the “Kajima Cut and Take Down” method, and automated sorting
centres could improve the purity of recycled materials and increase the recycling rates.

- Promoting eco-design and design for deconstruction: Incorporating eco-design princi-
ples, such as the use of modular and demountable materials, into building regulations
could maximise the recyclability of materials. In Europe, the Building Circularity
Index (BCI) concept used in the Netherlands could be adopted to assess the circularity
of construction projects and encourage design for deconstruction.

- Raising awareness, knowledge sharing and providing training: Europe could step
up its efforts to raise awareness and provide training for professionals in the con-
struction sector. Inspired by the educational programmes set up in California and the
Netherlands, Europe could develop continuous training programmes and awareness
campaigns to promote sustainable CDW management practices. This could also be
supported by enhanced knowledge sharing between all actors in the value chain to
promote better management of materials throughout their lifecycles.

- Developing public–private partnerships: Partnerships between the public and private
sectors, such as the circular hubs in the Netherlands, could be encouraged to foster
innovation and efficiency in the management of CDW. These collaborations can lead
to the better use of resources, the sharing of best practices and the optimisation of
recycling and reuse processes.

The diagram elaborated in Figure 5 summarises these opportunities for improvement
by highlighting the potential inter-relationships between the different strategies. For exam-
ple, the harmonisation of standards and regulations can strengthen economic incentives by
facilitating the implementation of common policies at the European level. Similarly, the
development of advanced sorting and recycling technologies can support eco-design efforts
and design for deconstruction, enabling the better management of materials throughout
the lifecycle of buildings.
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Figure 5. Sequential and interconnected strategies to improve the management of construction and
demolition waste (CDW) in Europe.

The process begins with regulatory harmonisation, which plays a fundamental and
transversal role across all stages. It then progresses through the activation of economic
levers, technological investment and design innovation, culminating in knowledge dissem-
ination and capacity-building. The feedback loop between training, awareness-raising and
the earlier stages highlights the iterative nature of these strategies, as well as the importance
of stakeholder engagement and policy adjustments throughout the implementation process.

3.5. Practical Measures to Strengthen the Circular Economy of CDW in Europe

To complement the opportunities identified for construction and demolition waste
(CDW) management in Europe, a number of practical measures and additional initiatives
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can be implemented to address the specific challenges. Building on proven approaches and
innovations tailored to European realities, these measures aim to optimise waste collection
and sorting, promote sustainable design strategies, encourage technological innovation
and strengthen administrative and regulatory coordination. By integrating these strategies,
Europe can maximise material reuse, reduce the ecological footprint of construction and
support the transition to a more circular and resilient economy.

For an overview of these measures, Figure 6 illustrates an integrated process for
strengthening the circular economy of CDW in Europe. Although this figure is presented in
a circular format, the measures illustrated are not intended to follow a strict chronological
sequence. Depending on the national or regional context, they can be implemented in
parallel, iteratively or in different orders.
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3.5.1. Improving Waste Collection and Sorting

Efficient collection and the rigorous sorting of construction and demolition waste
(CDW) are essential to guarantee the purity of recycled materials and maximise their
reuse. However, the contamination of recyclable materials remains a major obstacle to
effective recycling.

- Obligation to sort at source: Construction companies should be required to sort waste
directly on-site, separating materials such as concrete, wood and metal [12]. This
measure should be supported by frequent inspections and penalties for companies
that fail to comply with these obligations.

- Specialised sorting centres: Develop dedicated infrastructure for sorting centres to
efficiently process collected waste and ensure the accurate separation of recyclable
materials. These centres could be equipped with advanced sorting technologies, such
as the automated systems used in Japan and Singapore.

3.5.2. Encouraging Circular Design Through Public Procurement

Incorporating eco-design principles into public procurement is crucial to achieving a
truly circular economy.

- Incorporating circular design standards: Public tenders should include eco-design
requirements, such as the use of recyclable materials, building modularity and ease of
dismantling [28]. This approach could draw inspiration from practices in Singapore
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and the Netherlands, which integrate eco-design into their regulations to encourage
sustainable construction.

- Supporting innovation in sustainable design: Companies that develop innovative
solutions for sustainable design and material reuse should be rewarded through
grants, subsidies and tax credits.

3.5.3. Investing in Research and Development (R&D)

Technological innovation and research are essential to improve the recycling and
recovery processes for construction and demolition waste (CDW).

- Increased funding for research into new technologies: Greater investment is needed in
the development of sorting, recycling and recovery technologies for construction ma-
terials, including critical and strategic raw materials, in partnership with universities
and research centres [29]. Selective demolition technologies, such as the “Kajima Cut
and Take Down” method used in Japan, should be prioritised to optimise material
recovery and reduce waste.

- Development of new materials: Encourage the creation of innovative construction
materials designed to be more easily recyclable or reusable, thereby reducing the
dependence on virgin materials. Substitutes for traditional materials, such as recycled
concretes or bio-sourced composites, should be actively supported through economic
incentives, such as subsidies or tax credits [28].

- European innovation projects and scientific contributions: Several European research
and innovation initiatives aim to accelerate progress in the recycling of construction
and demolition waste (CDW). For instance, the ICEBERG Project [48,49], funded
by Horizon 2020, contributes to this effort by developing technological solutions
to enhance sorting and material recovery. Other projects also support a similar
aim, such as [50–52]. In parallel, scientific research is increasingly focusing on ad-
vanced processing methods, the design for reuse, material traceability and qual-
ity control tools. These ongoing efforts, both experimental and theoretical, help
to bridge the gap between technological innovation, regulatory frameworks and
industry practices [53–56].

3.5.4. Strengthening Regulation and Harmonising Standards

To achieve a true circular economy in the management of construction and demoli-
tion waste (CDW) in Europe, it is crucial to establish effective regulations at every level
of the value chain. The following highlights some regulatory frameworks that need to
be strengthened.

(a) Legislation level: harmonisation of regulations

Towards a circular economy omnibus: To be potentially explored under the
forthcoming EU Circular Economy Act under the EU Competitiveness Compass [57],
which would provide a clear long-term circularity roadmap aligned with the omnibus
on sustainability [58].

Harmonised European policy files: Implement European regulations requiring the
recycling of certain construction materials, inspired by Japan’s Construction Materials
Recycling law [29]. Such legislation should include recycling quotas for materials such as
concrete, wood and asphalt, while allowing for adaptation to local contexts.

Waste prevention strategy: Develop a European strategy for waste prevention, with
incentives to reduce waste at the source, such as promoting design for deconstruction [28].

(b) Product level: quality standards and certification
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Quality standards for recycled materials: Establish an EU-wide certification scheme
for recycled building materials, ensuring they meet strict quality standards [13]. This
system could also include eco-labels to help guide consumers and businesses in their
purchasing decisions [25].

Environmental Product Declarations (EPDs): In line with the revision of the Con-
struction Products Regulation (CPR), the adoption of Environmental Product Declarations
(EPDs) with mandatory carbon footprint indicators is expected to become a standard
requirement across the European Union. Integrating these obligations into public procure-
ment and market access policies would serve as a concrete lever to promote the use of
low-carbon construction materials and help align national practices with the EU’s decar-
bonisation goals.

Several European countries have already developed national certification systems
that integrate environmental performance and resource efficiency. Notable examples in-
clude BREEAM (Building Research Establishment Environmental Assessment Method,
UK), DGNB (Deutsche Gesellschaft für Nachhaltiges Bauen, Germany) and HQE (Haute
Qualité Environnementale, France). These schemes promote sustainable construction
through criteria such as energy efficiency, the use of low-impact materials and lifecy-
cle performance. However, the inclusion of specific criteria on construction and de-
molition waste (CDW) management remains uneven. Strengthening the integration of
CDW-related indicators—such as the reuse potential, material traceability or design for
deconstruction—within these frameworks could support a more coherent alignment be-
tween voluntary certification schemes and European circular economy objectives.

(c) Administrative level: green administrative practices

Mandatory green clauses in calls for tenders and public procurement: Introduce
mandatory circularity clauses in public tenders for construction projects, prioritising com-
panies using recycled materials and sustainable practices [25].

Training and awareness-raising: Establish mandatory or standardised continuing edu-
cation modules on circular economy principles and sustainable construction practices for
public project managers, architects and contractors. These modules should be integrated
into national professional certification schemes and updated regularly in line with EU
regulatory developments and technological innovations. In line with initiatives already
launched in some Member States [12], awareness campaigns targeting private stakehold-
ers and SMEs can further accelerate the voluntary adoption of circular practices across
the sector.

To complete this analysis, Table 4 provides a detailed overview of practical measures
to improve CDW management in Europe. The table identifies concrete actions to be
implemented, along with the main stakeholders involved, in order to clarify responsibilities
and highlight key levers for action.

Table 4. Practical measures and complementary initiatives for a circular economy for CDW.

Category Practical Measures Examples of Actions Stakeholders Involved

Waste Collection
and Sorting

Improving waste collection
and sorting on

construction sites

Obligation to sort at source
and the development of

specialised sorting centres

Construction companies,
waste operators and

local authorities

Circular Design
Incorporating eco-design

criteria into public
procurement contracts

Circular design standards
in calls for tender and

support for innovation in
sustainable design

Public procurers, architects
and design offices
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Table 4. Cont.

Category Practical Measures Examples of Actions Stakeholders Involved

Research and
Development (R&D)

Investing in recycling
technologies and

developing new materials

R&D funding for recycling
and the development of

recyclable and bio-sourced
materials

Research institutions,
private firms and

innovation agencies

Regulations
Establishing regulatory

frameworks at the
European level

Harmonised guidelines for
the recycling of

construction materials and
waste prevention strategies

European Commission,
national ministries

and regulators

Green Administrative
Practices

Introduce environmental
clauses in public tenders

and ongoing
training programmes

Green clauses in calls for
tender and training

programmes for public
project management

Public authorities,
procurement officers and

training bodies

4. Conclusions
The transition towards a circular economy in the management of construction and

demolition waste (CDW) in Europe is essential to meeting current and future environmental
challenges. Despite significant progress, much remains to be done to achieve full circularity.
European initiatives reflect a growing commitment to circular principles, but persistent
disparities in waste collection and sorting, circular building design and recycled material
quality underscore the need for more consistent and effective approaches.

Global leaders such as Japan, Singapore, California, the Netherlands and China have
demonstrated that a combination of strict regulations, advanced technologies and economic
incentives can significantly reduce construction waste and improve the quality of recycled
materials. Drawing from these examples, Europe must enhance its efforts to optimise
waste management, integrate circular design principles, establish harmonised standards
and implement effective economic incentives. Awareness-raising and training for sector
professionals remain critical to fostering wider adoption of circular practices.

Achieving these goals will require robust legislation at the political level, the establish-
ment of product standards, the development of alternative materials and the promotion of
green practices in public procurement. An integrated and harmonised European approach
will be pivotal to the success of these initiatives.

To achieve a true circular economy in the CDW sector, Europe must continue to draw
inspiration from global best practices while adapting its policies and regulations to local
contexts. Investments in research and development, combined with proactive legislation
and targeted economic incentives, can accelerate this transition. Collaboration between
governments, businesses and citizens is essential to achieving these ambitious goals.

Although challenges remain, the opportunities for the sustainable and efficient man-
agement of CDW in Europe are considerable. By adopting an integrated approach and
leveraging technological innovations and global best practices, Europe has the potential to
become a world leader in the circular economy for buildings and construction.
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Citation: Miletić, M.; Komatina, D.;
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Abstract: This paper provides a comparative analysis of green building strategies in
circular cities from an architectural perspective. It focuses on Belgrade, Serbia, which has a
temperate continental climate, and Podgorica, Montenegro, with a mild subtropical climate.
The data were gathered through an online questionnaire disseminated among 140 architects
in both cities. A five-point Likert scale was applied, and the data were analyzed using the
Statistical Package for the Social Sciences (SPSS, version 23). Descriptive statistics, factor
analysis, reliability testing, and group comparison methods were employed to ensure a
valid, reliable, and transparent framework for processing and interpreting the research
of data. By analyzing locally available materials, technologies, and climate factors, the
research found that the adoption of circular economy principles does not significantly differ
between the cities. This suggests that economic and policy-related factors may have a
greater influence than initially expected. Additionally, there was no significant difference in
the integration of greening strategies integration (p = 0.08), challenging the assumption that
climate-responsive design would lead to distinct variations in urban form. However, locally
available materials and technologies had a stronger impact on green building practices
in Serbia (p = 0.01). The study highlights that sustainable architecture is shaped by a
combination of local resources, regulatory frameworks, and socio-economic conditions
rather than climate factors alone. These insights contribute to the theoretical advancement
of climate-smart green building strategies in circular cities. They provide valuable guidance
for practitioners and policymakers. Future research should further explore the interplay of
socio-economic and regulatory influences to refine strategies for climate-responsive and
circular architecture.

Keywords: green building strategies; circular cities; sustainable architecture; Belgrade;
Podgorica; locally available materials

1. Introduction
A circular city operates on the principles of a circular economy, striving to minimize

waste and maximize resource efficiency through recycling, repurposing, and sustainable
systems [1]. Climate-responsive design, on the other hand, adapts buildings and urban
spaces to their specific climate by employing passive strategies such as natural ventilation,
thermal mass, and renewable energy to reduce environmental impact [2]. These concepts
intersect in their common pursuit of sustainability—by incorporating climate-responsive

Sustainability 2025, 17, 3469 https://doi.org/10.3390/su17083469
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design, circular cities become more energy-efficient, resilient, and environmentally bal-
anced [3].

1.1. Green Building Practices and Circular Economy

As urbanization accelerates and environmental concerns grow, the integration of
sustainable development principles within urban planning and architecture has become
critical [4,5]. Circular cities, which aim to eliminate waste and make the most of resources
through reuse, recycling, and regeneration, present a forward-thinking model for sustain-
able urban development [6,7]. In the context of these cities, green building strategies play a
key role in achieving environmental goals, particularly by reducing energy consumption,
minimizing waste, and enhancing resource efficiency [8–11].

When it comes to green building practices in the context of the circular economy, the
literature highlights the increasing implementation of sustainable building solutions. These
include the integration of bio-based materials [12,13], digital and Artificial Intelligence
(AI) solutions [14,15] and policy-driven sustainability strategies [16] to improve climate
resilience and energy efficiency.

However, the literature suggests that sustainable building practices reduce energy
consumption, minimize environmental impacts, and improve residents’ health and well-
being through the use of innovative technologies and materials [17]. Green buildings
have become a focal point in recent years because of their ability to reduce environmental
impact, improve energy efficiency, and enhance the well-being of their occupants [18]. The
increasing body of research highlights different strategies in green building design, such as
passive methods to reduce energy use, the incorporation of renewable energy sources, and
the use of bio-based and recycled materials to foster sustainability [19].

1.2. Green Building Approaches and Innovative Solutions

Green building approaches play a crucial role in achieving sustainability, especially
within the construction industry. Green building is designed to reduce environmental
consequences and mitigate effects on occupants. To attain the objectives of green buildings,
changes on the management level are needed [20]. Organizational culture and leadership
are critical to fostering green innovation. This underscores the need to link organizational
principles with sustainability goals to foster a culture that supports innovative practices [21],
which foster business performance [22].

Innovative green building solutions integrate advanced technologies to enhance en-
ergy efficiency, reduce environmental impact, and improve occupant well-being. Smart
building systems, using IoT-enabled devices and sensors, optimize energy consumption
by adjusting lighting, heating, and ventilation based on real-time conditions. Building-
integrated photovoltaics (BIPV) allow buildings to generate their own energy through solar
panels integrated into roofs and facades, contributing to energy independence. Green walls
and living facades improve insulation, reduce the urban heat island effect, and enhance air
quality by incorporating plants into building exteriors. High-performance glazing systems,
such as low-emissivity (Low-E) glass, reduce heat transfer and optimize daylight, boosting
energy efficiency and comfort. Rainwater harvesting systems collect and store water for
non-potable uses, decreasing reliance on municipal supply. Additionally, zero-carbon
buildings, which produce as much energy as they consume, are becoming a key feature of
sustainable architecture.

Green building strategies integrate comfort conditions while integrating principles of
the circular economy, aiming to reduce waste, promote material reuse, and optimize the life
cycle of buildings [23]. Key approaches include passive design techniques such as natural
ventilation, shading, and thermal mass to reduce reliance on mechanical heating and cool-
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ing systems [24]. Energy efficiency is enhanced through high-performance insulation, smart
building systems, and the integration of renewable energy sources like solar panels and
geothermal heating [25]. Water conservation measures, such as rainwater harvesting and
gray water recycling, contribute to urban sustainability by reducing strain on municipal
water supplies [26]. Additionally, green roofs and urban vegetation improve air quality,
mitigate the urban heat island effect, and enhance biodiversity [27]. In the broader urban
context, green building strategies support resilient cities by promoting adaptable architec-
ture, reducing carbon footprints, and creating healthier environments for residents [28].
They are essential in addressing climate change and fostering long-term urban sustainability.
However, the effectiveness of green building strategies is highly influenced by local climatic
conditions [29]. In different climate zones, the architectural approaches to sustainability
vary significantly due to the need to adapt to specific environmental factors [28].

1.3. Research Questions

This study focuses on two cities, one located in a mild subtropical climate and the
other in a temperate continental climate, to examine how these distinct environments shape
green building practices within the framework of circular cities

While numerous studies explore green building practices, there is a paucity of com-
parative analyses focusing on how architects in diverse climatic regions implement climate-
responsive strategies. The existing literature often centers on single-case studies or general-
ized approaches, lacking insights into region-specific challenges and adaptations.

Research questions tailored for the two cities in different climates are:

RQ1: How do architects in Belgrade (Serbia) and Podgorica (Montenegro) with different
climates integrate climate-responsive strategies into green building designs, and what
challenges do they face in implementing these strategies?
RQ2: What are the key differences in the application of circular economy principles in
green building projects between cities with different climates considering their distinct
climate zones?
RQ3: How do locally available materials and technologies in cities with different climates
influence the adoption of climate-responsive green building practices in line with circular
city objectives?

The objective of this research is to compare climate-responsive architectural strate-
gies in these two climates, focusing on energy efficiency, material usage, and resource
management. By analyzing the ways in which each city, Belgrade (Serbia) and Podgorica
(Montenegro), addresses its unique environmental challenges through green building prac-
tices, the study seeks to provide insights into how circular cities can optimize sustainability
across different climate zones. The findings will underscore the importance of climate-
adaptive design within circular economy frameworks, highlighting how architecture can
contribute to the resilience and sustainability of future urban environments. The successful
implementation of climate-responsive design strategies can guide architects and urban
planners in the optimal use of architectural and urban design techniques to enhance indoor
and outdoor thermal comfort while mitigating risks to human health and energy security.
These insights will furnish evidence-based and practical design solutions for architects and
urban planners throughout the initial planning phase to alleviate the potential effects of
increasingly frequent high heat occurrences, energy, water use and resource efficiency.

This research utilizes a mixed-methods approach, combining a structured question-
naire survey to explore how architects, with experience in designing residential and public
buildings for a minimum of 5 years, in Belgrade (Serbia) and Podgorica (Montenegro),
integrate climate-responsive strategies and circular economy principles in green build-
ing designs. The questionnaire focuses on the adoption of climate-responsive strategies,
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challenges in implementation, and the use of locally available materials and technologies.
Data were collected using Likert scale questions, enabling a quantitative analysis of re-
sponses, while qualitative interviews will provide deeper insights into specific challenges
and strategies employed by architects.

The outcomes include identifying key differences in the application of circular econ-
omy principles across cities with different climates, understanding how locally available
materials influence sustainable practices, and revealing any variations in urban form and ar-
chitectural appearance based on climate-responsive strategies. The findings will contribute
to the development of more effective sustainable building practices and circular city objec-
tives, offering practical recommendations for architects, urban planners, and policymakers.

2. Literature Review
The key climate challenges consequently incorporated into the questionnaire, which

was distributed to architects, serve as the foundation for this research.

2.1. Climate Adaptive Architecture and Urbanism

Climate change and urbanization have intensified environmental challenges, requiring
climate-responsive and sustainable design strategies [30,31]. Rising global temperatures in-
crease cooling demands, making passive cooling strategies like shading, thermal mass, and
natural ventilation essential [32]. High humidity affects both comfort and material dura-
bility, necessitating vapor-permeable materials and adaptive ventilation [33]. Increasingly
unpredictable precipitation demands stormwater management solutions such as green
roofs and permeable surfaces to prevent urban flooding [34]. Urban heat islands intensify
urban temperatures due to heat-retaining surfaces, but reflective materials and green infras-
tructure can mitigate their effects [35]. Energy efficiency remains a key challenge, requiring
passive design, smart materials, and renewable energy integration to reduce environmen-
tal impact [36]. Addressing these challenges through climate-responsive architecture is
essential for resilient and sustainable urban development.

The integration of green building strategies into circular cities is based on the principles
of the circular economy, including resource efficiency, waste minimization, and regenerative
design [37]. Sustainable architecture in this context involves the use of recycled and bio-
based materials, energy-efficient and modular construction, as well as passive design
strategies such as natural ventilation and daylight optimization [38–40].

Climate-adaptive architecture is essential for sustainable urban development, as re-
search emphasizes the need for climate-responsive design strategies [41] to enhance build-
ing performance and minimize environmental impact [42,43]. In subtropical regions,
passive cooling techniques—such as shading, cross-ventilation, and the strategic use of
materials—help reduce cooling demands [44]. Studies on vernacular architecture offer
valuable knowledge on traditional methods that naturally align with modern sustainable
design principles [45].

The application of circular economy principles to architecture and urban planning
has gained momentum in recent years [46,47]. Studies emphasize the role of modular
design, material recovery, and adaptive reuse in reducing construction waste and extending
building [37]. The concept of circular construction, which integrates closed-loop material
flows and design-for-disassembly strategies, has been proposed as a key solution for
sustainable urbanization [48].

Several comparative studies have analyzed the impact of climatic conditions on sus-
tainable building practices [49]. Findings from comparative studies suggest that tailored
strategies based on regional climatic contexts significantly improve energy efficiency and
occupant comfort, that subtropical cities prioritize ventilation and solar shading to mitigate
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overheating, and that temperate continental cities focus on insulation and heat retention to
address seasonal temperature variation [50–57]. The integration of circular design strategies
into these climate-adaptive approaches provides a comprehensive framework for achieving
self-sustaining urban ecosystems. Research supports the argument that a combination of
passive design, renewable energy integration, and material circularity fosters long-term
resilience and resource efficiency in urban environments [58,59].

The reviewed literature underscores the significance of climate-adaptive and circular
design strategies in promoting sustainable urban development [58,60–63]. The intersection
of circular economy principles with climate-responsive architecture presents a promising
pathway for enhancing energy efficiency, reducing waste, and improving building resilience
across diverse climatic conditions [64].

The urban form and integration of greenery in cities that implement circular economy
principles are strongly influenced by their respective climate zones. In warmer climates,
cities tend to feature compact urban forms with shaded public spaces, green roofs, and
vertical gardens to mitigate heat, while in colder climates, urban layouts prioritize so-
lar exposure, wind protection, and the use of seasonal green infrastructure [65,66]. The
availability of local materials and sustainable construction technologies further shapes
the spatial organization, façade treatments, and landscape strategies, resulting in distinct
visual identities and functional characteristics that reflect both ecological and cultural
adaptations [67,68].

In addition to field research on the same topic and a comparison of practice from the
view of professionals in two regions, the paper provides an overview of indicators based
on literature research that are recognized by architects, relating to the circular city, climate,
and urban environment.

2.2. Circular City Indicators

Circular city indicators are metrics used to assess the sustainability and resource
efficiency of urban environments [69]. These indicators typically include factors such as
waste reduction, material recycling, energy efficiency, renewable energy usage, and water
conservation. Additionally, they measure the adoption of circular economy principles
in areas like transportation, construction, and food systems to promote a closed-loop
urban economy [70]. From an architect’s perspective, circular city indicators focus on
evaluating how urban designs incorporate sustainability and resource efficiency. Key
indicators include the use of renewable energy sources, the integration of sustainable
building materials, and the implementation of waste reduction strategies such as material
recycling and reusing. Additionally, these indicators assess the incorporation of circular
economy principles into urban planning, including the design of energy-efficient buildings,
green infrastructure, and systems that promote water and resource conservation [71,72].

Urban greenery plays a vital role in addressing the interconnected challenges of
circular urban planning, climate resilience, and sustainable development. By integrating
greenery into the urban environment, cities can enhance resource efficiency, improve
environmental quality, and support social well-being [73,74].

The following table provides an overview of the implementation of key indicators in
Belgrade and Podgorica that illustrate the connections between greenery, the circular city
concept, climate adaptation, and the urban environment (Table 1). These environmental
indicators serve as a framework for understanding how green infrastructure and practices
contribute to achieving sustainability goals in diverse urban and climatic contexts as it was
presented in the empirical research [75].
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Table 1. Implementation of Circular City Environmental Indicators (CCEIs) for Belgrade and Podgor-
ica cities.

CCEIs Belgrade Podgorica
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Green Infrastructure Horizontal and vertical greenery
Urban green areas Yes
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Yes

Microclimate regulation
Temperature regulation

Humidity control
Different urban climate zones

Partially Partially

Material Circularity in
Green structures

Reuse
Recycling

Adaptive reuse
Landscaping

No No

Energy Efficiency
through Bioclimatic

design

Application of trees and green
facades to reduce cooling or heating Yes Yes

Urban Density and
Green Spaces Urban greenery and its accees No No

Climate responsive
Landscaping

Selection of plants based on climate
conditions Yes Yes

Water management Water recycling
Use of green spaces No No

Source: Author’s research based on [75].

Green infrastructure indicators in cities refer to the integration of natural elements
like parks, trees, and green roofs to manage environmental challenges. Microclimate
regulation, through these green areas, helps moderate temperatures, reducing heat island
effects, especially in areas without trees or vegetation [76]. Material circularity in green
structures focuses on using sustainable, recyclable materials in construction. Urban areas
without green spaces may lack this benefit, leading to increased waste and environmental
strain [77]. Energy efficiency through bioclimatic design promotes building strategies that
adapt to local climates, yet streets without green areas are more likely to have higher energy
demands due to poor heat regulation. Urban density and green spaces are closely linked;
cities with limited green areas suffer from lower quality of life and reduced environmental
resilience, whereas climate-responsive landscaping in these spaces can mitigate heat and
improve air quality, which is absent in built-up areas devoid of vegetation [78].

The figure offers a section of the circular city indicators related to recently developed
green infrastructure, urban density, and green spaces (Table 1), in both cities, that actually
highlights their deficiency in both cities (Figure 1).

Due to the lack of space and construction within the urban core of both cities, after the
year 2000, the focus has been placed on residential areas, with less attention given to the
urban environment (Figure 1). There is a scarcity of greenery, minimal distance between
buildings, and a disregard for the application of bioclimatic parameters [79].
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Figure 1. Residential buildings in Belgrade, Serbia (the above images), and Podgorica, Montenegro
(the below images), built after 2000. Source: Authors.

3. Methodology
The methodology consisted of multiple elements, including explanations, the develop-

ment of a questionnaire, data collection, and statistical analysis.
The online survey was specifically designed for practitioners in Serbia and Montene-

gro and was structured into three logical sections. The study ensured an equal number of
participants from both countries, with one hundred forty (140) total responses received,
guaranteeing a balanced representation in the dataset. Architectural engineers pursuing
doctoral studies in sustainability and resilience of the built environment, as well as profes-
sionals with a minimum of five years of work experience, were included. The first section
collected general information about the architects, such as their geographical location and
years of professional experience. It also explored how architects in Belgrade and Podgorica
incorporate climate-responsive strategies into green building designs and the challenges
they encounter during implementation, explaining which passive greening strategies they
most commonly use in their projects.

The second part examines the key differences in how circular economy principles
are applied in green building projects in Belgrade and Podgorica, taking into account
the unique characteristics of their respective climate zones, providing an explanation of
what the circular city represents for them and how familiar they are with its concepts
and indicators.

The third part of the questionnaire provides insights into how locally available materi-
als and technologies in Belgrade and Podgorica impact the adoption of climate-responsive
green building practices aligned with circular city objectives.

Architects evaluated five statements related to circular city indicators in architecture,
using a five-point Likert scale ranging from 1 (Not at all) to 5 (Extremely). The collected
data were analyzed using Statistical Package for the Social Sciences (SPSS) software, with
the analysis including descriptive statistics, reliability testing, correlation analysis, and
non-parametric tests to assess differences between groups from different countries.
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3.1. Research and Questionnaire Design

This research is based on the concepts of sustainable architecture, the circular economy,
and climate-responsive strategies in green building design. Sustainable architecture focuses
on designing buildings that minimize environmental impact while optimizing resource
and energy efficiency [80]. The research questions are built on these theoretical foundations
to explore how architects in different climate zones integrate climate-responsive strategies
into green building design. Particular focus is on implementation challenges, differences
in the application of circular economy principles, and the influence of locally available
materials and technologies on adopting sustainable practices in line with the circular city
concept [81,82].

The data were collected via a questionnaire in which the respondents assessed various
statements on a five-point Likert scale (1—Not at all; 5—Extremely). The statistical anal-
ysis was carried out using Statistical Package for the Social Sciences (SPSS) software and
involved descriptive statistics, exploratory factor analysis, reliability analysis, parametric
and non-parametric tests for comparing differences between groups [83].

A Principal Component Analysis (PCA) was independently conducted on three dis-
tinct sets of items to identify key factors within each domain. The first set examined five
items measuring the degree of integration of greening strategies. The second set analyzed
five items evaluating the degree of application of circular economy principles in projects.
The third set assessed five items measuring the impact of the availability of local materials
and technologies on adopting green building practices specific to different climate zones.

3.2. Hypothesis Development

This research is based on the concepts of sustainable architecture, the circular economy,
and climate-responsive strategies in green building design. Sustainable architecture focuses
on designing buildings that minimize environmental impact while optimizing resource
and energy efficiency [84]. The research questions are built on these theoretical foundations
to explore how architects in different climate zones integrate climate-responsive strategies
into green building design. Particular focus is on implementation challenges, differences
in the application of circular economy principles, and the influence of locally available
materials and technologies on adopting sustainable practices in line with the circular city
concept [85–87].

Building upon the insights gained from the literature review and empirical research,
this section delves into the core research questions that guide the investigation of climate-
responsive strategies and circular economy principles in green building practices in two
countries, Serbia and Montenegro.

Defined research questions provide a comprehensive framework for understanding
the intersection of climate, design, and sustainability in urban contexts.

The hypotheses are developed based on the idea that climate conditions, local ma-
terials, and technology shape circular city strategies [88]. H1 assumes that differences in
material availability and technology influence how circular economy principles are applied
in green buildings across climate zones. H2 suggests that climate-responsive strategies
impact urban form and architectural identity, leading to variations in building materials,
spatial organization, and esthetics between cities with different climates.

To explore the topics discussed further, the following hypotheses were developed:

H1: The application of circular economy principles in green building projects differs across climate
zones due to variations in locally available materials and technologies, influencing the extent to
which climate-responsive and circular city objectives are achieved.
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H2: The urban form and architectural appearance of cities implementing circular economy principles
in different climate zones vary significantly, as climate-responsive strategies shape building materials,
design typologies, and spatial organization, leading to distinct esthetic and functional characteristics
in the built environment.

3.3. Sample Description

Architects from Serbia (Belgrade) and Montenegro (Podgorica) who participated in the
survey identified key climate challenges specific to their respective cities. Figure 2 illustrates
the number of respondents from each country who mentioned each climate challenge.
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gro and 49% from Serbia indicated that a circular city represents circularity (e.g., cir-
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from Montenegro and 27% from Serbia associated a circular city with sustainability
(e.g., sustainable architecture).
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A smaller proportion—15% from Montenegro and 18% from Serbia—viewed a circular
city as representing allocation (effective spatial and functional allocation). Fewer respon-
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dents from both countries identified a circular city with mobility (sustainable mobility and
traffic) or cohesion (sustainable neighborhoods).

3.4. Data Analysis

The Kaiser–Meyer–Olkin measure confirmed good sampling adequacy for the first set
of items (KMO = 0.680), the second set of items (KMO = 0.636), and the third set of items
(KMO = 0.793), and Bartlett’s test for sphericity (χ2(10) = 103.27, p < 0.001; χ2(10) = 132.89,
p < 0.001; χ2(10) = 231.21, p < 0.001) showed that the correlations between the variables
were sufficiently high for PCA. Table 2 summarizes exploratory factor analysis results
for the degree of integration of greening strategies and presents descriptive statistics for
each item.

Table 2. Descriptive statistics for each item and summary of exploratory factor analysis results for
the degree of integration of greening strategies.

Item
Factor

Loadings
Descriptive Statistics

Mean Std. Deviation

1. How often do you consider local climate conditions in the
early stages of design? 0.66 1.93 1.08

2. Are you familiar with the term “passive greening strategies”
in building design and construction? 0.68 2.36 1.19

3. Do you use local materials that are adapted to the climate of
your region? 0.70 2.05 1.05

4. Do budget constraints affect the implementation of these
climate-adapted strategies? 0.70 2.20 1.00

5. Are there specific challenges related to laws and regulations
in your city that impact climate-adapted design? 0.55 2.59 1.11

Eigenvalue 2.17
% of variance 43.39
Cronbach’s Alpha 0.67

Extraction method: Principal Component Analysis. Source: Author’s research.

Eigenvalues were calculated for each component, revealing one component with an
eigenvalue exceeding Kaiser’s criterion of one (2.17). As a result, a single factor representing
the degree of integration of greening strategies was extracted, explaining 43.39% of the
variance in the data. The sufficiently high factor loadings indicate strong correlations
between the items and the extracted factor, supporting its validity.

Cronbach’s Alpha was calculated as 0.67. While values above 0.7 are generally con-
sidered acceptable, lower values can be expected in studies measuring a wide range of
influences [83]. Additionally, the coefficient is influenced by the number of items within a
construct, often increasing as the number of items grows. Given that this construct includes
only five items, the obtained value of 0.67 suggests that the measurement instrument
demonstrates good reliability.

Table 3 presents descriptive statistics for each item and summarizes exploratory
factor analysis results for the degree of application of circular economy principles in
projects. Eigenvalues were calculated for each component, revealing one component
with an eigenvalue exceeding Kaiser’s criterion of one (2.31). As a result, a single factor
representing the degree of application of circular economy principles in projects was
extracted, explaining 46.16% of the variance in the data. The sufficiently high factor
loadings indicate strong correlations between the items and the extracted factor, supporting
its validity. Cronbach’s Alpha is above the threshold of 0.7, indicating that measuring items
have high reliability.
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Table 3. Descriptive statistics for each item and summary of exploratory factor analysis results for
the degree of application of circular economy principles in projects.

Item
Factor

Loadings
Descriptive Statistics

Mean Std. Deviation

1. How familiar are you with the concept of circular cities? 0.56 2.79 1.42
2. Do you think that the climate of your city influences the
choice of materials? 0.65 1.99 1.10

3. Are there any local policies or incentives that encourage
circular economy practices? 0.70 2.93 1.15

4. Do you face challenges in reducing construction waste
during design and construction? 0.75 2.64 1.16

5. Do you ensure the potential for material reuse in your
projects in any way? 0.71 2.85 1.17

Eigenvalue 2.31
% of variance 46.16
Cronbach’s Alpha 0.70

Extraction method: Principal Component Analysis. Source: Author’s research.

Table 4 shows the results of the exploratory factor analysis for the degree of impact of
the availability of local materials and technologies on adopting green building practices
specific to different climate zones. Descriptive statistics for each item are also presented.
One factor was extracted as only one component had an eigenvalue above the Kaiser’s
criterion of one (2.89). This factor explains 57.70% of the variance in the data. All items
have sufficiently high factor loadings, and Cronbach’s Alpha is above the threshold of 0.7,
indicating a high reliability of the measurement items.

Table 4. Descriptive statistics for each item and summary of exploratory factor analysis results for the
degree of impact of the availability of local materials and technologies on adopting green building
practices specific to different climate zones.

Item
Factor

Loadings
Descriptive Statistics

Mean Std. Deviation

1. How often do you consider passive strategies (e.g., solar
shading) when selecting local materials for your projects? 0.66 2.44 1.00

2. How often do you use locally developed technologies in
your projects to enhance the building’s performance? 0.76 2.59 1.20

3. How often do you collaborate with local manufacturers or
suppliers to integrate passive strategies through
climate-adapted materials?

0.74 2.71 1.13

4. To what extent does the use of local materials and
technologies support your commitment to passive
design principles?

0.80 2.58 1.03

5. To what extent does the use of local materials and
technologies support your commitment to environmental
preservation principles?

0.83 2.57 1.05

Eigenvalue 2.89
% of variance 57.70
Cronbach’s Alpha 0.81

Extraction method: Principal Component Analysis. Source: Author’s research.

Table 5 contains descriptive statistics for the factor scores. The factor scores are
standardized with a mean of zero and a standard deviation of one. However, they show
relative differences between respondents in the perceived degree of integration of greening
strategies, the perceived degree of application of circular economy principles in projects,
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and the perceived degree of impact of the availability of local materials and technologies
on the adoption of green building practices specific to different climate zones.

Table 5. Descriptive statistics for factor scores with the test of normality.

Factors Country
Descriptive Statistics Kolmogorov–Smirnov Shapiro–Wilk

N Mean Std.
Deviation Statistic Sig. Statistic Sig.

Degree of integration of greening
strategies

Montenegro 93 −0.14 0.86 0.09 0.05 0.94 0.00
Serbia 44 0.27 1.21 0.13 0.08 0.93 0.01
Total 137 0.00 1.00 0.10 0.00 0.92 0.00

Degree of application of circular
economy principles in projects

Montenegro 94 −0.10 0.91 0.06 0.20 0.99 0.53
Serbia 45 0.21 1.17 0.08 0.20 0.97 0.44
Total 139 0.00 1.00 0.07 0.20 0.99 0.18

Degree of impact of the availability of
local materials and technologies on
adopting green building practices
specific to different climate zones

Montenegro 94 −0.17 0.89 0.09 0.09 0.98 0.13
Serbia 44 0.35 1.13 0.12 0.17 0.93 0.01
Total 138 0.00 1.00 0.08 0.04 0.97 0.01

The results are significant at the 0.05 level. Source: Author’s research.

To address the three research questions, respondents were divided into two groups
based on the country (and city) where they work: one hundred and forty architects working
in Montenegro (Podgorica) and Serbia (Belgrade). Descriptive statistics for factor scores for
each subgroup (Montenegro and Serbia) are presented in Table 5, alongside the results of
the Kolmogorov–Smirnov and Shapiro–Wilk tests of normality.

A significant result from these tests (p < 0.05) indicates that the data are not normally
distributed. The findings suggest that, for both subgroups, the data are normally or approx-
imately normally distributed for the following factors: Degree of application of circular
economy principles in projects and Degree of impact of the availability of local materials
and technologies on adopting green building practices specific to different climate zones.
However, for the factor Degree of integration of greening strategies, the Shapiro–Wilk test
indicates that the data are not normally distributed. Similarly, the Kolmogorov–Smirnov
test shows that the data for the Montenegro subgroup are not normally distributed, while
the data for the Serbia subgroup are normally distributed (p = 0.05).

The assumption of normality is required for parametric tests, such as the independent
sample t-test, while non-parametric tests, such as the Mann–Whitney test, do not rely
on this assumption. Based on the results of the normality tests, both the independent
samples t-test (parametric) and the Mann–Whitney test (non-parametric) were employed
to examine differences in the integration of greening strategies between architects from
different climate zones (Podgorica and Belgrade).

To investigate whether there are differences in the application of circular economy
principles in projects and whether locally available materials and technologies influence
the adoption of green building practices specific to different climate zones (Podgorica
and Belgrade), the independent sample t-test was used. The results of this analysis are
presented in Table 6.

Since the t-test has two variations depending on whether the variances of the two
groups (Podgorica and Belgrade) are assumed to be equal, Levene’s test for equality of
variances was conducted. The results of Levene’s test were significant for the factors
Degree of integration of greening strategies and Degree of impact of the availability of
local materials and technologies on adopting green building practices specific to different
climate zones. This indicates that the t-test assuming unequal variances should be used
for these two factors. Conversely, for the factor Degree of application of circular economy
principles in projects, the result of Levene’s test was not significant, suggesting that the
t-test assuming equal variances is appropriate for this factor.
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Table 6. Independent sample t-test.

Factors

Levene’s Test for Equality
of Variances t-Test for Equality of Means

F Sig. t Sig. (2-Tailed)

Degree of integration of greening strategies Equal variances
not assumed 6.97 0.01 −2.01 0.05

Degree of application of circular economy
principles in projects

Equal variances
assumed 3.33 0.07 −1.72 0.09

Degree of impact of the availability of local
materials and technologies on adopting
green building practices specific to different
climate zones

Equal variances
not assumed 4.17 0.04 −2.70 0.01

The results are significant at the 0.05 level. Source: Author’s research.

The independent sample t-test for the factor Degree of integration of greening strate-
gies is marginally significant (p = 0.05). Additionally, the Mann–Whitney test yielded a
non-significant result (Z = −1.76, p = 0.08). These findings suggest that there are no statis-
tically significant differences in the integration of greening strategies between architects
from different climate zones (Podgorica and Belgrade).

For the factor Degree of application of circular economy principles in projects, the
independent sample t-test result is not significant (p = 0.09), indicating no statistically
significant differences in the application of circular economy principles between Podgorica
and Belgrade, despite their differing climatic characteristics.

In contrast, the results reveal significant differences (p = 0.01) in the extent to which
locally available materials and technologies influence the adoption of green building
practices specific to these climate zones. In Serbia (M = 0.35), locally available materials and
technologies have a greater influence on the adoption of green building practices compared
to Podgorica (M = −0.17).

4. Results and Discussion
Belgrade, as Serbia’s capital, has a diverse economy driven by industry, services, and

foreign investment, with significant urban development Podgorica, Montenegro’s capital,
has a smaller economy with a strong focus on services, tourism, and energy, influenced
by the country’s transition to a market economy and EU integration efforts [89,90]. These
economic differences may impact the adoption of circular and green building strategies, as
investment capacity, policy incentives, and market demand vary between the two cities.
However, they were not taken into account and represent a topic for further research.

H1: The application of circular economy principles in green building projects differs across climate
zones due to variations in locally available materials and technologies, influencing the extent to
which climate-responsive and circular city objectives are achieved.

The results of the study reveal no statistically significant differences in the application
of circular economy principles between architects working in Belgrade and Podgorica, as
evidenced by the independent sample t-test for the factor “Degree of application of circular
economy principles in projects” (p = 0.09). This suggests that, despite the differing climates,
architects in both cities approach the application of circular economy principles similarly.
However, these findings contrast with the underlying expectation that locally available
materials and technologies, which vary by climate zone, would have a distinct influence on
how circular economy principles are implemented [88–90].

While the results do not fully support H1, it is important to consider that circular
economy principles may be applied in other ways, beyond just the use of local materials
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and technologies. Additionally, factors such as economic conditions, policy frameworks,
and awareness of sustainability issues might play a more significant role than initially antici-
pated. Further investigation into how these factors influence the implementation of circular
economy practices could provide a more nuanced understanding of this relationship.

H2: The urban form and architectural appearance of cities implementing circular economy principles
in different climate zones vary significantly, as climate-responsive strategies shape building materials,
design typologies, and spatial organization, leading to distinct esthetic and functional characteristics
in the built environment.

The findings regarding the factor “Degree of integration of greening strategies” in-
dicate marginally significant differences (p = 0.05) between the two cities, although the
Mann–Whitney test showed no significant results (p = 0.08). These results suggest that
the integration of greening strategies, which is an important aspect of circular city objec-
tives, may not differ significantly between Podgorica and Belgrade, even though the cities’
climates are distinct.

However, the more pronounced differences in the factor “Degree of impact of the avail-
ability of local materials and technologies on adopting green building practices” (p = 0.01)
indicate that the availability of locally sourced materials and technologies does influence
the adoption of climate-responsive building practices. In Serbia, materials and technologies
are more likely to facilitate the implementation of green building practices compared to
Podgorica, which might suggest that the functional and esthetic outcomes of architectural
projects in Serbia are shaped more by these local resources. This discrepancy could also
be linked to the region’s historical and cultural context, which might influence the way
architects select materials and design buildings to respond to climate considerations [91].

In relation to H2, the study suggests that the architectural form and design elements,
including greening strategies, do show some variation between the cities. This variation is
likely shaped by both climate-responsive strategies and the available local resources, but
the differences are not as pronounced as expected. Consequently, while some distinctions
in the urban form may exist due to climate factors and local materials, the findings do
not fully confirm that these cities exhibit significantly different urban and architectural
forms purely due to climate-responsive strategies. Despite some sustainability initiatives,
Serbia and Montenegro lack comprehensive policies that actively enforce circular economy
principles in construction, with regulations primarily focusing on energy efficiency rather
than material reuse or lifecycle sustainability [92]. Weak incentives for recycling construc-
tion waste and limited implementation of circular design guidelines further hinder the
transition toward fully circular building practices in both countries.

Previous studies suggest that climate-responsive design significantly influences urban
morphology, particularly in extreme climates. These findings align with newer research
indicating that socio-economic and regulatory factors may play a larger role in shaping
architectural outcomes [91,92].

In conclusion, while there are indications of differences in the way local materials
and technologies influence the adoption of green building practices, the hypothesis re-
garding the distinct architectural characteristics in cities with differing climates remains
inconclusive. Further research might explore other variables, such as policy interventions
and socio-cultural factors, to gain a clearer understanding of how these factors interact and
affect urban form and architectural design.

5. Conclusions
This study aimed to explore the integration of climate-responsive strategies and

circular economy principles in green building projects across two cities with differing
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climates, Podgorica (Montenegro) and Belgrade (Serbia). Through a series of hypothesis-
driven research questions, the study examined the impact of locally available materials,
technologies, and climate conditions on the adoption of sustainable architectural practices.

The findings indicate that, despite the differing climates of the two cities, the applica-
tion of circular economy principles in green building projects does not show significant
differences (p = 0.09), suggesting that factors beyond local materials and technologies, such
as economic conditions and policy frameworks, might influence the adoption of these
principles. Thus, the first hypothesis (H1) is not fully supported, and further investigation
into these additional factors is recommended.

Regarding the integration of greening strategies, the data showed marginal differences
between the two cities, with no significant difference in the degree of greening strategy
integration (p = 0.08), which questions the expected variance in architectural forms influ-
enced by climate-responsive design. The second hypothesis (H2), proposing significant
differences in the urban form and architectural appearance of cities in different climate
zones, was also not fully supported. However, there were significant differences in the
impact of locally available materials and technologies on green building practices (p = 0.01),
especially in Serbia, where these materials had a greater influence.

Overall, this study demonstrates that, while some differences exist in how locally
available materials shape green building practices, the broader integration of circular econ-
omy principles and greening strategies appears less influenced by climate zone differences
than initially hypothesized. The findings suggest that a combination of local resources,
regulatory frameworks, and other socio-economic factors play a significant role in shap-
ing sustainable architectural practices. This study has significant theoretical value as it
improves strategies for climate-smart green building in circular cities. This study provides
valuable information for practitioners and policymakers focused on developing environ-
mentally sustainable solutions in the building sector. The successful implementation of
green building practices requires a strategic approach that allows for the creation of struc-
tured management practices that require the active participation of stakeholders, from
government to local communities, organizations and architects themselves.

Future research should expand on these aspects to provide a more comprehensive under-
standing of the factors influencing circular city objectives and climate-responsive architecture.
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22. Milovanović, V.; Janošević, S.; Paunović, M. Quality management and business performance of Serbian companies. Ekon. Preduz.

2021, 69, 345–356. [CrossRef]
23. Paul, W.L.; Taylor, P.A. A comparison of occupant comfort and satisfaction between a green building and a conventional building.

Build. Environ. 2008, 43, 1858–1870. [CrossRef]
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