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Abstract

Alkali-activated materials (AAMs) or geopolymers have been considered for many years
as a sustainable substitution for the traditional ordinary Portland cement (OPC) binder.
However, their production needs energy consumption and creates carbon emissions. Since
construction and demolition waste (CDW) can become precursors for manufacturing alkali-
activated materials, their use as substitutes for traditional AAM (such as metakaolin, blast
furnace slag, and fly ash) can solve both the problem of their disposal and the problem of
sustainability. Furthermore, CDW can also be used as aggregate replacement, avoiding the
exploitation of natural river sand and gravel. A new circular economy could be created
based on CDW recycling, creating a new eco-friendly building practice. Unfortunately, this
process is quite difficult owing to several variables that should be taken into consideration,
such as the possibility of separating and sorting the CDW, the great variability of CDW
composition, the cost of the mechanical and thermal treatment, the different parameters
that compose an alkali-activated mix-design, and public opinion still being skeptical about
the use of recycled materials in the construction sector. This review tries to describe all these
aspects, summarizing the results of the most interesting studies performed on this subject.
Today, thanks to a comprehensive protocol, the use of building information modeling (BIM)
software and machine learning models, a large-scale reuse of CDW in the building industry
appears more feasible.

Keywords: alkali-activated materials; construction and demolition waste; geopolymers;
mechanical properties; sustainable building materials

1. Methodology of the Review

This review is focused on sustainable composite materials prepared with alkali-
activated materials (AAMs) and construction and demolition waste (CDW). The aim is
to define the parameters that most influence their mechanical properties and durability.
To achieve this goal, a comprehensive literature search was conducted to identify peer-
reviewed papers relevant to AAM-CDW composites using the Scopus database, covering
publications from 2012 to 2025. The keywords selected were “alkali-activated materials”,
“geopolymers”, “construction and demolition waste”, “CDW”, “mechanical properties”,
and “durability”. The query was performed on the title, the abstract, and the keywords of
the papers. The language selected was English, and the papers were limited to “Article”,
“Review”, and “Conference Paper”. For this review, a tailored procedure was developed
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that shares some similarities with the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analysis) framework. Starting from the records retrieved by the Scopus
database (274), a subset of papers was subsequently excluded for failing to meet the prede-
fined inclusion criteria. The main criteria were the use of AAM as a precursor (not only
ordinary Portland cement binder), the use of CDW without other additions (fibers, filler,
biomass), and applications in building construction (no pollutants and heavy metals adsor-
bents, and no soil stabilization purpose). After applying the exclusion criteria, 199 articles
were selected. Figure 1 provides a flow diagram of the methodology applied in this study.

Figure 1. Flow diagram of the methodology applied in this study.

A bibliometric analysis was conducted using the VOSviewer 1.6.20 software to find the
cluster of words most present in the literature. The network map obtained with a minimum of
two occurrences per keyword is shown in Figure 2. Thirty-three keywords satisfied this crite-
rion, and the analysis revealed that the main clusters were related to ingredients (geopolymer,
construction and demolition waste, alkali-activated, bricks, concrete, and waste), mechanical
properties (compressive strength), and durability. Among these, “CDW”, “geopolymer”, and
“alkali-activated” were the most frequently occurring keywords.

These words reflect the production process of AAM with CDW, as summarized in
Figure 3. Construction and demolition waste can be used both as a precursor and an aggre-
gate. In Sections 3-5, the use of CDW as a precursor is described, analyzing the ingredients
(Section 3), the mix-design (Section 4), and the properties of the composites (Section 5),
respectively. The use of CDW as an aggregate for AAM is summarized in Sections 6 and 7.
Durability properties are finally reported in Section 8. New explanatory tables, specifically
designed for this review, summarize and compare the values of mechanical properties
reported in the literature, organized by type of CDW and arranged chronologically from
the earliest to the most recent studies. To enhance clarity, the table results are consistently
color-coded according to the type of CDW used: concrete in green, brick in red, ceramic in
pink, and a mix of CDW in yellow. Furthermore, all tables employ consistent abbreviations,
symbols, and color codes, the meanings of which are summarized in Table 1.
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Figure 2. The overlay visualization for “Alkali-Activated Materials with Construction and Demolition
Waste”. The words “geopolymer”, “alkali-activated” and “demolition” are associated with the red,
blue and green clusters, respectively. Each line represents a connection between two words. The red
cluster shows strong connections to the other ones through the terms “construction and demolition
waste” and “compressive strength”. The green cluster also includes many words related to the

material properties, such as mechanical properties and sustainability.

Figure 3. Preparation of alkali-activated composites with CDW.
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Table 1. Legend for the abbreviations, symbols, and color codes used in all tables.
Group Symbol Meaning
p Paste
Mixture M Mortar
C Concrete
orC Ordinary Portland cement
MTK Metakaolin
FA Fly ash
GGBS Ground granulated
Precursor blast-furnace slag
SF Silica fume
RM Red mud
GY Gypsum
v Used
Waste Prec. Waste precursor
Cw Concrete waste
Rcb Red clay brick
Waste precursor/ Hb Hollow brick
Waste aggregate Rt Roof tile
Ti Ceramic tile
Gl Glass waste
Gp Geopolymer waste
Thermal Thermal treatment for CDW
Waste treatment Carbon. Carbonation treatment of CDW
Percentage of waste W% Percentage of waste present
Agg. Aggregate type
Aggregate type NS Natural quartz sand
RA Recycled CDW aggregate
Mix Mix of various CDW aggregates
Aggregate size FM Fineness modulus
NSP Not specified
Curing temperature T (°C) Temperature of curing
Prec. Precursor
AS Activating solution
Mol. Molarity
Mix Design L/B Liquid-to-binder ratio
NayO (%) Percentage of Na,O
Agg. Aggregate type
B/A Binder-to-aggregate ratio
Cw % Percentage of concrete waste
aggregate
Reb % Perceptage of red clay
brick aggregate
Ti o Percentage of
Aggregate ? ceramic aggregate
. Percentage of a mix of various
0,
Mix % CDW aggregates
o Percentage of geopolymer
Gp Yo
concrete waste aggregate
NS % Percentage of natural sand
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Table 1. Cont.
Group Symbol Meaning
Flow Flow table test—consistency
ce—of Compressive and flexural
strength test
Scanning electron microscope
SEM-EDX energy dispersive X-ray
spectroscopy
XRD X-ray diffraction
FTIR Fourier-transform infrared
spectroscopy
Test performed TGA Thermogravimetry
DSC Differential scanning calorimetry
DSC Pe.Abs
MIP Mercury intrusion porosimetry
BET Braunfer—Emmet—Teller
instrument
Dur. Durability tests
v Tests performed
v’ Concrete waste
v Brick waste
) Ceramic waste
Ticks v Ceramic waste
v Geopolymer waste
Mix of various CDWs
Obtained with concrete CDW
Obtained with brick CDW
Obtained with tile CDW
Cell colors Obtained with a mix of CDW

Obtained with geopolymer waste
CDW analyzed separately

2. Environmental Impact of OPC and CDW

Ordinary Portland cement (OPC) is the most used binder to create concrete, thanks
to its low cost and its easy funding of raw materials. In 2024, the global production of
concrete was equal to 14 billion m?, and an increase to 20 billion m? is expected for 2050
(corresponding to 4.4 Gt) [1,2]. The energy consumption of the cement industry is equal to
15% of the total industrial sector, and the thermal energy consumption is equal to 3.4 GJ /t
of clinker produced [3]. In Table 2 [1,4-8] the values of CO, emission due to cement produc-
tion are reported for different countries and different years. The cement industry represents
5-7% of the total anthropogenic CO, emissions [9-11]. OPC concrete also shows the prob-
lem of its disposal after demolition. Currently, its main uses are site elevation or foundation,
downcycling for road pavements and subgrades, or as a cover layer for landfill, all of which
are serious concerns for the environment. To reduce this impact, different manufacturing
processes were introduced as the possibility of producing blended cement with natural
pozzolans or recycling the waste cement kiln dust. According to Huntzinger [12], the
substitution of pozzolans for clinker effectively reduces the environmental impact process
by 21.6%. Instead, recycling waste cement kiln dust into the kiln process has no effect on
the overall impact score. Only the manufacturing processes based on carbon sequestration
in the waste cement kiln dust have a lower (but small) overall impact score than the tradi-
tional one (—5%) [12]. A CO, reduction near 0.35-0.77 tons for each ton produced could
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be achieved by replacing OPC with recycled cement, and a reduction near 0.186 tons is
expected by replacing OPC concrete with recycled concrete, reaching the impressive value
of 1.4-3.08 Gt of CO; sequestrated each year.

Luo [13] studied a concrete cycle model in order to obtain new recycled cement, con-
crete, and aggregate: after the demolition of the old structure, the concrete is subjected
to a carbonation treatment to obtain carbon sequestration, and the old cement paste is
also thermally activated (near 650 °C) to become a precursor for the new recycled cement.
The aggregates of the old structure can be reused as they are (direct replacement is pos-
sible only for 30%) or they can be treated (removal of the attached cement paste, carbon
sequestration, or surface coating). In particular, the carbonation process increases the
bond between aggregates and the matrix and increases the capacity to desorb moisture,
improving concrete curing.

Table 2. Data on cement CO, emission.

Amount Country Year Reference
0.54 t/t of cement World 2015 [EA [4]
0.58 t/t of cement World 2022 WEEF [1]
0.58 t/t of cement World 2022 IEA [4]
0.45 t/t of cement World 2030 [EA [4]
0.72 billion t (Gt) World 2000 Tiseo [5]
1.50 billion t (Gt) World 2018 Andrew [6]
2.50 billion t (Gt) World 2020 Marmier [7]
1.56 billion t (Gt) World 2023 Tiseo [5]
39.71 million tons (Mt) USA 2023 OurWorld [8]
110 million tons (Mt) EU (27) 2022 Marmier [7]
10.60 million tons (Mt) Germany 2023 OurWorld [8]
38.27 million tons (Mt) Turkey 2023 OurWorld [8]
800 million tons (Mt) China 2014 Andrew [6]
718.02 million tons (Mt) China 2023 OurWorld [8]
177.23 million tons (Mt) India 2023 OurWorld [8]
0.42 t/t of cement World 2050 WEE [1]

The construction sector depletes more raw materials than any other industrial sec-
tor. Construction and demolition waste (CDW) mainly consists of different materials,
such as concrete, bricks, tiles, plaster, wood, glass, steel, copper, and plastic. In 2022,
the total waste generated by the construction sector in the EU amounted to 848 million
tons [14]. To produce concrete, each year, 32-50 million tons of natural sand and gravel are
extracted [15]. Furthermore, it must be considered that in the near future, there will be a
lack of virgin/natural aggregates and that in the longer term, cement use in Europe could
be uncertain. The increase in concrete production of the last decades is also connected to
the global growth of the population, in particular in the new megalopolis of China (e.g.,
urbanization here is expected to pass from 59% in 2010-2018 to 70% in 2050 [16]), India, and
South Africa. With urbanization, the composition of CDW changes. For example, in 2020,
China produced CDW mainly from rural buildings made with wood and bricks. Brick
and concrete structures formed 49% of the total CDW production. Instead, with urban-
ization, buildings with steel and concrete are expected to become the main contributors
(for 2100, it is expected a 67% of CDW) [17]. Zhang [16] studied the correlation between
urbanization and the production of CDW (in particular in China), proposing new policies
to sustain urban and economic environments. For these reasons, every year, 30 billion
tons of concrete are produced [18], and an increase in cement production of nearly 50%
is expected for 2050 [19]. Some values related to concrete production are summarized in
Table 3 [13,14,16,20-27]. As can be observed, China is currently the largest producer of
concrete waste, followed by Europe and the USA on equal terms.

https://doi.org/10.3390 /buildings16020309


https://doi.org/10.3390/buildings16020309

Buildings 2026, 16, 309 7 of 67

Table 3. Production of concrete waste.

Country Amount (Mt) Year Reference
Europe 857 2010 Luo [13]
Europe 830 2012 Khan [20]
Europe 800 2018 Wang [21]
Europe 834 2018 Moschen-Schimek [22]
Europe 857 * 2022 Eurostat [14]
France 247 2012 Eurostat [23]

Italy 39 2012 Eurostat [23]

Germany 201 2012 Eurostat [23]

UK 77 2010 Luo [13]
USA 569 2017 Ilcan [24]
USA 600 2018 Luo [13]
USA 700 2018 Wang [21]
Colombia 22 2020 Villaquirdn-Caicedo [25]
China 1800 2017 Xiao [26]
East China 1327 2018 Zhang [16]
China 3210 2021 Luo [13]
China 2600 2022 Ma [27]
China 2300 2022 Wang [21]
South Korea 24 2021 Luo [13]
Australia 5.6 2009 Luo [13]

* = value calculated as the product of the total amount of waste produced multiplied by the percentage of CDW.

The production of OPC concrete creates problems not only connected to the emission
of CO,, NOy and SO, in atmosphere (5-8% impact for the greenhouse effect [20,28]) but
also to the consumption of natural stones from rivers and mines (1.5 tons of raw rocks for
each ton of OPC [18]) and to the consumption of large amounts of energy to heat the raw
rocks at high temperatures (near to 1400 °C). This amount is considered equal to 40% of the
total amount of energy consumed during the manufacturing process [20]. Considering the
end of the service life of concrete, it can be used in different ways, as recycled aggregate for
subgrade cushion, cement stabilized crushed stone, filler wall [13], or road base pavement
layer (see Jimenéz [29] for applications in Spain, or Otasowie for reuse in South Africa [30]),
or it is disposed of in landfills.

The presence of hazardous materials such as asbestos (normally present as roof tiles in
the constructions built during the 1960s and 1980s) makes their reuse very difficult owing
to the prohibitive costs of decontamination. For these cases, incineration and landfilling
are still adopted [21]. CDW can release also other harmful substances that can affect the
environment during their management (handling, incineration, leakage, and crashing), as
dust containing carcinogenic species produced during crushing, PM10 during dismantling
or sorting, fine particles (Ba, Ca, Cr, and metals) leached in the landfill, gypsum released in
the ground that can change the pH of soils, and water pollutants caused by CDW disposal
that can contaminate not only rivers and ponds but also the soils, the aquatic life and the
animals that drink the water [31].

The demand for green building materials is quickly increasing [32]. The first associa-
tion to deal with CDW was the Federal Quality Association for Recycled Building Materials,
established in Berlin in 1984. Nowadays, it has become the headquarters European Qual-
ity Association for Recycling (the main EU organization of quality association) [33]. The
EU Commission Communication of 21 December 2005 about “Thematic Strategy on the
prevention and recycling of waste” [34] can be considered as the beginning to improve the
management of wastes and energy resources, as the EU directive 2008/98 “Waste Frame-
work Directive” [35] specifies more goals for reuse, recycling, and recovery of wastes [32].
For example, it imposed the goal to increase the recovery rate of CDW to 70% in terms of
weight by 2020. Moschen-Schimek [22] studied whether this goal was achieved in different
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countries, finding that many problems still exist, such as non-unified methods of data
collection, different waste coding systems, non-homogeneous meaning for “backfilling”,
and completeness of collected data.

To achieve the goal of 100% reduction in carbon emissions by 2050, it is necessary to
develop strategies for the reduction in greenhouse gases even in the construction sector.
For this reason, Directive 2018/851/EU establishes that CDW must be properly separated
and treated to remove hazardous substances and recycle them. In this way, CDW becomes
a resource that can be a part of a circular economy model [36].

Yi [37], comparing different approaches to the process of waste management, found
that the establishment of a carbon tax and economic incentives are effective measures
to reduce carbon emissions, as happened in European countries such as Sweden, Ger-
many, Britain, France, and Eastern countries such as Japan and Australia. Also, Cudecka-
Purina [38] agrees that a comprehensive policy framework where CDW sorting and recy-
cling are mandatory with financial incentives as support for the industry is always more
and more important. Ma [27] analyzed the importance of creating a circular economy
model with CDW and the role of different private (customers, designers, contractors) and
public (government) stakeholders. For instance, China introduced CDW in the “14th Five-
Year Plan on the development of circular economy”. According to Wang [21], this circular
economy model should be broadly applicable and widely recognized with a universally
applicable evaluation model. Saad [39] tested the importance of a circular economy in
Canada, finding that the reclamation of building materials decreases transportation and
disposal costs, and increases the creation of new businesses and job opportunities in the
local economy. Some strategies must be carried out: improving secondary material quality,
giving incentives for their use and for waste recovery, creating standards for secondary
materials, and the use of advanced technologies for sorting and recycling [27,39]. Similar
conclusions are achieved by Martin [40], who studied the UK context. In the UK, the main
problems in the implementation of the CDW circular economy are: inadequate policies,
bureaucratic delays, and higher costs. In particular, Saad [39] has developed a framework
composed of four parts to evaluate the possibility of deconstructing a building and to reuse
its materials or components; these stages are technical feasibility assessment, budget and
timeframe consideration, heritage value consideration, and final decision.

Table 4 [13,23,27,37,40,41] reports the percentage of CDW recycling for different coun-
tries around the world. Lins [42] created a framework based on building information
modeling (BIM) software and simulation tools to manage the entire building life from the
design to the final deconstruction and reuse of materials. This approach is based on the 3Rs
(reduction, reuse, and recycling). New technologies, such as artificial intelligence software
and blockchain systems, can increase the reuse of CDW thanks to the possibility of tracking
the material flow [38]. Currently, there are already studies on how to calculate the quantity
of CDW produced thanks to artificial intelligence modeling techniques [43]. In this way, it
is possible to optimize resource allocation and minimize waste generation. Reduction is the
most effective method to reduce the production of CDW. It consists of a proper design of the
building at a very early stage of the project, avoiding unexpected changes in the building
design and improper procurement and handling of materials. Reuse is the possibility to
give a second life to the materials without changing their function or structure; it takes
no additional time or energy consumption, but it is necessary to perform good sorting
during selective demolition (deconstruction). Recycling involves four additional phases
(separation, collection, processing, and marketing), and the products obtained depend on
the quality and nature of the original material, e.g., concrete can be crushed and recycled as
aggregate for new concrete [31]. In Figure 4, a sustainable cycle for CDW is proposed.
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Table 4. Percentage of recycling of construction and demolition waste.
Country CDW Recycling (%) Year Reference
Europe 89 2020 Caro [41]
Europe 90 2022 Ma [27]
Europe 89 2024 Caro [41]
Germany 68 2012 Eurostat [23]
Germany 90 2020 Luo [13]
Italy 76 2012 Eurostat [23]
UK 38 2018 Martin [40]
UK 80 2020 Luo [13]
USA 70 2020 Luo [13]
USA 76 2022 Ma [27]
China 13 2020 Luo [13]
China 10 2022 Ma [27]
China 40 2022 Yi [37]
Japan and .
South Korea 95 2024 Yi [37]

Figure 4. Construction and demolition waste cycle in the building industry. The green arrows
represent the recycling process, the blue arrow represents an individual process phase, whereas the
red arrow indicates a stage at which CDW exits the recycling process described in this review.

For all these reasons, in recent years, more and more research has focused on the
development of new recipes based on alkali-activated materials (replacing OPC) and CDW
(replacing natural aggregate or as precursors of the alkali-activated materials). Another
possibility to recycle CDW is the development of new lightweight aggregates [44]. Starting
from ground CDW (<100 um), fly ash (FA) and ground granulated blast furnace slag
(GGBS), it is possible to add SiC (an expansive agent to create the porous structure) to
obtain after palletization in a tilting disk and a heating process (110 °C for 24 h in oven
followed by a sintering program in muffle) new recycled aggregate.

Unfortunately, CDW has a great heterogeneity that causes a remarkable variability
in the physical and mechanical properties of the pastes and mortars produced with it.
Nowadays, this aspect is the most challenging aspect of the recycling of CDW [15]. This
problem of heterogeneity was considered even by the Italian Standard that gives the
possibility to create new structural concrete with recycled aggregates (up to 30%) only if
these ones are almost completely made with old concrete (90%) [15].

Tam [33] found that there are some barriers to the use of recycled aggregate as recy-
cled products are still regarded as suspicious, the price should be lower than the natural
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aggregate, the quality of the recycled aggregate should be improved with better selection
and sorting, the lower quality concrete should be used as road base aggregate, the concrete
factory and the recycled concrete factory should be close to each other to reduce the cost
of transportation.

3. Alkali-Activated Materials with CDW as Precursor and
Mechanical Properties

3.1. Characteristics of Alkali-Activated Binders

Since the European Green Deal [45], and the construction sector was selected as
determining for the transition to a sustainable economy [22], researchers are increasingly
testing new eco-friendly binders as partial or complete replacement for OPC, such as fly ash,
ground granulated blast furnace slag, and metakaolin (MTK). Alkali-activated materials are
now widely used thanks to their good performances in terms of durability and mechanical
properties, e.g., the pavement construction of Brisbane West Wellcamp Airport is one of the
greatest applications of these materials in industrial-scale applications (>40,000 m?) [26].
Alkali-activated materials (discovered by Davidovits in 1978) are similar to zeolites but
with an amorphous structure. They are created by the co-polymerization of alumino-silicate
species originating from the dissolution of Si and Al in the source material at high pH value
and in the presence of soluble alkali silicate [46]. In particular, alkali-activated materials
have a higher amount of CaO (0-30%) and a lower amount of Na,O and K,O (4-10%)
compared to geopolymers (respectively, 0-5% CaO and 10-20% NaO and K;O) [47]. For
this reason, alkali-activated materials create more C-S-H when activated than geopolymer
(which gives more N-A-5-H as a hydration product). Any materials with Si-Al can become
an alkali-activated material, including CDW. In particular, in the papers present in the
literature, CDW are associated mainly with other precursors as blast furnace slag (high
calcium content), or fly ash and metakaolin (low calcium content). The main hydration
product of an alkali-activated binder is C-S-H gel (for high-calcium raw materials as slags)
or N-A-5-H gel (for low-calcium raw materials). In the process of geopolymerization, the
510,/ Al,O3 ratio and NayO/SiO; ratio can be used to modulate the composition of the
materials. In general, a higher amount of Si gives more C-A-S5-H gel, whereas Al rules the
network formation of the matrix [18].

To create geopolymeric mortars and concrete, the precursors (100% CDW or a mix
among CDW, metakaolin, fly ash, or GGBS) must be activated using a solution (generally
composed of NaOH or KOH) and silicates. The molarity of the solution can vary between
6M and 10M. In general, a higher molarity results in higher compressive strength. The
curing temperature can vary, and for higher temperatures, the time of curing is lower. The
increase in temperature, creating a denser matrix, gives higher strength values. The single
parameters will be specifically analyzed in Section 4.6.

3.2. Chemical and Mineralogical Characterization of CDW

CDW is generally collected from the landfill or directly from the demolition site. Later the
CDW is cleaned, dried, and ground to obtain a very fine powder. In several studies, CDW was
used as an alkali-activated precursor without previously selecting the demolition material. The
quality of CDW can thus be very variable, and it depends on various factors, such as the concrete
age, the impurities present, the recycling method, and the apparatus used to sort and grind the
waste [48]. Construction and demolition waste can be initially sorted according to the different
kinds of materials present (concrete, bricks, tiles, glass, ceramic) or used unsorted, but in this case,
itis not possible to create a specific mix-design since the percentage of the single waste is unknown.
Since the composition of CDW is very important for the characteristics of the final product, CDW
must be studied by performing chemical composition test and X-ray diffraction analysis to find
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the mineralogical composition. Table S1 [24,25,49-94] and Figure 5A,B [24,25,50-55,57-79,84-94]
summarize the chemical composition of CDW present in the literature according to the type of
waste present: concrete waste in the first part of Table S1 [24,49—67], bricks and ceramics in the
second part [24,49,51,52,54,57,60,64—66,68-86], glass waste, and mixes of various waste in the last
part of Table S1 [24,25,52,54,60,73,76,77,80,87-94], respectively. Figure 5B summarizes the area in
the ternary diagram where CDWs are present according to their main material. Concrete CDW
(green symbols in Figure 5A) and mixes of various CDWs (yellow symbols in Figure 5A) have the
greatest variability; instead, waste glass powders are very homogeneous (70% of SiO, and 13% of
NayO, 10% CaO [24,51,53,59,72,75,76,79]). Bricks and ceramics (respectively, red and pink symbols
in Figure 5A) are almost superimposable (70% of SiO, and 20% of Al,O3, 10%Ca0). Concrete and
mix CDW have a lower amount of Al,Oj3 (left side of the ternary diagram in Figure 5B) than brick
and ceramic CDW (right side of the ternary diagram). Concrete powders also have more SiO,
and CaO. The molar ratios of oxides (S5iO,, CaO, and Al,Os) are also generally used to study the
composition of the precursor. SiO; is the main source of reactive oxide. According to Vasquez [50],
the optimum Si/ Al ratio for alkali-activated materials should be close to 10.

Table 5 [23-51,55,57,59-61,63,64,66-72,76-79,82-84,87-91,94-96] summarizes the miner-
als detected in CDW with the X-ray diffraction technique present in the literature. Concrete
waste is mainly composed of quartz, C-S-H gel, un-hydrated calcium silicate, and feldspar
coming from the aggregate as albite and microcline. It is possible to detect minerals as
some alumino-silicate (muscovite and anorthite), unreacted cement powder (alite and belite),
products of sulfate attack (gypsum and ettringite) [97]. Geopolymeric products with CDW
powders can have different characteristics according to the type of powder (recycled OPC
paste, mortar, or concrete). The first one has more C-S-H gel, which benefits the microstructure,
calcium hydroxide, and some unreacted cement calcium silicate, which refines the pore size
and enhances the microstructure of the final product. The second one has a small amount of
hydration products and a high amount of quartz coming from natural sand. Finally, the third
one has the highest content of quartz and calcium carbonate (being almost inert, they affect the
microstructure) coming from old concrete sand and gravel, so the final geopolymer will have
less amount of C-(N)-A-S-H [98,99]. Comparing the mechanical properties of alkali-activated
mortars with 100% paste, mortar or concrete waste as precursor it is possible to observe that
for replacement of GGBS inferior to 50% there is no great difference among the three different
types of waste but for a 100% substitution the best performance is achieved using cement paste
as precursor (+182% compared to mortar waste and + 213% compared to concrete waste) [95].
The replacement of FA with paste powders increases the mechanical strength after 28 days
(+26%). On the contrary, the use of mortar or concrete powder decreases the strength (—44%
and —52%, respectively) [98]. The addition of both mortar and concrete powder increases the
average pore diameter, and some distinctive cracks can be observed in the final product. In
particular, the beneficial effect of using cement paste powder as a precursor can be explained
by the presence of unreacted calcium silicate, C-S-H gels, and calcium hydroxide that can be
easily re-polymerized under alkali-activation conditions in new C-(N)-A-S-H gels. Instead,
the presence of inert quartz and calcite in the mortar and in the concrete waste decreases the
compressive strength to —52% for 100% replacement of concrete powder since these fractions
do not participate in the alkali-activated reaction. Furthermore, the high calcium present in
concrete powder acts as an inactive filler and slows down the dissolution process because the
precursor particles become covered by Ca-rich products, resulting in a general decrease in the
strength development [98].
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Table 5. Minerals detected in CDW precursor using XRD.

Author Year CDW Minerals Detected with XRD
Q C D Po Al Mc Ms An Hm Pr 1 Mu Lz Sa C W O T Cr Di Ph Pl E A B F Sp  Am
Zaharaki [51] 2016 concrete . . . .
Robayo-Salazar [52] 2017 concrete . . . .
Ren [53] 2020 concrete . . . .
Huo [55] 2021 concrete . . .
Ilcan [24] 2022 concrete . . . . )
Liu [95] 2022 concrete . . . . . . .
Mahmoodi [57] 2022 concrete . . . . . . .
Boros [59] 2023 concrete . . . . .
Cardoza [96] 2023 concrete . . . .
Ozcelikei [60] 2023 concrete . .
Sasui [61] 2023 concrete . . . . . . .
Zhang [63] 2023 concrete . . .
Cantero [64] 2024 concrete . . . . . .
Kul [66] 2024 concrete . .
Sasui [67] 2024 concrete . . . . . . .
Reig [68] 2013 brick . . . . .
Robayo-Salazar [69] 2016 brick . . . .
Zaharaki [51] 2016 brick . . .
Robayo-Salazar [52] 2017 brick . . . .
Fort [70] 2018 brick ) . . . . 0 .
Tuyan [71] 2018 brick . .
Hwang [72] 2019 brick . . . )
Ulugol [76] 2021 brick . . . .
Tlcan [24] 2022 brick . . . .
Liang [78] 2022 brick . . .
Mahmoodi [57] 2022 brick . . . . .
Cardoza [96] 2023 brick . . . . . .
Giannopoulou [79] 2023 brick . . . . . .
Ozcelikei [60] 2023 brick . . .
Cantero [64] 2024 brick . . .
de Castro Carvalho [82] 2024 brick . . )
Kul [66] 2024 brick . . .
Maaze [83] 2024 brick . . . .
Rakhimova [84] 2015 ceramic . . . . .
Hwang [72] 2019 ceramic . . .
Ilcan [24] 2022 ceramic . . .
Mahmoodi [57] 2022 ceramic . . . ) .
Giannopoulou [79] 2023 ceramic . . . . .
Ozcelikci [60] 2023 ceramic . . . .
Cantero [64] 2024 ceramic . .
Robayo-Salazaar [52] 2017 glass .
Ulugol [76] 2021 glass .
Tlcan [24] 2022 glass .
Ozcelikci [60] 2023 glass .
Bassani [87] 2019 mix . . . . . . . . . .
Robayo-Salazar [88] 2020 mix . . )
Villaquiran [25] 2021 mix . . . .
Moreno-Maroto [89] 2022 mix . . . )
Tan [90] 2022 mix . . . .
Tan [91] 2022 mix . . . . ) )
Tefa [94] 2025 mix . . . . .

mix = mix of various CDWs; Q = quartz; C = calcite; D = dolomite; Po = portlandite; Al = albite; Mc = microcline; Ms = muscovite; An = anorthite; Hm = hematite; Pr = pirssonite;
I = illite; Mu = mullite; Lz = lizardite; Sa = sanidine; CI = clinochlore; W = wavellite; Or = orthoclase; T = thaumasite; Cr = crisobalite; Di = diopside; Ph = phillipsite; P1 = plagioclase;
E = ettringite; A = alite; B = belite; F = foshagite; Sp = spinel; Am = amorphous phase; ® = present.
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For brick waste, mullite, muscovite, and albite are minerals usually present (Table 5).
The presence of mullite depends on the type of clay used and the fire temperature. Bricks
also have Fe,O3 coming from hematite created during the sintering process of bricks. Waste
from ceramic materials acts as a source of aluminosilicates, while waste from concrete gives
silica and calcium. An increase in the latter allows for obtaining products with greater
compressive strength, which can be estimated in advance with a formula based on the
Si/Al and Ca/Si ratios [100]. Komnitsas [49] tested both ceramic and concrete waste as
precursors, finding that tiles and bricks are generally better geopolymerized than concrete
(13 MPa), achieving compressive strength values of 49.5 MPa (tiles) and 57.8 MPa (bricks).
The good performance of brick is due to the high level of SiO, and Al;O3, and a smaller
grain size distribution. Cardoza [96] tested a binder made from concrete and brick waste
coming from a landfill in Medellin (Colombia). The results show better performance for the
brick-based binder (33.1 MPa versus 19.6 MPa for the concrete-based binder, both cured
at room temperature) owing to its greater pozzolanic reactivity. Quartz and amorphous-
vitreous phases in the brick powder promote a pozzolanic effect; instead, the aluminum
oxide helps the formation of ettringite, improving the early mechanical properties of the
product with brick waste [97]. Geopolymers obtained from brick achieve low values of
strength at the early stage but high values later; on the contrary, geopolymers obtained
from concrete have high values at the beginning, but they increase the strength slowly later
on [101]. Ulugol [76] tested pastes made by only one kind of CDW (red clay bricks, roof
tile, hollow brick, and glass), activated with different NaOH concentrations (10-12-15%)
and cured at different temperatures (from 50 °C to 125 °C). Comparing his results, the
best precursor among the ones tested was hollow brick as opposed to glass waste, which
resulted in the worst one. Hollow brick had the best performance, even if it was the coarsest
precursor, and it showed distinctive crystalline peaks under X-rays, demonstrating that the
chemical composition of the precursor is more important than the physical properties to
achieve high values of strength [76]. Comparing geopolymers mortars with CDW coming
from wastes of roof tile, hollow brick and red clay brick used as precursors, the best results
of compressive strength (>60 MPa) are achieved with roof tile waste and fine concrete
recycled aggregate (0.85-0.10 mm) with an aggregate to binder ratio of 0.45, a 15 M solution
of NaOH and a curing temperature of 105-115 °C [81].

Glass wastes are composed solely of amorphous phases (Table 5). In contrast, the mix
of CDW is composed of minerals derived from concrete waste (quartz, calcite, dolomite,
albite) with plagioclase, phillipsite, thaumasite, wavellite, clinochlore, and muscovite. The
use of sorted, separated CDW gives the possibility to select a correct mix-design, changing
the amount of concrete, bricks, and glass. Instead, using an unsorted CDW, this possibility
is precluded. The heterogeneity of CDW appeared to be a challenging problem, as the
mechanical strengths obtained were very different. Kul obtained values of compressive
strength in the range 34.7-68.0 MPa, but thanks to a process of optimization, this range was
reduced to 54.5-68.0 MPa. The main factors affecting the results were the Si/ Al ratio and
the fineness. Increasing the fineness, higher values of strength are expected, but only with
a balanced Si/ Al ratio, a substantial improvement can be achieved [66].
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(B)

Figure 5. (A) Ternary diagram of some CDW precursors in the literature; (B) summary of the CDWs
considered according to their material.
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Legend of Figure 5A
CDW Type Symbol Author Year CDW Type Symbol Author Year
concrete O Vasquez [50] 2016 brick . Reig [68] 2013
. . Robayo-
concrete . Zaharaki [51] 2016 brick . Salazar [69] 2016
Robayo- . .
concrete . Salazar [52] 2017 brick A Zaharaki [51] 2016
. Robayo-
concrete A Ren [53] 2020 brick ’ Salazar [52] 2017
concrete Akduman [54] 2021 brick Fort [70] 2018
concrete x Huo [55] 2021 brick ' Tuyan [71] 2018
concrete ’ Tlcan [24] 2022 brick Hwang [72] 2019
concrete Mahmoodi [57] 2022 brick Kioupis [73] 2020
concrete D Wang [58] 2022 brick D Wong [74] 2020
concrete v Boros [59] 2023 brick Akduman [54] 2021
concrete Ozcelikci [60] 2023 brick Migunthanna [75] 2021
concrete Sasui [61] 2023 brick Uluggol [76] 2021
concrete Q Wan [62] 2023 brick v Aldemir [77] 2022
concrete * Zhang [63] 2023 brick Tlcan [24] 2022
concrete Cantero [64] 2024 brick Liang [78] 2022
concrete Ilcan [65] 2024 brick ‘ Mahmoodi [57] 2022
concrete Kul [66] 2024 brick Giannopoulou [79] 2023
concrete Sasui [67] 2024 brick Kul [81] 2023
ceramic , Rakhimova [84] 2015 brick Cantero [64] 2024
. . de Castro
ceramic Hwang [72] 2019 brick Carvalho [82] 2024
ceramic O Samadi [85] 2020 brick Tican [65] 2024
ceramic \/ Mahmoodi [57] 2022 mix D Bassani [87] 2019
. . Robayo-
ceramic Erol [86] 2023 mix Salazar [85] 2020
ceramic Giannopoulou [79] 2023 mix <> Villaquiran [25] 2021
. - . Moreno-
ceramic Ozcelikci [60] 2023 mix Maroto [39] 2022
ceramic Cantero [64] 2024 mix v Tan [90] 2022
Robayo- .
glass o Salaras [69] 2016 mix Tan [91] 2022
) Lo . Valencia-
glass O Kioupis [73] 2020 mix Saavedra [92] 2023
glass Akduman [54] 2021 mix Roy [93] 2024
glass [ | Ulugs! [76] 2021 mix Tefa [94] 2025
glass Aldemir [77] 2022
glass ‘ Tlcan [24] 2022
glass Ozcelikci [60] 2023

3.3. Grinding Process and Particle Size Determination

The debris (composed of bricks, roof and floor tiles, glass, and concrete) is generally ground
in a jaw crusher to a size of 2-4.75 mm and then further pulverized using a ball mill. The
particle size of the precursor after the milling process is very important since it can affect the
final values of strength [21,102,103]. Table 6 [24,49-57,60,61,64-66,68,69,72,73,75-79,81-83,96,104]
summarizes the characteristics of the grinding process and the final particle size of CDW present
in the literature. Almost all the studies performed used a two-step process composed of a first
part where a coarse CDW is produced using a jaw crusher or a hammer mill, and a second step
with ball milling to obtain powders less than 170 um. Even the grinding time is an important
factor (grinding time column in Table 6) that must be considered. The grinding time can vary
from 40 min [68], 1 h [24,54,55,60,66,76,77] to 2 h [64] or more (5 h in [25,82], 9 h in [89]). Longer
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times improve strengths (with a denser microstructure) and decrease the total porosity [105], but
excessive grinding times increase the production cost and the agglomeration of the material with
a consequent reduction in strength [103]. Fineness influences the reactivity since higher values
increase the specific surface area and, consequently, the reactivity of the CDW [97,106]. A longer
milling duration (not exceeding 2h) improves the reactivity of CDW, promoting the formation of
silica gel [90]. The optimal time of grinding also depends on the type of apparatus and on the
characteristics of CDW [97], but considering energy consumption, a ball milling of 60 min resulted
in the optimum timing [106]. Kul [66] tested different kinds of CDW (composed of concrete,
roof tile, glass, hollow, and clay brick) collected in five different locations in Turkey. In the last
column of Table 6, the particle size of CDW after the milling process is reported. These values
are measured by performing a laser diffraction granulometry. Comparing the values of volume
mean diameter D(4, 3), it can be observed that all the CDW have very similar values in the range

20-30 pum.

Table 6. Characteristics of grinding process and final particle size of CDW precursor.

Author Year Material Treatment Grinding Time Particle Size
Komnitsas [49] 2015 concrete Bico pulverizer Type UA Fritsch-Bico pulverizer 190-400 pm
Vasquez [50] 2016 concrete Hammer mill and ball mill D(4, 3) 24.73 pm
Zaharaki [51] 2016 concrete Bico pulverizer Type UA Fritsch-Bico pulverizer <190 pm
Robayo-Salazar [52] 2017 concrete Hammer mill and ball mill D(4, 3) 24.73 um
Ren [53] 2020 concrete 02%5635321 Em
Akduman [54] 2021 concrete Pre-crusher and grinder 1h <100 pm
Huo [55] 2021 concrete Jaw crusher, mesh sieve, and ball mill 1 h ball mill <75 um
Aldemir [77] 2022 concrete Jaw crusher and scale ball mill 1h <100 pm
Tlcan [24] 2022 concrete Jaw crusher and ball mill 1 h ball mill <140 um
Liang [56] 2022 concrete Pulverisette 4 high-energy ball mill 400 rpm 4 h ball mill D(50) 0.76 pm
Mahmoodi [57] 2022 concrete Size crusher and ball mill D(50) 15.1 pm
Cardoza [96] 2023 concrete Jaw crusher and ball mill 4 hjaw crusher D(50) 30 um
Ozcelikci [60] 2023 concrete Jaw crusher and ball mill 1 h ball mill D(4, 3) 24.90 pm
Sasui [61] 2023 concrete Daihan scientific digital ball mill 1 h 30 min <75 pm
Cantero [64] 2024 concrete Jaw crusher, roll crusher, and ball grinding 2 h ball mill <175 um
Tlcan [65] 2024 concrete Crusher and ball mill <100 pm
Kul [66] 2024 concrete Crushing-milling process 1 h ball mill 50% < 15 pm
Xi[104] 2024 concrete Jaw crusher, disk mill, and heating to 750 °C for 3 h 3 h disk mill <150 pm
Reig [68] 2013 brick Porcelain ball mill with alumina milling 40 min 20.9 um
Komnitsas [49] 2015 brick Bico pulverizer Type UA Fritsch-Bico pulverizer - 140-350 pm
Robayo-Salazar [69] 2016 brick Ball mill - D(4, 3) 24.25 pm
Zaharaki [51] 2016 brick Bico pulverizer Type UA Fritsch-Bico pulverizer - <140 pm
Robayo-Salazar [52] 2017 brick Hammer mill and ball mill - D(4, 3) 24.25 pm
Hwang [72] 2019 brick Not specified - D(50) 10.32 um
Kioupis [73] 2020 brick Pro-pilot plant ball mill - D(50) 13.70 pum
Akduman [54] 2021 brick Pre-crusher and grinder 1h <100 pm
Migunthanna [75] 2021 brick Ball mill grinder - <150 um
Ulugol [76] 2021 brick Hammer mill and ball mill (2 times) 1 h ball mill D(4, 3) 16.40 pm
Aldemir [77] 2022 brick Jaw crusher and scale ball mill 1h <100 pm
Ilcan [24] 2022 brick Jaw crusher and ball mill 1 h ball mill <80 um
Liang [78] 2022 brick QM3SP04 planetary ball milling - <100 pm
Mahmoodi [57] 2022 brick Size crusher and ball mill - D(50) 19.9 um
Cardoza [96] 2023 brick Jaw crusher and ball mill 1 hjaw crusher D(50) 5 um
Giannopoulou [79] 2023 brick Jaw crusher and ball mill - D(50) 35.35 um
Kul [81] 2023 brick Jaw crusher, ball mill with steel ball 1 h ball mill D(50) 8.50 um
Ozcelikei [60] 2023 brick Jaw crusher, ball mill 1 h ball mill D(4, 3) 18.00 pm
Cantero [64] 2024 brick Jaw crusher, roll crusher, and ball grinding 2 h ball mill <175 pm
de Castro Carvalho [82] 2024 brick 10 L ball mill with 45 alumina balls 5h D(50) 30.69 pm
Ilcan [65] 2024 brick Crusher and ball mill - <70 pm
Kul [66] 2024 brick Crushing-milling process 1 h ball mill 50% < 15 pm
. Chip off the adhered mortar, wash with 0.1 M
Maaze [83] 2024 brick NaOH, dry for 24 h, and jaw crusher D(50) 31.34 pm
Ulugol [76] 2021 roof tiles Hammer mill and ball mill (2 times) 1 h ball mill D(4, 3) 44.40 pm
Kul [81] 2023 roof tiles Jaw crusher and ball mill with steel ball 1 h ball mill D(50) 4.75 um
Ozcelikei [60] 2023 roof tiles Jaw crusher and ball mill 1 h ball mill D(4, 3) 10.30 pm
Komnitsas [49] 2015 tiles Bico pulverizer Type UA Fritsch-Bico pulverizer - 140-477 pum
Zaharaki [51] 2016 tiles Bico pulverizer Type UA Fritsch-Bico pulverizer - <140 pm
Hwang [72] 2019 ceramic Not specified - D(50) 25.34 um
Akduman [54] 2021 tiles Pre-crusher and grinder 1h <100 pm
Aldemir [77] 2022 tiles Jaw crusher and scale ball mill 1h <100 pm
Mahmoodi [57] 2022 tiles Size crusher and ball mill - D(50) 15.5 um
Giannopoulou [79] 2023 ceramic Jaw crusher and ball mill - D(50) 48.34 um
Cantero [64] 2024 tiles Jaw crusher, roll crusher, and ball grinding 2 h ball mill <175 pm
Robayo-Salazar [52] 2017 glass Hammer mill, ball mill - D(4, 3) 43.12 pm
Akduman [54] 2021 glass Pre-crusher and grinder 1h <100 pm
Ulugol [76] 2021 glass Hammer mill and ball mill (2 times) 1h ball mill D4, 3) 111.90 pm
Aldemir [77] 2022 glass Jaw crusher and scale ball mill 1h <100 pm
Tlcan [24] 2022 glass Jaw crusher and ball mill 1 h ball mill <140 um
Ozcelikci [60] 2023 glass Jaw crusher, ball mill 1 h ball mill D(4, 3) 33.40 pm
Kul [66] 2024 glass Crushing-milling process 1 h ball mill 40% < 15 pm
Robayo-Salazar [88] 2020 mix Hammer mill, ball mill - D4, 3)92.1 um
Villaquiran [25] 2021 mix Hammer mill and ball mill 5 h ball mill D(4, 3) 25.60 pm
Retsch Model BB200 Mangan jaw crusher, Royal D(50) 29.00 um
Moreno-Maroto [89] 2022 mix Triumph brand hammer mill, ball mill Ceramic 25-9h D(50) 27.40 um
Instruments SRL D(50) 33.40 um
Tan [90] 2022 mix Jaw crusher, ball mill with alumina balls 14h 10-80 pm
Tan [91] 2022 mix Jaw crusher, ball mill - D(50) 10.80 um
Valencia-Saavedra [92] 2023 mix - - D(4,3) 75 pm
Tefa [94] 2025 mix - - <63 pm

D(4, 3) = volume mean diameter; D(50) = median grain diameter.

https://doi.org/10.3390 /buildings16020309


https://doi.org/10.3390/buildings16020309

Buildings 2026, 16, 309

17 of 67

3.4. Thermal Treatments

Three different processes to activate the CDW precursor can be performed. The most
effective one is the thermal activation at 800 °C, followed by the chemical activation using
a Ca(OH); + CaSOQy solution, and finally the mechanical activation performed with a
grinding apparatus for 75 min [107]. The first two processes are more feasible because
they produce more nucleation points for the following hydration products. Xu [108]
tested powder obtained from scrap concrete as the only precursor for geopolymeric pastes
with different activation parameters (heating temperature and grinding time). The best
performance was achieved at 750 °C with 10 min of grinding. In particular, increasing the
temperature of calcination (until 750 °C), the compressive strength increased (27 MPa),
but for higher temperatures, there is a slight decrease (22 MPa at 950 °C). The decrease in
compressive strength for calcination temperatures higher than 800 °C is confirmed even
by Zhang [63] due to the many microcracks occurring at extremely high temperatures. A
denser microstructure without C-S-H formation can be found in the range 300-600 °C [109],
and the formation of new components appears at 900 °C (calcium silicate, larnite, and
the transition of «-5iO; connected to the decrease in crystalline quartz [103]). A direct
proportion was observed between the temperature of calcination and density (2.73 g/cm3
for 600 °C and 2.81 g/cm? for 800 °C) and an inverse proportion with BET surface area
(5m?2/g for 600 °C and 1.9 m? /g for 800 °C) [67]. The 10% replacement of treated concrete
powder gives compressive strength values similar to the reference sample [109]. The
thermal treatment at temperatures near 700-800 °C can also increase the activity index of
the CDW with values between 70 and 90% [21,103,106,110,111]. Lower temperatures cannot
convert the kaolinite phase into metakaolinite and fail to break the chemical bonds in the in
situ waste. Instead, higher temperatures can induce a re-crystallization that reduces the
release of active silica-alumina components [21]. Tan [100], by first washing the CDW and
drying it at only 50 °C, obtained 7-day compressive strength values of up to 29.7 MPa.

3.5. Carbonation of CDW Precursor

Another treatment that can be performed on CDW before its use as a precursor is
the carbonation process, where alkali Ca and Mg react with CO; to form carbonates. This
process can happen directly with a chemical reaction in a gas—solid system (CO; curing,
flow-through carbonation, and pressurized carbonation) or into an aqueous one (the solid
material is submerged in a bulk liquid with CO; injected) [103]. The indirect process of
carbonation uses acid and basic substances to dissolve the powder and extract calcium ions
that are later exposed to CO, to precipitate calcium carbonate [103]. Zhang [63] compared
carbonation treatment (vacuum pressure reactor at 25 °C, 0.4 MPa for 3-24 h) and thermal
activation (from 200 °C to 800 °C for 150 min), finding that calcination temperature at
600 °C gives higher compressive strength than carbonated concrete waste. In particular, for
carbonated samples, the compressive strength after 28 days was nearly 52 MPa, and the
slump and the setting time were higher than the thermally treated ones.

4. Mix-Design and Mechanical Properties of CDW with Alkali-
Activated Materials

4.1. Mixing Concrete Waste with Other Reactive Precursors

Concrete CDW precursor can also be mixed with other more reactive ones, such as
metakaolin, fly ash, silica fume, and ground granulated blast-furnace slag, to increase the
compressive strength and durability of the final product. The replacement of traditional
alkali-activated materials (e.g., FA and GGBS) with paste, mortar or concrete waste powders
decreases the fluidity of the mixture, but increases also the drying shrinkage, compressive
strength (only for paste powder substitution, optimum 50% replacement of metakaolin or
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100% replacement of FA) and durability due to a reduction in water and chloride entrance
in the mortar (—43% of chloride diffusion for 75% of substitution with paste powder) [99].

Comparing different mortars with concrete waste powder associated with three differ-
ent reactive materials (GGBS, FA, and metakaolin), the greatest strength improvement can
be achieved with 1/3 part of GGBS and 2/3 of concrete waste powder (47 MPa); instead,
metakaolin and fly ash reached, respectively, 35 MPa and only 15 MPa [59]. This combi-
nation gave the best strength values due to the type of gels (N-A-S-(H) and C-(A)-S-H)
and the amount of reaction products formed during the alkali-activation process [112].
Ren [53] created new recycled concrete blocks using GGBS with concrete waste powder
(20-60% of replacement) and the same crushed concrete (0.075-2.36 mm) as aggregate to
replace river sand. The results showed that the 20% GGBS replacement gave the highest
compressive strength, 46 MPa (+13% after 28 days), due to the reactivity and filler effect of
CDW that refines the microstructure, decreasing also the water absorption and increasing
the apparent density, as confirmed by SEM results. The higher percentage of replacement
decreases the strength (e.g., 60% of CDW achieves only 28 MPa) due to a lower reactivity
of CDW compared to GGBS [53]. Ahmari [113] tested CDW coming from ground concrete
with the addition of fly ash activated by a 5-10 M NaOH and Na,SiOs solution, finding
that the optimum amount of ground concrete waste is 50%.

4.2. Mixing Brick Waste with Other Reactive Precursors

Pastes with bricks and ceramic waste powder with FA and GGBS have the optimal mix-
design in terms of compressive strength (near 65 MPa), composed of brick powder (60%),
blast furnace slag (30%), and fly ash (10%). The lowest value (near 35 MPa) was instead
obtained with ceramic powder (60%), blast furnace slag (10%), and fly ash (30%). Pastes
produced with brick powder had better mechanical strength and a denser matrix. The
reason was found in the finer particle size and higher CaO content of brick powder [72]. For
pastes with fly ash as precursors, the addition of recycled brick powder reduced flowability,
while its effect on sorptivity was minimal (mainly influenced by NaOH concentration). In
contrast, for compressive strength, the highest value (44.2 MPa after 28 days) is achieved
with 10% of replacement of brick powder, Na,SiO3/NaOH ratio equal to 2.5, and a 10 M
NaOH solution [74]. Instead, pastes with GGBS, FA, and red brick powder (from 10 to 40%
of replacement) have the highest compressive strength value after 28 days, near 73.2 MPa for
the following recipe: 50% of GGBS, 30% of FA, and 20% of red brick powder [78]. Pavement
base construction made again with waste brick powder, FA, and slag has compressive
strength after 7 and 28 days of 62 and 82 MPa, respectively [75]. A new original application
was found by Capasso [114], who produced pastes with waste brick powder and FA
activated by Na,SiO3 and a 10 M NaOH solution, useful for the restoration of buildings.
These pastes show values of open porosity and capillary absorption similar (or even
smaller) to the historical mortar values. Indeed, to avoid original material loss, a repair
mortar should have a hardness value similar to that of the brick but lower than that of the
existing mortar.

4.3. Mixing Concrete and Brick Waste with Other Reactive Precursors

Sometimes, CDW is not sorted due to the high cost of this operation. Comparing pastes
with mixed CDW (red clay bricks, ceramic wall tiles, and concrete), a good mix-design for
mechanical strength was found with 20% of bricks, 40% of tiles, 40% of concrete, and a
Na;O/Si0, molar ratio equal to 0.18 [57]. Adding metakaolin, ground granulated slag, and
fly ash to the CDW precursor, the best results (85 MPa of compressive strength) are achieved
with 7% of bricks, 24% of tiles, 24% of concrete, and 45% of GGBS. The best performances
are obtained with the addition of GGBS instead of FA and metakaolin, thanks to the larger
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supply of amorphous phase present in the GGBS and to the presence of Ca?* cations that
act as additional nucleation and deposition sites for C-A-S-H gel. The mix-design with
the addition of metakaolin gives a lower increase in strength due to the formation of more
Al-O-5i metastable bonds at an early stage, with an increase in the release of silica from
CDW and metakaolin, which causes an excess of silanol compounds. Concerning the fly
ash, a delay in the pozzolanic reaction can be observed with a longer time of maturation of
metastable gels at environmental temperature. For fly ash, an unbalanced concentration of
silica, calcium, and alumina ions can be the cause of the low percentages of improvement
in strength [57].

For pastes obtained mixing CDW (mortars and concrete at 40%, bricks and tiles at 25%,
stone materials at 16% and ceramics at 15%) with GGBS activated with sodium silicate and
NaOH, a direct proportionality was found between the amount of GGBS and compressive
strength, reaching values of 58.2 MPa for pastes cured for 7 days at 65 °C and with a 50%
of replacement and a ratio SiO, /NayO equal to 1.56 [115]. Instead, after 28 days of curing
at room temperature, these values of compressive strength were observed: 45 MPa for 50%
of CDW and 50% of GGBS, 30 MPa for 70% of CDW and 30% of GGBS, 15-20 MPa for 80%
of CDW and 20% of GGBS, and <10 MPa for 100% of CDW. For pastes with GGBS, the
morphology of the products of hydration was more compact than the ones made only with
CDW. The main product of the reaction was C-(N)-A-S-H gel, detected even in [116,117].

Zaharaki [51] tested different mixes made of CDW (concrete, bricks, and tiles) and
industrial wastes (ferronickel slag and red mud). The pastes were cured at 80 °C for 24 h
and later stored for 7 days at room temperature. For ferronickel slag and CDW mixes, the
increase in molarity from 8 to 10 also increased the compressive strength. Its maximum
value was reached around 76 MPa for specimens with lower percentages of concrete waste
(10-15%). Increasing the amount of concrete waste (30%) decreased the value of strength
below 60 MPa. Even for red mud and ferronickel slag specimens, the optimum NaOH
molarity is 10 M, but here the compressive strength decreased for higher amount of red
mud (40 MPa for slag/red mud ratio equal to 1:1 compared to 65 MPa for slag/red mud
ratio equal to 9:1), since red mud cannot be activated alone (2.5 MPa for 100% red mud
sample) [51].

4.4. Mixing CDW with Alkali-Activated Materials and OPC

The addition of OPC to CDW precursor and/or alkali-activated binders is linked to the
need to have high strength. These precursors are generally named as binary systems. The
improvement in mechanical properties can depends on the amount of OPC, for example,
a binary system CDW + 30% OPC can achieve 33 MPa cured at room temperature [50],
a binary system bricks CDW + 20% OPC can achieve 100 MPa cured at room temper-
ature and using a solution made of NaOH and Na;SiO3, and a binary system concrete
CDW + 20% OPC can achieve 35 MPa cured at room temperature and using a solution
made of NaOH and Na;SiOj [52]. Lower values were obtained without OPC addition
(54.8 MPa for brick powder and 25.6 MPa for concrete powder). With similar recipes (CDW
used as precursor composed of concrete, ceramics and masonry activated by Na;SiO3 and
NaOH with the addition of 10% of OPC and CDW used as aggregate too) new eco-friendly
bricks and blocks were produced with the following values of compressive strength after
28 days: 22.6 MPa for solid blocks (11.6% water absorption), 19.8 MPa for hollow blocks
(11.6% water absorption) and 4.2 MPa for interlocking concrete paver units (10.1% water
absorption) [118]. Except for the paver units, the other two products satisfy the local stan-
dard for use in earthquake-resistant houses. Mortars and concretes with CDW + 10% OPC
as precursors, activated by NaOH and Na,SiO3, and crushed CDW as aggregate, showed
values of compressive strength of 33.9 MPa for concrete and 34.6 MPa for mortars after
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28 days [88]. Changing the activating solution with sodium sulfate, the mortars prepared
with fly ash and 30% of OPC with CDW as fine aggregate gave a strength value of 32 MPa
after 28 days, and the ones prepared with CDW both as precursor and aggregate with 30%
of OPC gave a value of 25 MPa. For fly ash-based concretes, 22 MPa was reached, and
18 MPa for CDW-based concrete [92]. As in [118], these recipes were used to obtain new
alkali-activated brick and blocks classified as high-class structural unit (with fly ash as
precursor) and high-class structural unit (with CDW as precursor). The optimum amount
of NayO in the system should be in the range 4-6%, and even in this case, there is a direct
proportion between the curing temperature and the increase in the mechanical strength
(with 70 °C, +70% of compressive strength [50]).

The addition of 20% OPC in bricks CDW increased the compressive strength until
102.6 MPa after 28 days for pastes cured at 25 °C and activated with Na,SiO3 and NaOH
(80 MPa for 10% OPC, and 54 MPa for 0% OPC) [69]. Changing the activating solutions
(NapSO4, NapyCO3, NayOH, and NaySiO3; with NaOH), the worst performances are obtained
with NayCOj3 (15 MPa with 20% OPC), followed by NaySO4 (20 MPa with 20% OPC) and
NaOH (42 MPa with 10% OPC) [119]. The highest value of compressive strength is obtained
with 20% of OPC and Na,SiO; with NaOH as activating solution, as confirmed also in [69].
Comparing binary systems with a traditional OPC binder with ceramic waste power (coming
from waste tiles) as precursor and the same ceramic waste as aggregate it is possible to
observe an increase in compressive strength after 28 days with the addition of 40% ceramic
waste powder as precursor (+7% compared to reference sample with 100% of OPC, equal to
55.7 MPa) [85]. This behavior can be explained by the pozzolanic effect of the powder (reactive
silica reacts with calcium hydroxide generated from OPC hydration, increasing the amount of
C-5-H gel formed). However, an additional increase in ceramic powder (>60%) decreased the
strength (38.8 MPa). These values are similar to the binary alkali-activated system, confirming
the possibility of activating brick waste also with an activating solution.

4.5. Role of Activating Solution

The concrete CDW powder obtained is activated by solutions containing NaOH,
KOH, Ca(OH),, sodium silicate (Na;SiO3), sodium sulfate (Nay,SOy), or sodium carbonate
(NapCO3) [25]. In general, the maximum amount of NaOH does not exceed 12 wt%, and
the molarity is usually in the range 4-9 M, with a direct proportion between molarity and
final strength [113,120-123]. Low alkali concentration values cannot break the Al-O and
5i-O bonds, while higher molarities can create residual unreacted alkali concentrations
that decrease the mechanical strength and a rapid formation of surface products inhibiting
the dissolution of active components [21]. Furthermore, Na;SiO3 increases the mechanical
strength, generating soluble silica species that promote the geopolymer matrix, providing
a strong connection between the gel and the non-reacting particles [123-125]. Huo [55],
testing geopolymers made only with concrete waste powder, found that the dissolution
of Si** and AIP* present in the waste powder was affected by the alkali content and the
dissolution time. In particular, by increasing the alkali and Na,SiO3; content with the
liquid activator to solid powder ratio, the compressive strength after 7 days increases too
(best performance with 14 mol/L NaOH, Na,SiO3/NaOH ratio equal to 1.5, and liquid
to mass ratio equal to 0.4). There is also a direct proportion between the Si/ Al ratio and
the geopolymerization reaction, and an inverse proportion between the first one and with
initial and final setting time [126]. Comparing pastes prepared with 100% of concrete waste
powder activated with different concentrations of NaOH and KOH (from 4 M to 12 M),
the highest values of compressive strength are reached with an 8 M solution, both with
NaOH and KOH activators [61]. Between the two different solutions, the first one had
the best performance (5.9 MPa for NaOH solution versus 4.5 MPa for KOH solution after
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28 days). In particular, NaOH solution had an increase in strength even after 14 days due to
its greater dissolution of the minerals in concrete waste powder. Na* ions are also smaller
than K* ions, improving the interaction between cations and ions and between Na* ions
and silicate monomers. Comparing NaOH and Na,;SOy as activating solution, for pastes
obtained with CDW and 10-20% of OPC, the sodium sulfate activator for concentrations of
0.4%, 0.8% and 1.4% of Na;O increased the strength after 28 days, respectively, by 9%, 19%
and 23% compared to those with NaOH with the same NaO concentration. Using sodium
sulfate, the presence of ettringite was discovered too [25].

Brick waste powders are activated in the same way as concrete waste powders; even
in this case, an increase in the molarity of the activating solution achieves an improvement
in compressive strength. A higher-concentration NaOH solution dissolves the brick CDW
precursors better, liberating substances used to form SiO4 and AlO; tetrahedral units and
activating the polymerization. But, continuing to increase the concentration of the solution,
an electrostatic shielding will lower the activity of ions, preventing the dissolution of the
precursors [76]. Using red brick powder as precursor to create new pastes and mortars
activated with Na;SiO3 and NaOH it is possible to achieve 30 MPa of compressive strength
after 7 days of curing at 65 °C with a molarity of 7.0, a SiO,/NayO ratio equal to 1.6, a
binder to sand ratio equal to 1:3. The compressive strength increased with an increase
in sodium silicate (but reducing setting time) and with a decrease in the water/binder
ratio [68]. On the contrary, Foft found an inverse proportion between the amount of
NaySiO3 and the compressive strength (range 42-10 MPa), connected to a higher presence
of large pores (>100 um) in the samples with more sodium silicate [70]. Compressive and
flexural strength also increased with a higher amount of silicate modulus of the liquid
activator (i.e., decreasing alkalinity), which could be explained by a better incorporation of
crystalline remainders of ceramic particles in the matrix [127]. The optimum alkali activator
concentration corresponds to the following parameters: SiO, /NayO ratio of 1.6, a Na,O
content of 10% by weight of the binder, and a binder to sand ratio equal to 1:2.75. With these
values, the compressive strength after 5 days of curing at 90 °C is equal to 36.2 MPa [71].
NaSO4 and NayCOj3 have a low potential for activating brick wastes [52,119].

4.6. Role of Curing Temperature

Different conditions of temperature and humidity can be applied: environmental
temperature, high temperature, or water ponding [121]. In general, low-Ca precursors
are particularly sensitive and require temperatures in the range of 40-120 °C to reach
sufficient strength [18]. Samples can be cured generally in sealed plastic bags (wet curing)
or in plastic bags not sealed (dry curing). Huo [55] tested both ways, finding the best
products with the sealed bags (+40.6% of compressive strength after 7 days). Among
different temperatures and times of curing (from 20 °C to 90 °C for temperatures and
from 4 to 48 h for time), the highest compressive strength (14.32 MPa) is achieved after
7 days for pastes stored at 70 °C for 24 h. There is generally a direct proportion between
the temperature of curing, the curing time, and the compressive strength until an upper
limit, because if the temperature continues to rise, the strength growth begins to weaken
(owing to a reduction in the humidity of the reaction system). Mahmoodi [112] compared
different geopolymeric pastes with concrete waste powder as precursor at different initial
curing conditions (50 °C, 75 °C, and 100 °C for 24 h). The results confirmed the direct
proportion between strength and curing temperature; in particular, the best results are
achieved at 100 °C of curing with SiO,/Al,O3 equal to 12.9, HyO/Na,O equal to 11.5, and
NayO equal to 7.91%. Separated CDWs (singular concrete, asphalt, brick, and tile) used
for road pavement subbase products cured at 80 °C for 48 h have high values of strength,
but also the unseparated fraction cured at 40 °C has performance compatible with road
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pavement products [87,123,128]. Comparing pastes obtained with a single type of waste,
the bricks and tiles mix showed the best results with compressive strength near 30 MPa
for curing at 80 °C, whilst recycled concrete obtained the best result for curing around
40 °C with a compressive strength near 17-20 MPa [128]. An increase in temperature
generally gives higher values of compressive strength [71,127]. The increase in compressive
strength for higher temperatures is connected to the acceleration of initial dissolution of
amorphous phases in the CDW precursor and to the increased activity of hydroxide ions of
the alkaline solution. During this process, the formation of zeolites and calcite improves
the matrix-aggregate composite effect and the pore structure, too [127]. Since this process is
very fast for higher temperatures, the compressive strength will be higher, too. The reaction
products obtained are sodium-aluminosilicate hydrate gels with zeolite-like structure or
sodium silicate gels when glass waste is used as a precursor [76]. Rakhimova also tested
the steam curing (4 h preset, 3 h of heating, 6 h at 90-95 °C, 3 h of cooling [84]).

5. Properties of Alkali-Activated Materials with CDW as Precursor
5.1. Workability

The addition of CDW replacement generally decreases the slump of the mixes due
to the porosity of the CDW that absorbs water from the mix (in particular, this decrease
is significant in FA-based mixes beyond 20% replacement [129]). Thermal treatments on
the CDW precursor can reduce slump, too [63]. Generally, concrete waste powder has a
lower particle fraction and lower water absorption than brick waste powder [130]. The
addition of CDW increases the setting time due to the lower reactivity of the CDW than
the standard precursor [63]. The use of brick powder gives a mixture with a higher slump
compared to concrete powder due to the lower surface area and water demand of bricks
(103-105% for bricks and 110-114% for concrete at the same fineness) [111]. Workability
can be affected by the aluminosilicate source, the alkaline liquid concentration, and the
ratio of silicate to hydroxide. The addition of precursors such as silica fume, fly ash, and
blast furnace slag to the CDW produced an increase in the flowability of the mixtures, a
greater open time performance, an improvement in mechanical strength, an improvement
in workability, and a guaranteed environmental burden slightly higher than 100% CDW
samples [80]. CDW with a high Na/Si ratio can increase the flow of the mixtures and
decrease the setting time due to the higher amount of OH™ ions that can break the Si-O-Al
and Si-O-Si bonds of the precursors, giving more workability. Increasing the molarity
of the solution, a more viscous mixture is obtained with a lower flowability [130]. The
use of CDW with high concentrations of alkali or a high SiO,/Al,Os3 ratio can give an
early setting time. In the first case, owing to a rapid dissolution of precursors, and in
the second one, owing to an accelerated interaction between aluminate and silicate that
increases polycondensation [126]. Higher content of NayO in the CDW can initiate the
quicker dissolution of silico-aluminates, creating a rapid coagulation stage [131].

5.2. Insulating Properties

The high porosity and small pore size of metakaolin-CDW pastes make them suitable
for creating insulating and thermal-acoustic panels for greenhouse buildings or for the
restoration of ancient buildings to prevent damage to the existing original materials [132].
Mortars with concrete waste powder and more reactive materials (GGBS, fly ash, and
metakaolin) prepared for thermal insulation applications have a thermal conductivity
for foamed geopolymer equal to 0.049 W/mK, which is similar to that of the insulating
products actually in commerce [59]. Brick powder coming from the demolition of buildings
and from batches rejected by industry, activated with sodium silicate and NaOH, was

https://doi.org/10.3390 /buildings16020309


https://doi.org/10.3390/buildings16020309

Buildings 2026, 16, 309

23 of 67

also used as a precursor to create a geopolymeric layer with a compressive strength near
37 MPa for an insulating wall package with a reduction in the heat flow of about 66% [133].

5.3. Mechanical Properties

Tables 7-9 [25,49-83,86-90,93-96,98,99,112,118,129,131,134-137] summarize and com-
pare the mix-designs tested in the literature for CDW precursors. In Table 7, papers with
concrete waste precursors are reported. Brick waste precursor and ceramic waste precursor
are recapitulated in Table 8. Instead, in Table 9 are summarized the papers where a mix
of various CDWs is used as precursors altogether or studied separately. As previously
explained in Section 1, each type of CDW is associated with a different colored tick (green
for concrete, red for bricks, pink for tiles, and blue for glass). The value of the percentage
of waste replacement is colored using the same correspondence of colors when the same
CDW is used. If a mix of different CDW types was used, the box is colored in yellow;
instead, if different CDW types were analyzed separately, the box is colored in lilac. In the
charts are also indicated the types of the precursor (MTK, FA, GGBS, SE, or red mud) and
if a binary system was tested (with a black tick in the OPC box). The “waste precursor”
section specifies the type of CDW tested, including the type of bricks used (red clay brick,
hollow brick, or roof tile). In the “activating solution” part, the type of silicate, the type
and molarity of the hydroxide are specified. At the bottom of the chart, the presence of
natural or recycled CDW aggregate is indicated. If an alkali-activated mortar or concrete
were tested, the ticks are colored according to the type of CDW used, using the same color
match previously described. Analyzing Tables 7-9, it can be observed from the literature
that pastes and mortars are mainly tested, whereas alkali-activated concrete wastes are
scarcely studied. Other precursors, in addition to CDW ones, are mainly used to increase
the mechanical properties of the composites. Among the different types of CDW, bricks and
concrete are the most used ones, instead glass waste is scarcely used. Sodium silicate and
sodium hydroxide can be considered as the main activating solutions with a molarity in the
range 4-18 M. The temperature of curing varies from the environmental temperature un-
til 100 °C. In Tables 10-12 [25,49-56,58-60,62-83,86-90,93,95,96,98,99,118,129,131,135-137],
the mix-design of the composite that achieved the highest value of compressive strength
for each paper is analyzed. In particular, papers with concrete waste used as a precursor
are reported in Table 10, bricks and ceramic precursors are collected in Table 11, and the
use of a combination of different types of precursors is reported in Table 12. As explained
in Section 1, the same color match used for Tables 7-9 is used (green for concrete waste, red
for brick waste, pink for tile waste, and blue for glass waste). If the value of compressive
strength is reached using a mix of different CDW, the box is colored in yellow. As can be
observed in Tables 10-12, the values of compressive strength are included in the range
10-100 MPa. This great variability is affected by many parameters, as described in the
previous paragraphs of Sections 2-4. However, it is possible to observe that, increasing the
amount of CDW precursor (until 100% CDW), the compressive strength decreases, and
generally the binary system with OPC gives better performances (80-100 MPa). Particular
attention should be paid to the papers of Komnitsas [49] and Reig [137] that reached an im-
pressive value of compressive strength near 60 MPa for 100% tile waste composites. Among
the different types of CDW, brick precursors generally achieve the highest performance.
Mixing different CDW gives a great variability in the compressive strength values since a
range of 10-85 MPa is obtained. For this reason, when it is not possible to sort the CDW, a
proper mix-design is necessary. Cardoza [96] and Cantero [64] tested separately different
types of CDW (lilac box), confirming that bricks precursor gives higher performance than
concrete waste precursors. Since the alkali-activating solution is almost constant for all the
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papers, the parameter to compare is the molarity. The highest performances are reached
with higher molarity; in particular, the optimum amount is close to 10 M.

Table 7. Main types of alkali-activated composites with concrete powders used as precursors present
in the literature.
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Table 8. Main types of alkali-activated composites with brick and tile powders used as precursors

present in the literature.
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Table 9. Main types of alkali-activated composites with a mix of various CDW powders used as

precursors present in the literature.
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Table 10. Mix-design with concrete CDW as precursor developed to achieve the maximum compres-

sive strength and tests performed.
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Table 11. Mix-design with brick and tile CDW as precursor developed to achieve the maximum
compressive strength and tests performed.
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In the lowest part of Tables 10-12, the tests performed in each paper are reported and
compared. CDW is mainly characterized by the X-ray diffraction technique (XRD), Fourier-
Transform Infrared spectroscopy (FTIR), and chemical composition analysis. XRD, FTIR,
TGA and DSC tecniques are also performed on the final composite materials to detect the
presence of calcium aluminium silicates and carbonates. Their presence is further confirmed
by SEM-EDX analysis, which also allows observation of other important elements such as
pores, unreacted particles, matrix homogeneity, and the microcraks. As can be observed,
the mechanical properties are deeply analyzed, while workability and durability tests are
scarcely performed. This last aspect should be better investigated in future studies to ensure
the possibility of offering new CDW and alkali-activated products in the market. Different
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aggressive environmental conditions should be tested too (as sulfate attack, chloride ion

penetration, freeze-thaw cycles, and salt spray test).

Table 12. Mix-design with a mix of various CDW as precursor developed to achieve the maximum

compressive strength and tests performed.
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The high value of mechanical strength at early ages of alkali-activated products is
due to the fast rate of hydration for elevated pHs (even faster for samples cured at high
temperature) and to the homogeneous interface transition zone (ITZ) created. Also, a higher
molar concentration of sodium hydroxide solution (around 10 M) gives higher compressive
strength. Thanks to the higher pH value, there is an extended breakage of the glassy chain
at the surface of the raw material, increasing the reaction between internal Si and Al and
the creation of gel phases [138]. Generally, the drying and autogenous shrinkage for these
products is greater than that of OPC concrete, but it can be easily reduced by adding some
shrinkage-reducing additives or fibers into the matrix [139,140].

The results obtained as best compressive strength values for each paper (reported in
Tables 10-12) were divided and cross-referenced with the main parameters that influence the me-
chanical properties (Figures S1-S3) [25,49-55,57-82,86,88-90,93,95,96,98,112,118,129,131,134-136].
In particular, Figure S1 reports the values of compressive strength compared to the percentage
of replacement. Comparing the values obtained for 100% CDW precursor, brick and tile
wastes achieve the best results. Concrete waste shows high values for a lower amount of
replacement (near 50%) and only in association with GGBS (poor results are obtained with
FA). Figure S2 shows the influence of fineness on the strength, confirming that most of the
articles used ground granulated blast-furnace slag waste with a diameter inferior to 60 pm.
Bricks and tiles are generally easier to grind and can achieve a higher fineness compared to
concrete waste (green symbols). The influence of the curing temperature on compressive
strength is reported in Figure S3. As can be observed, almost all the studies cured the sam-
ples at room temperature, obtaining a great variability in the results. To better analyze the
influence of these parameters, however, it is necessary to compare recipes in which only
one parameter is changed while leaving the others constant. Therefore, additional explana-
tory charts were created in which the entire mix-designs with the related strength values
are reported (Figure 6A-D) [49,52,53,57,69,71,75,76,78,82,93,112,129,131,134]. The mechanical
properties of alkali-activated materials can vary considerably. In Figure 6A, the influence
of the percentage of CDW present is summarized, and the type of the other precursor (FA,
GGBS, or MTK) is described according to the style of the line, as shown in the legend. As
can be observed, there is an inverse proportion between the compressive strength achieved
after 28 days of curing and the percentage of CDW precursor. CDW precursor is generally
less performing than traditional FA or GGBS. For some studies, there is a small increase in
the mechanical properties for percentages of replacement near 20-40% (Ren [53], Migun-
thanna [75], Liang [78], Sharma [129]), in particular for brick waste. In Figure 6B, the role
of the fineness of the precursor on the mechanical properties is shown. Fineness increases
reactivity (as previously explained in paragraph 3.3) since finer particles have more active
nucleation sites able to interact with the activating solution. This improves the formation
of new bonds and subsequently the compressive strength [49]. For concrete waste, the role
of fineness appears less relevant since high values of compressive strength are not achieved
(green line in Figure 6B). In Figure 6C, the role of the Si/ Al ratio is described. The chemical
composition of brick and tile waste has a higher amount of SiO; and Al,O5 than concrete
powder (as confirmed by Table S1 and Figure 5A), which has more CaO. The higher amount
of Si and Al ions facilitates a greater formation of Si-O-5Si and Si-O-Al bonds. Instead, the
presence of Ca®* ions leads to a consumption of stabilizing Na* ions. This causes an ac-
celerated condensation and a flash setting that causes a decrease in compressive strength.
For this reason, bricks and tiles work better as precursors than concrete, as confirmed by
Figure 6C, where brick precursors drawn in red are generally higher than the concrete precur-
sor in green. A mix of different precursors is in the middle. In Figure 6D, the role of the curing
temperature on compressive strength after 28 days is summarized. Elevated temperatures
and prolonged times generally assure great performances. This is caused by an accelerated

https://doi.org/10.3390 /buildings16020309


https://doi.org/10.3390/buildings16020309

Buildings 2026, 16, 309 31 of 67

geopolymerization (ion transportation and reaction kinetics). A denser matrix is generated,
and mechanical properties are improved. Observing Figure 6D, it is possible to see that an
optimal curing temperature is close to 100 °C. For higher temperatures, the formation of
microcracks and excessive evaporation damage the composite products.

(A)

(B)

Figure 6. Cont.
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©

(D)

Figure 6. (A) Effect of the percentage of replacement on the compressive strength. (B) Effect of
the fineness on the compressive strength. (C) Effect of the Si/ Al ratio on the compressive strength.
(D) Effect of the curing temperature on the compressive strength.
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Legend of Figure 6A-D

CDW Type Symbol Author Year CDW Type Symbol Author Year

concrete Komnitsas [49] 2015 brick ’ Robayo-Salazar [52] 2017
Robayo- .

concrete [ | Salaras [52] 2017 brick L ] Tuyan [71] 2018

concrete Ren [53] 2020 brick Migunthanna [75] 2021

concrete O Mahmoodi [112] 2021 brick Ulugol [76] 2021

concrete Sharma [129] 2022 brick Liang [78] 2022

. . de Castro

concrete E Wang [134] 2022 brick Carvalho [82] 2024

ceramic Komnitsas [49] 2015 mix Mahmoodi [131] 2022

brick Komnitsas [49] 2015 mix @ Mahmoodi [57] 2022
. Robayo- .

brick B 2016 mix Roy [93] 2024

Salazar [69]

5.4. Thermal Stability at High Temperature

Mortars and concretes with alkali-activated binders generally have a higher stability
than OPC ones, in particular below 300 °C. For mortars with GGBS (50%), low-calcium FA
(35-45%) and ceramic waste powder (5-15%) activated by sodium silicate and a NaOH
solution with natural sand and crushed limestone as aggregates, the addition of ceramic
waste powder has both a filling and a pozzolanic effect (compressive strength after 28 days
near to 63 MPa for 15% of ceramic powder and 16 M solution). Samples exposed to
300 °C temperature improved their compressive strength results by 7% due to greater
geopolymerization. Instead, for temperatures in the range 600-900 °C, all properties
decreased (respectively, —70% and —85%) due to the initial free water evaporation, followed
by the dehydration of the gel, and the increase in the final vapor pressure [86]. Changing
NaOH in the activating solution with KOH in pastes with brick and ceramic waste powder
used as precursors, a good thermal stability is found until 1050 °C (25 MPa of compressive
strength for brick-based geopolymer and 37 MPa for ceramic tile geopolymer) [79]. In
particular, the cracks formed at 800 °C disappeared at 1050 °C thanks to self-healing
phenomena that are related to the sintering of the geopolymeric gel phase, making them
suitable materials for fire-resistant applications. The thermal stability of pastes made with
metakaolin and CDW as precursors is close to 650 °C. For higher temperatures (750 °C),
an expansion was observed due to the formation of gases trapped in the matrix, whilst at
1000 °C, dense struts and macropores are formed with geopolymeric matrix sintering [132].

6. Alkali-Activated Materials with CDW as Aggregate and
Mechanical Properties

6.1. General Parameters

CDW can also replace the natural aggregate in a mortar or a concrete structure. Even
for these applications, the CDW can be composed of old concrete structures, bricks, asphalt,
and tiles [141]. In Table 13 [19,53,142-145], the chemical composition of CDW aggregates
present in the literature is reported. In particular, Zhu [145] tested the possibility of reusing old
geopolymeric samples as aggregate to create new recycled geopolymeric composites. As can
be observed in Table 13, the CDW aggregate has almost the same chemical composition as the
CDW precursor observed in Table S1 and Figure 5A. In Table 14 [19,137,143,144,146-148], the
minerals detected in the CDW aggregate using the X-ray diffraction technique are reported.
The CDW aggregate made by concrete waste is composed of quartz, calcite, portlandite,
amorphous C-S-H, feldspars (albite, microcline), and a product of sulfate attack (gypsum and
ettringite). Brick and ceramic waste are mainly composed of quartz, calcite, and muscovite.
Other minerals, such as microcline, anorthite, hematite, diopside, mullite, and dolomite, can
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be detected too. In Table 15 [19,53,88,93,94,118,137,142,143,146,149-154], Los Angeles abrasion
loss, specific gravity, fineness modulus, and particle size of the CDW aggregate are reported.
The Los Angeles (LA) abrasion test is generally performed for construction aggregate to
analyze its resistance to abrasion and degradation. Concrete CDW has an LA abrasion loss in
the range 28-43%, and brick CDW in the range 31-42%. Comparing these values with those of
natural aggregate (near 25% [154], CDW values are generally lower than natural aggregates.
Concrete CDW also has a higher specific gravity than brick CDW. Concerning the particle size
(last column of Table 15), it is possible to use the coarse fraction (4.5-25.4 mm, FM6) directly
and the fine fraction (<24 mm, FM2-3) without grinding or heating them, with a reduction in
cost and environmental burden. The quality of the final product is strictly connected with the
physical and chemical properties of the CDW. For example, if the CDW is composed mainly of
concrete, the type of cement, water-to-cement ratio, age of concrete, and quality of the natural
aggregate will affect the quality of the final CDW and the compressive strength of the recycled
concrete. Concrete powders can also be granulated to create new lightweight aggregates, e.g.,
Kursala [155]. Adding 30% of ladle slag reached a crushing strength of 127 N for aggregates
cured in a humidity chamber (20 °C and 100% relative humidity). This granulating process
is composed of different steps. First of all, concrete waste is crushed into smaller pieces
(2-16 mm), and later they are sieved. Pieces inferior to 4.75 mm are dried and ground using
a vibrator disk mill for 2 min. The ladle slags are added with the concrete powder into a
granulator with a rotating drum that agglomerates the powders in the shape of small balls
(5-8 mm).

Table 13. Chemical composition of CDW aggregate present in the literature.

Author Year CDW Chemical Component (wt%)
SiOz A1203 Fe203 MgO CaO Kzo NaZO PzO5 SO3 Ti02 MnO ZnO LOI Ot
Bui [142] 2018 concrete 62.56 12.52 5.82 1.83 12.01 1.30 2.69 - - 062 012 - - -
Panizza [143] 2018 concrete 38.03 5.01 1.80 12.21 39.88 1.06 074 0.07 - 023  0.06 - 31.3 -
De Rossi [144] 2019 concrete 75.40 19.73 0.93 0.64 10.37 0.99 0.13 - 0.46 0.17 - - 6.48 -
De Rossi [144] 2019 concrete 69.51 0.75 1.07 0.75 15.41 0.99 0.14 - 0.71 0.20 - - 6.35 -
Ren [53] 2020 concrete 64.81 7.77 1.59 1.54 19.14 294 176 - - 0.45 - - - -
Pawluczuk [19] 2021 concrete 24.39 5.86 1.87 231 27.56 1.09 034 0.28 147 031 0.06 - - 0.10
Panizza [143] 2018 brick 63.00 15.14 5.03 3.22 8.52 257 1.00 0.11 - 079 0.08 - 6.66 -
De Rossi [144] 2019 brick 58.253 19.73 6.45 244 3.29 416 028 - 0.11 0.78 - - 3.87 -
Zhu [145] 2020 geopolymer 32.60 20.50 3.10 - 2.00 - 9.00 - - 0.78 - - 296  0.30
Table 14. Minerals detected in CDW aggregate using XRD.
Author Year CDW Minerals Detected with XRD
Q C D Po Al Mc Ms An Hm Hr Ba MuMi Fe C1 Di Ph G E A B Am
Nuaklong [146] 2016 concrete o o ° .
Panizza [143] 2018 concrete o o . . . . ° . o o .
Pawluczuk [19] 2021 concrete e o . . . . .
Panizza [143] 2018 brick e o . . ° . ° . . . .
De Rossi [144] 2019 brick o o .
El-Seidy [147] 2024 brick .
Reig [137] 2017 ceramic . . . .
El-Seidy [147] 2024 geopolymer o o
Volpintesta [148] 2023 mix o o ° o o .

mix = mix of various CDWs; Q = quartz; C = calcite; D = dolomite; Po = portlandite; Al = albite; Mc = microcline;
Ms = muscovite; An = anorthite; Hm = hematite; Hr = hatrurite; Ba = bassanite; Mu = mullite; Mi = micas;
Fe = feldspars; CI = clinochlore; Di = diopside; Ph = phillipsite; G = gypsum; E = ettringite; A = alite; B = belite;
Am = amorphous phase; ® = present.
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As studied by Thomas [156], it is not possible to recycle concrete an infinite number of
times. The analysis with computerized axial tomography shows that in the 5th generation
of recycled concrete, the coarse natural fraction of the recycled aggregate turns to sand,
creating a product much more similar to mortar than concrete. In addition, a great number
of fissures due to shrinkage appear. Concerning physical properties, a loss of density and
an increase in the closed porosity in multi-recycled aggregates were observed. Chemical
analysis also revealed that multi-recycled aggregates have a higher amount of Al and Fe.
These two aspects (the loss of density and the increase in Al and Fe) are a consequence
of the increase in the volume of the adhered mortar between the natural aggregate and
the paste.

Table 15. Properties of CDW aggregates.

Los Angeles

Specific

Author Year CDW Abrasion Loss (%) Gravity M Particle Size (mm)
Sata [149] 2013 concrete 43.3 2.53 45-95
Nuaklong [146] 2016 concrete 38.0 2.32 6.0 45-9.5
Bui [142] 2018 concrete 2.62 2.55 <12.5
Nuaklong [150] 2018 concrete 38.8 2.30 6.0 4595
Panizza [143] 2018 concrete <2
Nuaklong [151] 2019 concrete 2.63 3.06 <4
Xie [152] 2019 concrete 227 2.7 5-20
Ren [53] 2020 concrete 227 2.2 0.075-2.36
Wang [153] 2020 concrete 2.27 2-20
Pawluczuk [19] 2021 concrete 2.50-2.53 84—_186
Robayo-Salazar [118] 2022 concrete 28.2 2.32 <25.4
Sata [149] 2013 brick 424 2.02 4595
Reig [137] 2017 brick 2.86-4.94 24
Panizza [143] 2018 brick <2
Roy [93] 2024 brick 314 2.42 <2
Ojha [154] 2020 mix 34 2.50 6.7 <20
Robayo-Salazar [88] 2020 mix 33.65 2.32 <25.4
Robayo-Salazar [88] 2020 mix 2.03 3.04 <4.76
Robayo-Salazar [118] 2022 mix 2.20 3.17 <4.76
Tefa [94] 2025 mix 2.59 <25

FM = Fineness modulus.

6.2. Mechanical, Thermal, and Chemical Treatments

Mechanical and thermal treatments can be performed to remove the hydrated cement
from the surface of the aggregate (old adhered mortar). The main treatments applied to CDW
aggregates are reported in Table 16 [19,53,88,93,94,118,137,142,143,146,149,150,152,154,157-159].
The main mechanical treatments are: presoaking in water (also with ultrasonic bath, this
method removes only small amount of mortar), autogenous cleaning (crushing milling with
balls inside as for Los Angeles abrasion test, but this process can create micro-cracks on the
aggregate), steel ball milling, impact crushing (impact roller crusher with forced air fan), eccentric
shaft rotor (circular eccentric cylinders) and screw abrading mill (two cones that scrub and
abrade). Thermal treatments are performed both with high temperature (<500 °C) or low
temperature (using freeze-thaw cycles to remove the adhered mortar), with or without the
addition of microwaves or using electro-hydraulic pulse/sonic discharge (for big concrete
chunks) [160]. Acid treatments (with sulfuric acid, hydrochloric acid, phosphoric acid, acetic
acid) have problems with environmental pollution [161]. Instead recent chemical treatments
tested are: the use of solutions to remove the adhered mortar (HCI, H,SO,, C,H4O, and
CH3;COOH [162]), accelerated carbonation (achieving a densification of the microstructure from
245 to 2.51 g/cm?) [162], coating the surface (e.g., with pozzolanic materials, OPC, fly ash [163],
silica gel, silane-based polymers or lithium silicate coating [164]), bacterial bio-depositation (S.
pasteurii bacteria to precipitate CaCO3) and spraying with nano-silica suspensions [162] or a
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combination of them [160,163,165,166]. The combination of thermal and mechanical treatment
increases the compressive strength (best performance with heat treatment at 350 °C for 1 h
followed by a 15 min mechanical treatment [157]). Pawluczuk [19] tested fly ash mortars
and concrete with treated recycled aggregate from concrete waste treated with a thermal and
mechanical patented process (PAT229887), summarized in Table 16. The concrete is crushed
until 40 mm and later heated at 650 °C for 1 h. The aggregate is finally placed in a Los
Angeles drum to separate adhered mortar from aggregate and is then sieved in three fractions
(04 mm, 4-8 mm, 8-16 mm). Different percentages of natural and recycled aggregate were
tested at different curing temperatures and molarities of the activators. The replacement of
100% of natural aggregate with recycled aggregate increased the mechanical strength for 10 M
activating solution and 80 °C for 24 h of curing temperature, thanks to the formation of C-5-H
and C-A-5-H on the ITZ and to the free lime present on the surface of the recycled aggregate.
The final product also showed a decrease in water absorption (-12.6% for 6 M with temperature
increase from 40 °C to 80 °C, —18.5% for 10 M with temperature increase from 40 °C to
80 °C). Bui [142] also tested a pre-treatment procedure where recycled aggregates are soaked in a
sodium silicate solution for 1 h at 20 °C, dried, and coated with a silica fume and cement (3-7%)
layer. With this process, an increase near to 50% of compressive strength was reached. Xie [159]
tested different calcination temperatures to improve CDW coming from the renovation of an
old highway, finding an improvement at 400 °C for 2 h and 30 min. Shahidan [158] covered
concrete aggregate with epoxy resin to reduce water absorption, finding that the compressive
strength value is affected even by the dimension of the recycled aggregate. In particular, the size
of 10 mm gave the best results (41 MPa versus 33 MPa for 20 mm), also in terms of reduced
water absorption (4.5% versus 5.6% for 20 mm). Anyway, these processes are quite expensive,
increasing the final product cost, and can be problematic from a sustainability perspective.
For this reason, and to reduce the energy consumption of the production process, recycled
aggregates are usually only washed, dried, and then crushed (Table 16).

Table 16. Treatments performed on CDW aggregates.

Author Year CDW Treatments
Sata [149] 2013 concrete crushed and sieved
Al-Bayati [157] 2016 concrete pre-soaking in a solution HCI and C,H4O; for 24 h at 20 °C
A heating at different temperatures (250 °C, 350 °C, 500 °C,
Al-Bayati [157] 2016 concrete 750 °C) for 1 h
Al-Bayati [157] 2016 concrete thermal heating at 350 °C and mechanical treatment
Nuaklong [146] 2016 concrete crushed and sieved
Shahidan [158] 2017 concrete covered with epoxy resin
Bui [142] 2018 concrete sodium silicate 10% for 1 h at 20 °C, coated in SF
Nuaklong [150] 2018 concrete crushed and sieved
Panizza [143] 2018 concrete crushed and sieved
Xie [152] 2019 concrete manually sorted, cleaning with high-pressure water jet
Ren [53] 2020 concrete crushed and sieved
Wang [153] 2020 concrete crushed and sieved
thermal (650 °C, 1 h) and mechanical treatment
Pawluczuk [19] 2021 concrete (Los Angeles drum)
Robayo-Salazar [118] 2022 concrete crushed and sieved
Xie [159] 2024 old highway CDW calcination (200 °C 400 °C 600 °C 800 °C) for 2 h 30 min
Xie [159] 2024 old highway CDW carbonation with pure CO; at 400 kPa for3h, 6 h,12h,24 h
Sata [149] 2013 brick crushed and sieved
Reig [137] 2017 brick crushed and sieved
Panizza [143] 2018 brick crushed and sieved
Roy [93] 2024 brick crushed and sieved
Ojha [154] 2020 mix crushed and sieved
Robayo-Salazar [88] 2020 mix crushed and sieved
Robayo-Salazar [118] 2022 mix crushed and sieved
Tefa [94] 2025 mix crushed and sieved
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6.3. Carbonation of CDW Aggregate

As seen in Section 3.5, concrete-based CDW can be carbonated to increase the amount
of calcium carbonate. The main methods are gas—solid (CO; curing, flow-through, pressur-
ized carbonation) and liquid-solid carbonation (more effective) [167]. It is also possible to
treat CDW aggregate, achieving an increase in the consistency of mortars, in the slump of
concrete, in the final compressive strength (+14% and +17%), in the apparent density, and
consequently a decrease in water absorption (—38% and —48%) and in the open porosity.
This method is also very useful for capturing CO, and storing it. Carbonation is an exother-
mic chemical reaction connected to the diffusion of CO, through the matrix pores, with
alkaline elements that can be performed in air but also in water, and it may be preceded by
some pre-treatments before CO, curing [168]. This process should also be considered in
terms of additional costs since the impact of energy and work could increase the price of the
final carbonated recycled aggregate. The carbonation process with a previous impregnation
of the recycled aggregate in a calcium hydroxide emulsion for 60 min can increase the final
compressive strength compared to the same carbonation process without impregnation and
to coating treatments (with OPC or OPC and FA). Considering the chloride ion penetration,
the slurry coating treatment had a higher decrease in ion migration (32-37%) compared
to the carbonation process (15-26%) due to an increase in tortuous path [169]. Xie [159]
tested different times of exposition to pure CO, at 400 kPa to improve the formation of
calcite, densifying the old adhered mortar attached to the surface of the aggregate in CDW
coming from the renovation of an old highway, finding an improvement for 3-6h. Calcium
carbonate can coat the surface of the recycled aggregate also with the bio-deposition tech-
nique [170] based on bacteria (Bacillus pseudofirmus) able to induce the precipitation of
CaCO; during respiration.

6.4. Role of the Interfacial Transition Zone

When CDW replaces the natural aggregate, the most significant problem is the forma-
tion of the interfacial transition zone (ITZ) between the recycled aggregate and the new
cement or alkali-activated paste because, in this area, the old adhered mortar is still present
on the surface of CDW, and it can create micro-cracks and fissures. The physical properties
of the wastes (e.g., the open porosity and the density) can be a problem, in particular if the
wastes are composed of bricks. If CDW has high values of open porosity and low values
of density, even the final product will show insufficient values of compressive strength,
low durability, and a decrease in workability [171]. To improve the fresh properties of the
recycled concrete, it is possible to use additives as superplasticizers.

The ITZ between geopolymer binder and recycled CDW aggregate has lower bond
strength for a higher water-to-solid (w/s) ratio for fly ash/recycled aggregate and greater
bond strength for OPC/recycled aggregate owing to the more porous microstructure of
the geopolymer [172]. Anyway, the geopolymer mortars with recycled aggregate showed
a higher bond strength (1.3 MPa for w/s equal to 0.3 and 0.9 MPa for w/s equal to 0.4)
compared to natural aggregate (0.6 MPa for w/s equal to 0.3 and 0.8 MPa for w/s equal
to 0.4) at the same curing time and water-to-solid ratio. This can be explained by the fact
that recycled aggregate absorbs more alkaline solution, leaving a smaller quantity in the
geopolymer. Furthermore, this alkaline solution absorbs and dissolves Si, Al, and Ca from
the recycled concrete aggregate, giving a beneficial effect to geopolymerization. Comparing
the OPC and geopolymer interfacial transition zone, it is possible to observe more cracks in
OPC that cause the entrance of sulfates and chlorides, decreasing the durability of the final
product. Instead, the matrix of geopolymer is denser than OPC and less microstructurally
distinct from the bulk of the binder region [173,174].
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6.5. Role of Type of Aggregate

Panizza [143] replaced natural aggregate with recycled concrete and brick waste in
mortars with metakaolin and commercial furnace slag as precursors activated with KOH
solution. Different parameters were tested in this research: type of waste, curing temper-
ature, waste amount, and dimension of the aggregate. Concerning the waste type, brick
aggregates, thanks to their residual pozzolanic reactivity, achieved the best performance de-
spite their higher open porosity. Similar results were achieved by Reig [137], who prepared
different recipes using either tile waste as precursor activated with NaOH and sodium
silicate, or mixed ceramic wastes (coming from bricks, tiles, and sanitaryware) as aggregate
with natural sand (quartz and calcium carbonate). Comparing the values of the aggregates
of the same type, the results of compressive strength are: quartz 10 MPa, calcium carbonate
32 MPa, sanitaryware 17 MPa, bricks 26 MPa, and tiles 23 MPa. Since tile waste is very
porous, it is necessary to pre-saturate it with water before being mixed as aggregate.

The presence of CDW aggregate (<2mm) decreases the density, but for aggregate
dimension ranges 0.5-1.0 mm and 0.5-2.0 mm, the compressive strength is higher than
sand-based mortars (respectively, 21 MPa and 40 MPa) [144]. This increase can be explained
by chemical reactions between the non-hydrated cement in concrete waste or pozzolanic
reactivity in brick waste.

6.6. Role of Percentage of Replacement

In concrete made with metakaolin and GGBS activated by potassium silicate, an
inverse proportion is observed between the strength and the recycled aggregate percentage
(—20% with 50% of aggregate and —55% with 60% of aggregate) [143]. For 40% and 50% of
replacement no great difference is observed between concrete and clay brick waste (near to
90 MPa for 40% and 75-80 MPa for 50%), but with a 60% of replacement pure clay bricks
give lower strength loss (—45% equal to 50 MPa instead of —55% equal to 45 MPa). In
particular, the replacement with brick waste demands more water than concrete waste
(+11%) due to its higher porosity. In terms of particle size distribution, fine aggregates
(<0.25 mm) need more water to achieve sufficient workability, increasing the porosity of the
final product. Similar conclusions were achieved even when adding fly ash to metakaolin
and furnace slag [175]. For fine concrete powder (20% of finer particles are <0.25 mm)
composed of calcite and 40% of amorphous OPC paste, the presence of Ca-rich components
(due to calcite) reacting with alkaline reagent decreases workability, making it necessary
to add water to the mixture. This also reduces the compressive strength and increases the
open porosity (60% of CDW aggregate 28.7 MPa-19.0 MPa) [148]. Similar conclusions can
be achieved for mortars with metakaolin, fly ash, and NaOH as activating solutions instead
of KOH [144].

Metakaolin mortars achieved a compressive strength decrease near to 50% replacing
25% of natural aggregate with concrete waste aggregate [176]. Also for fly ash geopolymer
concrete, the increase in CDW aggregate causes a detriment in the mechanical properties,
e.g., a replacement of 50% with CDW aggregate has a compressive strength value after
28 days equal to 36.8 MPa; instead, using a lower amount of CDW aggregate (15%), a
compressive strength equal to 41.8 MPa is obtained [177]. Even the indirect tensile strength
and the elastic modulus show the same behavior: respectively, 3.7 MPa and 14 GPa with
50% of CDW, 4.1 MPa and 20 GPa with 15% CDW. The presence of ITZ, cracks, and fissures
during the grinding process affected the properties of the CDW aggregate.

Roy [93] prepared mortars with GGBS and recycled brick powder as precursors and
a mix of standard sand and brick waste (<2 mm) as aggregates with different molarities
of the NaOH solution (3—4-6 M) and different aggregate replacement. With a 6 M acti-
vating solution, a geopolymeric concrete was also prepared by adding coarse brick waste
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(4.75-12.5 mm and 12.5-20 mm). For all the molarity, there was an inverse proportion
between the percentage of brick aggregate and the compressive strength; in particular,
with 40% of replacement, the lowest value was reached. The compressive strength of
geopolymer concrete with brick waste was equal to 10.5 MPa, a low value compared to
traditional OPC concrete, due to the presence of coarse brick aggregate and also to the low
molarity of the activating solution (usually 8-10 M).

A 100% geopolymer concrete was created using CDW both as precursor (mix of bricks,
roof tiles, glass, and concrete with size < 100 um) and aggregate (only concrete waste
with maximum grain size 16 mm) to produce reinforced beams. The addition of recycled
aggregate gave strength values similar to natural aggregate (near 36 MPa), but the effect
on displacement capacities was significant (+30%), as for normalized energy dissipation
capacity (—30%). In particular, a secondary ITZ formation was observed in samples with
recycled concrete aggregate due to the old adhered mortar that reduced the flexural capacity,
postponing the shear crack [54]. For share-span to effective depth ratio equal to 0.50 and 1.0
the failure mechanism of geopolymer concrete with recycled aggregate is similar to OPC
concrete with natural aggregate (shear mechanism in a brittle way), instead for share-span
to effective depth ratio equal to 1.65 the addition of recycled aggregate caused an increase in
shear-dominated failure mechanism compared to the other ones with a mixed shear-flexure
cracks [77]. The displacement ductility decreased, too. Instead, both geopolymer and OPC
concrete with natural aggregate have similar failure behavior for a share-span to effective
depth ratio equal to 1.65 [77].

CDW aggregates were even used to prepare roller-compacted geopolymer con-
crete [166]. This particular product is drier than traditional concrete, and it must be
compacted after placement since it has a slump close to zero; it also has a reduced amount
of cement (200 kg/m?). This geopolymeric version with fly activated by NaOH and CDW
aggregate showed compressive strength values near 20-27 MPa.

To test the possibility of reusing a geopolymer concrete in the creation of a new alkali-
activated concrete, a first concrete was created with fly ash and GGBS, and river sand and
basalt coarse aggregate. After 60 days of curing, concrete samples were crushed to obtain
three size fractions of recycled aggregates (4.7-6.7 mm, 6.7-9.5 mm, 9.5-13.2 mm). These
aggregates at different percentages (20-50-100%) were reused to create new geopolymeric
concrete. An inverse proportion between the amount of geopolymer concrete waste and
the compressive strength was found (until —12% for 100% replacement), but the same
process repeated for OPC concrete gave lower results (—28% for 100% replacement), making
recycled geopolymer concrete a potentially recyclable material for future applications [178].

7. Mix-Design and Mechanical Properties of Alkali-Activated Materials
with CDW Aggregate

Table 17 [19,53,54,60,65,77,81,88,93,118,137,143-154,177] summarizes the mix-design
tested in the literature when concrete CDW, ceramic CDW, geopolymer waste, and var-
ious CDW types are used as aggregate (both with CDW precursors or different types of
precursors). As previously described in Section 1, the type of CDW is associated with
different colors (green for concrete, red for bricks, pink for tiles, and gray for geopolymer
waste). The box of the value of the percentage of aggregate replacement is colored using
the same match when only one type of CDW is used. Instead, for a mix of CDW, the box
is colored yellow. In the charts are also indicated the types of the precursor (CDW, MTK,
FA, GGBS, and SF) and if a binary system was tested (with a black tick in the OPC box). In
the “waste aggregate” window, the type of CDW aggregate tested is indicated (concrete,
bricks, tiles, and geopolymer waste), and in the “activating solution” window, the type of
silicate and the type and the molarity of the hydroxide are specified. Analyzing Table 17,
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it is possible to observe that concrete waste is used for almost all the papers analyzed as
a natural aggregate replacement. The reason can be found in the high porosity of brick
waste, which can affect both the compressive strength and the durability of the composites.
The main activating solution is composed of sodium silicate and sodium hydroxide with a
molarity range of 8-20 M (but the most used values are 8 M and 10 M). Potassium silicate
and potassium hydroxide were used by Panizza [143] and Volpintesta [148], instead of
calcium hydroxide, which was tested by Akduman [54], Aldemir [77], and Reig [137] as an
alternative to sodium silicate. In the bottom of Table 17, the aggregate size is indicated with
the curing temperature. The aggregate size for sand replacement is 2 mm, and for coarse
aggregate, seven papers used a maximum diameter in the range 16-25 mm. Comparing
curing temperature, the range is 23-80 °C, but the environmental temperature is the most
commonly used for curing. Comparing papers where only OPC [142,171] or OPC with
FA [179] without activating solution are used as binders, it is possible to observe that the
results of compressive strength achieved (near to 60 MPa) are similar to the alkali-activated
precursors without OPC (40-80 MPa), confirming that the type of precursor does not affect
the result as the percentage of aggregate replacement does.

In Tables 18 and 19 [19,53-60,65,77,81,88,93,118,137,143-154,177], the mix-design of the
composite that achieved the highest value of compressive strength for each paper is reported
(using the same color match applied for previous Tables). Table 18 reports the recipes with
concrete CDW aggregate; instead, Table 19 the recipes with brick CDW aggregate, ceramic
CDW aggregate, geopolymer waste aggregate, and a mix of various CDW types. The most
used liquid-to-binder ratio is in the range 0.3-0.6, and for the binder-to-aggregate ratio, the
most used values are 0.3-0.45. The replacement of natural aggregate with recycled CDW is
tested, starting with low percentages (as 40% for Panizza [143]) until higher ones (70-100%).
In particular, nine papers tested only recycled aggregate (100% replacement) [54,60,65,77,81,88,
144,149,151]. The curing temperature is another factor that affects the mechanical properties
of the final product. Generally, the samples were stored at environmental temperature, but
for six papers, higher temperatures were set (60 °C [149-151] and 80 °C [19,152,153]). If the
value of compressive strength is reached using a mix of different CDW aggregates, the box
is colored in yellow. Kul [81] and Reig [137] tested the possibility of creating a 100% CDW
alkali-activated composite, reducing the environmental impact using CDW both as precursor
and aggregate (Kul used a brick waste precursor and a concrete waste precursor; instead, Reig
used ceramic waste for both uses). The compressive strength values achieved are, respectively,
65 MPa for Kul and 23 MPa for Reig. The value achieved by Kul is very high considering
that it is a 100% CDW composite, and other mix-designs with other precursors (as GGBS, FA,
or MTK) have lower values. The explanation can be found in the high curing temperature
(115 °C), confirming that this parameter has a direct proportionality with the compressive
strength achieved. The highest values are obtained by Panizza [143] with MTK and GGBS
(88 MPa) and by Xie [152] with GGBS and FA (80 MPa).
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Table 17. Main types of alkali-activated composites with CDW aggregates in recent papers.
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Table 17. Cont.
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Table 18. Mix-design with concrete CDW aggregates developed to achieve the maximum value of compressive strength and the tests performed.
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Table 18. Cont.
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Table 19. Mix-design with various CDW aggregates developed to achieve the maximum value of

compressive strength and the tests performed.
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Table 19. Cont.
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In the lowest part of Tables 18 and 19, the tests performed in each paper are reported.
CDW aggregate is mainly characterized by XRD, FTIR, and chemical composition analysis.
Since aggregate composition is one of the main factor affecting the properties of the compos-
ites, particularly their mechanical performances, XRD analysis and chemical composition
of CDW are performed by almost all the reviewed studies. Fresh state properties (i.e., flow
table test) are reported in only 9 out of the 25 analyzed papers. This type of test should be
increased, given its importance to the construction sector and the recent introduction of 3D
printing technologies. In particular, for this application, fresh state properties are crucial to
prevent damage to the equipment and to ensure proper extrusion and deposition of the
composite material. SEM-EDX analysis is performed in almost all studies, in particular to
analyze the ITZ between the aggregate and the paste and to detect the presence of defects
and microcracks that may influence mechanical properties. TGA and DSC analyses are
performed on the composites to identify the presence of calcium aluminium silicates and
carbonates; however, their use is limited among the considered studies, with only two
employing this technique. Indeed, the presence of N-A-S-(H) and C-(A)-S-H phases in the
composite materials is predominantly identified through XRD analysis, while only one
study [145] additionally used FTIR analysis to confirm their presence. Mercury intrusion
porosimetry (MIP) and Brauner-Emmet-Teller analysis are scarcely performed, even if
the porosity of the recycled aggregate could affect the durability properties. Durability
test on the final composite product should be increased, too. In particular, since CDW
aggregates are generally more porous than natual aggregates, tests such as freeze-thaw
cyclying and water absortion by capillary are crucial for evaluating the durability and
environmental degradation of these materials. Acid attack resistance and chloride ion
diffusion are especially important under aggressive exposure conditions. Comparing the
different precursors for mortars with the same concrete waste as aggregate, metakaolin
gives higher strength than fly ash, owing to the highly reactive surfaces of metakaolin
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particles. The addition of metakaolin can also decrease the values of open porosity that are
generally high for mortars with CDW as aggregate (—13%) [150].

8. Durability of Alkali-Activated Materials and CDW as Both Precursor
and Aggregate

8.1. Comparison with OPC Concrete

In OPC concrete containing recycled fine aggregates coming from waste concrete, by
increasing the amount of CDW also the shrinkage, chloride penetration, and permeability
generally worsened [174]. An improvement of shrinkage (—14%), porosity (—25%), and
chlorine penetration (—25%) can be achieved by replacing only 30% of natural aggregate
with CDW, and for a higher curing time, thanks to the formation of more hydration
compounds filling the voids of the microstructure [174]. For alkali-activated concrete,
better durability properties are expected thanks to a denser matrix. For alkali-activated
binders, increasing the molarity of the activating solution and the soluble silicates improves
the binding capacity, but the presence of chloride salts can decrease the interfacial bond
strength [173]. The treatment method adopted for recycled aggregate can improve the
durability of the final product. Comparing five different CDW aggregate treatments
(immersion in acetic acid alone or with rubbing, carbonation, immersion in acetic acid
followed by carbonation, immersion in lime followed by carbonation) the immersion in
lime followed by carbonation and the immersion in acetic acid with rubbing enhances the
durability properties (—24% for chloride migration coefficient and only 10% of reduction in
compressive strength after acid immersion) [180].

8.2. Open Porosity and Water Absorption

The type of precursor can affect the water absorption value. CDW precursors tend to
have higher water demand, which increases the water absorption. The addition of more
reactive precursors as GGBS, can improve the results thanks to its higher amount of Ca®*
ions available for the formation of C-A-S-H gel [65].

As previously seen (Section 4.5), the increase in the molarity of the activating solu-
tion led to a reduced amount of water in the mixture and a facilitated dissolution of the
precursors that improves the geopolymerization of the matrix with a denser and more
homogeneous structure (lower presence of voids, higher quality, and lower water ab-
sorption) [65,146] (Table 20 [60,65,83,93,135,146,151,177]). Among the different activating
solutions, the combined use of NaOH and Ca(OH), gave the lowest water absorption
values. The highest ones are instead reached with NaOH and N,SiO3 [60] (Table 20). Water
absorption is also increased by using CDW aggregate owing to the higher absorption value
of recycled aggregate connected to the presence of cracks produced during the grinding
and milling process [65]. In particular, in fly ash-based concrete with 50% of CDW as aggre-
gate, the water absorption measured is 5.9%, and with 15% of CDW, it is 4.8% [177]. For
100% fly ash-based mortar, an increase equal to +30% was measured using only concrete
CDW aggregate [151] (9.0% water absorption for 0% CDW and 13.4% water absorption
for 100% CDW) (Table 20). Similar behavior was found by Roy [93] using brick waste as
aggregate, since the recycled aggregates have higher water absorption than standard sand.
In alkali-activated mortars obtained with only brick waste powder as precursor, similar
conclusions were achieved by Maaze [83]. Higher molarity, creating a denser matrix, de-
creases the water absorption. Higher curing temperature, accelerating the polymerization
process, creates a more compact matrix with lower permeability values. Higher SiO, and
lower NayO percentages in the solution, forming a more robust network, reduce the water
absorption too.
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Table 20. Values of water absorption (WA) found in recent papers for pastes and mortars with CDW
as precursors and aggregates.

Author Year Precursor PreSE::)’r % Aggregate Agg(r:gg‘:t’e o Activators Mol. T (O WA (%)
Nuaklong [146] 2016 FA 0 CwNS 65 NaSiOs 8 60 112
- NaSio
Nuaklong [146] 2016 FA 0 Cw NS 65 Ni CI)I-13 16 60 9.6
NaSio
Nuaklong [151] 2019 FA 0 Cw 25 Ni (1)H3 10 60 11.1
Nuaklong [151] 2019 FA 0 Cw 100 N 10 60 134
Ozcelikei [60] 2023 Mix GGBS 80 Cw 100 N 10 23 6
NaSiO;
Ozcelikei [60] 2023 Mix GGBS 80 Cw 100 NaOH 10 23 45
Ca(OH),
Tlcan [65] 2024 Reb Cw 100 Cw 100 NaOH 4 23 9
Tlcan [65] 2024 Reb Cw 100 Cw 100 NaOH 8 23 4
Tlcan [65] 2024 Ré'éggv 75 Cw 100 NaOH 5 23 7
NaSiO3
Maaze [83] 2024 Reb 100 NS . NaOH 10 60 11
Ca(OH),
. NaSiO3
Liu[135] 2024 Cw 100 NS - N 10 20 18
Shaikh [177] 2016 FA 0 Cw Reb NS 50 Nasios 8 60 59
Roy [93] 2024 Mix GGBS 15 Reb 100 KSiO; KOH 6 23 18

FA = fly ash; GGBS = ground granulated blast-furnace slag; waste: Cw = concrete waste; Rcb = red clay
brick; Mix = mix of various CDWs; Mol. = molarity; NS = natural sand; T (°C) = temperature of curing;
WA = water absorption.

Water absorption can increase over time, too. This effect can be correlated with the incre-
ments in pore volume over time (observed even +20%) due to the formation of efflorescence
that deteriorated the pore structure or to the drying shrinkage cracks [19,60,181,182].

Liu [135] found that, increasing the temperature of calcination of concrete waste
precursor until 800 °C, the water absorption decreased (—52.18% equal to 8.5%). This result
can be explained by the presence of CaO and C;S, which create a denser microstructure.

8.3. Water Absorption by Capillary and Sorptivity

Sorptivity is strictly connected to water absorption; therefore, the same conclusions can be
drawn. The increase in molarity of the activating solution gives lower absorption capacity [65]
(Table 21 [65,93,146,177]). The same effect is reached with the addition of GGBS (or more
reactive precursors). On the contrary, the addition of coarse CDW aggregate [146,177] or a
higher amount of CDW precursor can increase the sorptivity, due to the presence of cracks
in the coarse aggregate and higher water absorption for fine particles [65]. In particular, in
fly ash geopolymer concrete with 50% of CDW as aggregate, the sorptivity measured was
0.033 mm-s 3, instead with 15% of CDW it was 0.023 mm-s~° [177] (Table 21). A higher
tortuosity of the pore network resulting from the addition of GGBS can reduce sorptivity.
A similar effect can be achieved with the addition of silica fume, which fills the pores and
provides a denser structure [65]. GGBS concrete exhibits a higher absorption rate than fly
ash concrete, because secondary absorption (controlled by air voids) is higher than that of
fly ash-based concrete. The initial absorption, which is controlled by capillary forces, is
instead very similar [183]. High values of sorptivity were found by Roy [93], who prepared
an alkali-activated concrete using as precursors GGBS with CDW powder and standard sand
as aggregate, fine and coarse brick waste. These high values can be explained by the complete
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replacement of coarse natural aggregate with brick waste, since other studies in the literature
used a lower amount of waste aggregate [177,183] (Table 21).

Table 21. Values of sorptivity (SO) found in recent papers for pastes and mortars with CDW as
precursors and aggregates.

Author Year Precursor PreSE:gr o, Aggregate Agg(r:eDg‘ze o, Activators Mol. T (°C) (m n? 50_0,5)
Nuaklong [146] 2016 FA 0 CwNS 65 NasiOs 8 60 0.03
Nuaklong [146] 2016 FA 0 CwNS 65 II\T\T’Z%% 16 60 0.02

Tican [65] 2024 Reb Cw 100 Cw 100 NaOH 4 23 15
Tlcan [65] 2024 Reb Cw 100 Cw 100 NaOH 8 23 0.4
Tlcan [65] 2024 RGCE%V 75 Cw 100 NaOH 5 23 0.9
Shaikh [177] 2016 FA 0 Cw Reb NS 50 11\1\115(5(1){3 8 60 0.03
Roy [93] 2024 Mix GGBS 15 Rcb 100 KSiO; KOH 6 23 093

FA = fly ash; GGBS = ground granulated blast-furnace slag; waste: Cw = concrete waste; Rcb = red clay brick;
Mix = mix of various CDWs; Mol. = molarity; NS = natural sand; T (°C) = temperature of curing; SO = sorptivity.

8.4. Wet-Dry and Freeze—Thaw Cycling Resistance

During freeze—thaw cycles (—22 °C for 4h, and 20 °C for 8 h in wet conditions) on
alkali-activated mortars, cracks formed when the hydraulic pressure exceeded the tensile
strength of the matrix, as water increases its volume by about 9%. In particular, after more
than 25 cycles, the compressive strength decreased by about 12-17%. In contrast, during
wet-dry cycles (+70 °C for 24 h, followed by a water bath at 20 °C for 24 h), the strength
of the alkali-activated mortars increased, thanks to an improvement in hydration reaction
with the formation of new crystals and gels [184]. To improve both the freeze—thaw and
the wet-dry cycling resistance, it is possible to add slag to the alkali-activated composites.
This addition can enhance the degree of polymerization, ensuring volumetric stability.
The dimension of the recycled aggregate did not change the wet-dry resistance, as the
NaOH molarity did. In contrast, for freeze-thaw cycling resistance, mixtures with higher
molarity (8M) formed stronger gels that better resist the stresses caused by this kind of
cycling [65]. The addition of coarse recycled aggregate can also have a detrimental effect
on the final product due to its lower mechanical performance. Tests performed on mortars
with concrete and brick waste as precursor (with a possible addition of GGBS and silica
fume) and recycled concrete as aggregate show that using only CDW as precursor, a lower
durability is expected compared to those with the addition of slag and silica fume. In
particular, a high susceptibility to wet-dry cycling (near to 50% of strength loss) and freeze—
thaw cycling (near to 24-29% of strength loss) was observed [65]. Instead Erol [86], testing
mortars produced with ceramic waste as precursor (5-15%) with FA and GGBS and natural
sand as aggregate found that after 100 freeze—thaw cycles the compressive strength loss
was close to 23% and the weight loss decreased with the increase in the molarity and the
amount of ceramic precursor (due to the fineness of the ceramic powder, making pores
more impermeable). The inclusion of slag and silica fume improved durability, in particular,
slags assure the maturity of polymerization and a volumetric stability, leading to reduced
crack formation and better resistance to deterioration [65]. After 50 freeze-thaw cycles
(=22 °C for 4h and 20 °C for 8 h in wet condition), alkali-activated mortars with higher
amount of GGBS (30%) showed a lower bond strength loss (30%) compared to the ones with
lower amount (10% GGBS loss near to 40%, 20% loss near to 45%). A similar conclusion
can be achieved by comparing compressive strength loss (12% for 30% of GGBS) [184].
Silica fume, by reducing permeability and increasing mechanical strength, also improves
durability, particularly under freeze-thaw cycles. On the contrary, increasing the size and
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amount of recycled concrete aggregates, there is a decrease in the wet-dry and freeze-thaw
cycling resistance [65]. During freeze-thaw cycles, an increase in the mass can be observed
after an initial decrease, due to the humid environment filling degraded zones (cracks,
fissures, and pores) and the occurrence of calcification and peeling on the surface of the
sample with the formation of new reaction products [184].

8.5. Chloride Ion Penetration

Alkali-activated concrete exhibits better resistance to acid-sulfate attack and chloride
penetration than OPC concrete [185]. However, these properties, including mechanical
strength, are influenced by various parameters such as the raw material, curing condi-
tions (temperature and humidity), the molarity of the solution, and the mass ratio of
sodium silicate to sodium hydroxide solution (optimal at 2.5) [185]. For metakaolin-based
mortar with concrete waste as precursor, the use of cement paste compared to concrete
powder decreases the chloride ingress since cement paste has superior alkali-activated
activity [98,99]. Chloride ion penetration is higher in alkali-activated concrete with recycled
aggregate than in the same concrete with natural aggregate, due to the more accessible
pore network of the attached old mortar in concrete waste, in which chloride ions can
be transported [186]. For example, in fly ash-based concrete with 50% of CDW as aggre-
gate, a chloride ion penetration of 25.5 mm was observed, whereas with 15% and 30%
of CDW, it was 18.6 mm and 21.1 mm, respectively [177]. Comparing these values with
the reference sample with natural aggregate, the measured increase in the chloride ion
penetration was +67% for 15% of recycled aggregate, +90% for 30% of recycled aggregate,
and +130% for 50% of substitution. A high value of molarity of NaOH solution [146]
(Table 22 [98,99,135,146,177]) and an increase in Na,SiO3/NaOH ratio from 2.0 to 3.0 can
reduce chloride ion penetration, owing to a reduction in deboning with the ITZ. The
higher amount of dissolved Si and Al due to the higher NaOH concentration can achieve
an improvement in the polycondensation and a reduction in porosity and chloride en-
trance [186]. According to studies performed on alkali-activated composites with a ratio
of NaySiO3/NaOH equal to 2.0 and 10-30% of recycled aggregate, during a test with the
samples immersed in 3% NaCl solution, the charges measured were 2700 C (for 10% of
recycled aggregate) and 3100 C (for 30% of recycled aggregate), respectively. Instead, for
the same composites but with different ratios of NaySiO3/NaOH (equal to 3.0), the charges
passed for the same percentages of recycled aggregate were near 2400 C and 2700 C [186].
The depth of penetration of alkali-activated concrete after 120 days was 21.5 mm for natural
aggregate and 20.9 mm for recycled aggregate [171]. A further reduction could be achieved
by adding ultrafine slag, due to the formation of a denser microstructure [187]. In this case,
the addition of ultrafine slag to geopolymeric concrete with recycled aggregate can achieve
a reduction in chloride ion penetration close to 55% (7107 C for the reference sample with
50% of recycled aggregate, and 3100 C for the same percentage of recycled aggregate but
with the addition of 30% of ultrafine slag [187]).

Table 22. Values of chloride ion penetration (CIP) found in recent papers for pastes and mortars with
CDW as precursors and aggregates.

CDW CDW : cIp
Precursor Precursor % Aggregate Aggregate % Activators Mol. (mm)

Nuaklong [146] 2016 FA 0 CwNS 65 NaSiCs 8 45

Nuaklong [146] 2016 FA 0 CwNS 65 NNaa%% 12 35
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Table 22. Cont.

Precursor Precculzzgr % Aggregate AggEeDg‘:ie % Activators Mol. (SIII;))
Nuaklong [146] 2016 FA 0 CwNS 65 NN%%% 16 21

Liu[99] 2023 Cw MTK 75 NS 0 A 16-25
Liu [135] 2024 Cw MTK 100 NS 0 I;I\Iaa%% 14
Liu [98] 2022 Cw concrete 100 NS - II\I\IZ%% 14 2
Liu [98] 2022 Cw mortar 100 NS - 1\1\1115(1)% 14 20
Liu [98] 2022 Cw paste 100 NS . %Z%C})f 14 8

Shaikh [177] 2016 FA 0 Cw Reb NS 50 NNZ%% 8 255

FA = fly ash; MTK = metakaolin; Cw = concrete waste; Rcb = red clay brick; Mol. = molarity; NS = natural sand;
CIP = chloride ion penetration.

8.6. Acid Attack

Alkali-activated concrete with natural aggregate is less sensitive to sulfuric acid attack
than OPC concrete. Alkali-activated mortars with recycled concrete aggregate are more sus-
ceptible to acid attack due to the reaction between the acid present in the environment and
the calcium compounds present in the old adhered mortar surrounding the aggregates [151].
In alkali-activated materials, the dissolution of silicates happens with a leaching process of
non-framework alkaline ions and the removal of Al species via hydrolysis of Si-O-Al bonds.
The effect of an acid attack is to increase the Al-OH, Si-OH group, H4SiOy ions, and dimers
in the solution. This process also causes a mass loss of the sample, particularly when GGBS
was used as a precursor, due to the higher amount of Ca-rich gel in its products [184].

The acid attack of H>SOy solution for alkali-activated mortars obtained with only
recycled bricks as precursor showed lower weight loss and minimal compressive strength
loss compared to traditional bricks; the main decay process is composed of the dissolution
of the framework of alumino-silicate and the formation of gypsum. The acid solution
creates sulfates, which break down into gypsum that later reacts with C-A-5-H, forming
ettringite [183] and breaking down zeolitic compounds [83]. Acid attack also reduces
the compressive strength of the composites, since it creates micro-cracks and voids in
the geopolymer matrix, weakening the sample. Among the different kinds of acid attack
(sodium chloride, sodium sulfate, sodium sulfate combined with magnesium sulfate, and
sulfuric acid), sodium sulfate appeared to be the most aggressive for composites made
with fly ash and GGBS due to the leaching of sodium hydroxide. During a sulfuric acid
attack, a yellow layer appears on the surface of alkali-activated concrete. This product
is mainly SO, coming from the reaction between Fe;,O3 and H,SO4 that gives Fe;(SO4)3
with three molecules of water. Comparing composites with an alkali-activated binder to
those with a traditional OPC binder, sulfuric acid attack is more detrimental to OPC-based
concrete. This effect can be measured by a decrease in compressive strength of 26% for
OPC-based concrete, and only —11% and —7% for fly ash and GGBS, respectively [183]. In
particular, OPC concrete, although it has a lower absorption rate, shows inferior durability
when exposed to acid attack.

8.7. Efflorescence Formation

For alkali-activated materials, during curing, it is possible to observe the formation
of efflorescence. Sodium plays an important role in the formation of this patina, due to
its higher concentration compared to other cations. The unreacted alkali ions (mainly
Na*) coming from the activating solution migrate on the surface through pores and here
reacting with atmospheric CO,, they can form a white salt (efflorescence) composed of
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sodium carbonate (NapyCOj3, Nap,CO3-7H,0, and Na,COj3-10H,0). These salts were found
in many studies [60,65,176,181]. The efflorescence formation can also cause a decrease in
strength owing to the decay of the alkali-activated matrix and to the leaching of alkalis and
gels [65,183,184].

The addition of metakaolin in the mixture (rich in Al) decreases the amount of excessive
alkalis through Al species introduction and N-A-S-H gel formation; instead, the addition of
GGBS (rich in Ca) increases the C-A-S-H gel formation, reducing the migration of alkalis.
Both the additions reduce the formation of efflorescence, but the addition of metakaolin
gives better performance, since GGBS shows internal efflorescence formation with cracks
due to higher pressure of crystallization [91,184].

Unfortunately, even a reduction in the molarity of the solution and the inclusion of Ca
and Si-based precursors do not seem to completely solve the problem [65], but avoiding the
use of NaSiO3 seems to reduce the efflorescence formation too [60]. This decay process also
depends on the availability of alkali metal cations in the system. SiO, present in Na,SiOs
reacts with free alkalis as Na* ions, forming weaker Na(H;O)™ bonds that can easily be
broken in a humid environment. If the lateral surface of the sample is covered with a
plastic film, binders activated with sodium hydroxide have less efflorescence than those
with sodium silicate due to the more compact pore structure achieved with the last one. If
the lateral surface is exposed to air, the products activated with sodium hydroxide show
efflorescence formation mainly on the bottom of the sample; instead, the ones with sodium
silicate have a greater amount of efflorescence than NaOH samples, mainly placed on the
top of the sample. This can be explained by considering the sub-efflorescence present at the
drying front in the middle of the sample. Since samples made with sodium silicate have
higher capillary absorption capacity, moisture is moved upper as the drying line in the
sample [181].

9. Discussion

Comparing the results present in the literature highlighted in Tables 10-12, Figure 6A-D,
and Tables 18 and 19, it is possible to observe a great variability in the results, with a large
range in compressive strength values. This variability is caused by multiple factors that
affect the properties of the final product, including the percentage of recycled aggregate
(Figure 6A), the fineness of CDW powder (Figure 6B), its chemical composition, silicate
modulus (Figure 6C) and molarity of alkaline activators, liquid-to-solid ratio (L/S), curing
temperature (Figure 6D) and curing age. The compressive strength has a linear proportion
with the percentage of brick waste, driven by an increase in the surface area and higher
silica and alumina reactivity that improve the gel formation [188,189]. Instead, concrete
waste reduces the mechanical strength. Sometimes, in the literature, it is also possible to
find that these parameters affect the geopolymeric product (e.g., for alkali dosage [68,69,76],
for SiO,/Al,O3 and Na,O/SiO, molar ratio [50]) differently. For some parameters, such
as curing temperature and heat treatment duration, there is a general agreement on their
positive effect on improving the compressive strength, as there is also for a smaller precursor
particle size. In Table 23 [18,49,64,66,131,143,144,149,190-195], the main parameters and their
role in the mechanical strength and durability properties are reported. Tile and brick wastes
are good precursors compared to concrete waste. Ceramic waste contains a higher amount
of aluminosilicates than concrete waste. This implies that higher NaOH concentrations
are needed to break the bonds of the available material during the activation process [190].
Regarding the effect of particle size of the raw CDW material on the mechanical properties,
the higher surface area of finer fractions improves and accelerates geopolymerization. The
510,/ Al,O3 and Na,O/SiO, molar ratios depend on the chemical composition of CDW,
and their influence depends on the type of precursor used. The silicate modulus and the
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molarity of the solution increase the strength only if they are near the optimum value. The
increase in alkaline solution improves the polymerization process (dissolution, coagulation,
and condensation), creating a higher amount of N-A-S-H gel. For this reason, higher Na,O
concentration assures a higher amount of available Na* ions after the dissolution and is free
to bond with Si** and AI** ions during the last two phases of the process of polymerization.
The ability of silicates to bind gel structure is constrained when NayO concentration is higher
than its optimum value [194]. Compressive strength increases mainly with a reduction in
liquid-to-solid ratio and higher curing temperatures. Strength development occurs with a
high degree of depolymerization of Si-O-Si and Si-O-Al bonds under the action of OH™. A
reduction in the liquid-to-solid ratio increases the concentration of OH™. Higher temperature
and longer time for thermal process provide more energy to break the chemical bonds, and a
higher amount of reactive Si and Al monomers usable for polycondensation reaction [191].
The low influence of curing age on the final strength development is due to the fact that for
alkali-activated materials, the development of compressive strength takes place in the first
curing stage. Among CDW aggregates, concrete waste gives higher compressive strength
thanks to its lower porosity and open absorption. Anyway, the use of CDW as aggregate
reduces the mechanical properties compared to natural aggregate due to the presence of
residual paste, microcracks in the ITZ, and porosity. The irregular shape of CDW aggregates
creates larger voids and weaker interparticle interlock, creating a lower packing density and
mechanical performance. An optimum water-to-binder ratio for CDW aggregate was found
to be around 0.34, beyond which the excess of water can negatively affect matrix viscosity
and disrupt geopolymerization [195]. The use of fine aggregate (<0.25 mm) can increase
the water content to assure a suitable workability with a consequent increase in porosity
and decrease in compressive strength (—15/17% [143]). The removal of fine fraction for
brick waste seems to be detrimental due to the residual reactivity that might contribute to
geopolymerization. Instead, the use of intermediate aggregate size (0.25-0.5 mm) for concrete
waste has a beneficial effect.

A detailed survey for each country of the quantities of CDW and aluminosilicate waste
suitable for alkaline activation is the first step for the development of a new sustainable
economy based on AAM. A study of this kind was recently conducted for Italy by Ricciotti
in [196]. The possibility of sorting and selecting the waste is another aspect to take into
consideration to ensure a good quality of CDW. To achieve this goal, the involvement of
industries and institutions is necessary. Finding the correct mix proportion tailored for
the CDW at disposal is a complex process where a lot of experiments and tests should be
performed. This problem could be solved by the creation of a database with the results
present in the literature analyzed with artificial intelligence (Al) that can help the scientist
in finding the perfect recipe, reducing the amount of tested samples and time spent in the
research [191]. The algorithms collect the data considering 8 parameters: silicate modulus,
percentage of NaO of alkaline activators, SiO, / Al,Oj3 ratio, NayO/SiO; ratio, liquid-to-
solid ratio, pretreatment temperature, heat treatment time, and temperature. These data are
analyzed, and the final prediction is the result of different base learners (ensemble learning
models) according to the relevant rules. Ensemble learning is composed of bagging and
boosting base learners. All the data are divided into a training set (used to create the
machine learning model) and a testing set (used to validate the model, calculating the error
R). A recent study also used a new machine learning framework (T-BoostNet) designed
for superior accuracy based on 1117 recipes [197]. This model integrates Transformer-
based feature extraction with the regression capabilities of XGBoost. The most influential
parameters that affect the mechanical properties are ranked with Shapley Additive expla-
nations (SHAP) to optimize mix-design. This model is actually based on fly ash-based
recipes. The possibility of integrating it with the use of CDW could be an interesting
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development for new eco-friendly concrete. A possible protocol that provides for the
use of these technologies to correctly formulate the optimal recipe is proposed here in
Figure 7. Since the formulation of CDW-based mortars or concretes requires specific skills
and specialized instruments to characterize the CDW and test the samples, this process
cannot be carried out by many companies in the construction industry. Therefore, the real
application of CDW often remains merely theoretical. The role of institutions in this sector
should be strengthened to create a sustainable cycle in which all the companies wishing to
participate in CDW recycling are supported by a standardized procedure and a national
laboratory capable of identifying tailored recipes for each CDW. This is necessary, given
the high variability of CDW, which is the main cause of differences in compressive strength
and durability performance. The dialogue between industry and researchers should be
promoted by institutions with new agencies and benefits. In this way, many countries
could achieve the goal of reducing CDW landfilling and creating a new economy with new,
highly skilled jobs. The recent development of the 3D printing technique makes the study
of the rheological behavior and the fresh state properties of AAM with CDW important to
formulate new recipes suitable for this apparatus. A first survey was recently performed
by Mahmoodi and Kul in [198,199]. To develop this new sector in a sustainable way, the
role of institutions is necessary. It is becoming increasingly important to develop national
and international legislation regulating the use of these new eco-friendly concretes in the
construction industry.

Table 23. Role of the main parameters in the development of mechanical strength and durability.

Parameter Value Optji;r:l;::“\)lralue Year Inﬂuenc]; 3;13 g;:lriet;gth and
Komnitsas [49] 2015
Type of CDW precursor brick-tiles Cantero [64] 2024 +_b ?Ocrlf;le}tes
Retamal-Rojas [190] 2025
Particle size dimension of <140 um Komnitsas [49] 2015 -
precursor Alhawat [18] 2022
Silicate modulus 1.4% Shen [191] 2022 j ;ia;izlﬁet;gﬂnv;aelr\?;{fe
Molarity of alkaline activator IM Gorhan [192] 2014 +near 'the optimal value
Ouda [193] 2020 — for higher/lower value
Nay; 0%/ precursor 10-13% Neves [194] 2025 j ?oia}rligllfe(;%;afr‘:?;ﬁe
Shen [191] 2022
Si0, / Al, O3 ratio 7-12 Mahmoodi [131] 2021 0
Kul [66] 2024
Shen [191] 2022
Na,O/Si0, ratio 0.17-0.24 Mahmoodi [57] 2022 0
Shen [191] 2022
Liquid/solid ratio 0.3 Kul [66] 2024 B
Shen [191] 2022
Treatment temperature 80-100°C Mahmoodi [131] 2021 *
Shen [191] 2022
Heat treatment time 24h-48h Kul [66] 2024 *
Shen [191] 2022
Curing age 28 days Retamal-Rojas [190] 2025 0
Neves [194] 2025
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Table 23. Cont.
Optimal Value Influence on Strength and
Parameter Value Author Year Durability
Mahmoodi [195] 2025
Type of recycled : ) + concrete
aggregate concrete Panizza [143] 2018 — brick-tiles
Sata [149] 2020
Percentage of replacement for always inferior to reference if . ) _
aggregate >20% Panizza [143] 2018
CDW aggregate 0.5-2.0 mm De Rossi [144] 2019 0
dimension
+ = direct proportion between the parameter, strength and durability; — = inverse proportion between the

parameter, strength and durability; 0 = scarce effect on strength and durability; CDW = construction and
demolition waste.

Figure 7. A possible protocol for the correct formulation of a mix-design for CDW-based alkali-

activated mortar or concrete.

10. Conclusions

The production of CDW is constantly increasing, particularly in the megalopolises of
countries with new emerging economies, where the demand for new buildings is higher.
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This makes the reuse of CDW very possible and forces countries to regulate their production
and management. The use of CDW as a precursor in the production of alkali-activated
material also gives the opportunity to create new jobs in a new sector of the green economy.
Based on the research available in the literature on the use of CDW as both precursor and
aggregate, the following conclusions can be drawn:

e  The main chemical constituents of the CDW are SiO,, CaO, Al,O3, and Fe,O3, and
their content can vary according to the waste origin.

e CDW can be subjected to mechanical (grinding) and thermal processes (600-900 °C)
to improve its reactivity and to decrease its porosity, but the total cost should be
calculated since it can make CDW uncompetitive.

e  Carbonation can enhance the microstructure of concrete powder, reducing the porosity
and increasing the formation of calcium aluminum hydrate products.

e  The particle size plays an important role in making CDW a good precursor; the grinding
process should be carried out carefully. Fine particles accelerate geopolymerization.

e  Curing temperature influences the final properties of geopolymeric products; in partic-
ular, an increase in temperature improves the mechanical properties, creating a more
compact matrix. High temperature is very important for the activation of low-Ca
CDW precursors.

e Increasing the amount of CDW precursors generally decreases the mechanical proper-
ties and the workability.

e  Mixing different types of CDW can optimize the reuse of CDW, but this heterogeneity
can achieve different performances from those expected.

e  Alkali-activated concretes can achieve compressive strength values close to traditional
OPC concrete only if a previous mix-design is performed, starting from the character-
istics of the CDW. In general, well-formulated alkali-activated concrete also has better
durability than OPC concrete.

o The use of CDW as aggregate decreases the mechanical properties owing to the
presence of cracks and fissures generated during the grinding process and to a higher
open porosity compared to natural aggregate.

11. Future Directions

The use of CDW powders as precursors and aggregates in building materials is
recognized as an optimal solution for creating a sustainable cycle for reusing construction
waste, which is generally sent to landfill, causing significant environmental impact. To
improve the use of CDW in alkali-activated materials and develop a new circular economy
framework, it is important that members of the construction industry participate actively
to propose strategies to create new sustainable business models and job opportunities,
taking care of cost efficiency and environmental conservation. Anyway, the use of CDW
as a precursor in alkali-activated materials is influenced by several parameters, including
reactivity, chemical composition, particle size and dimensions, pre-treatments, SiO,/Al,O3
and Na;O/SiO; molar ratios, and water-to-solid ratio. Concerning their use as recycled
aggregate, the main parameters are the nature and origin, the presence of old adhered
mortar, chemical composition, open porosity, grinding process, presence of hazardous
substances, and pre-treatments. Unfortunately, processes such as crushing, separation, and
thermal or chemical treatments are energy-intensive and relatively expensive, increasing
the final product costs. This price increase could make alkali-activated materials with CDW
less attractive in the market, especially if the end user is already skeptical about using
recycled material. For this reason, the management of CDW should be performed according
to a proper protocol to improve the quality of the waste, separating from the beginning
the different types of materials (concrete, hollow bricks, red clay bricks, tiles, glass, steel,
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plastic) and removing the hazardous substances (asbestos as the first one). In this way, the
separated waste could be better analyzed and selected according to its better application.
After sorting, the waste should be sieved to separate the fine fraction (reusable as precursor)
from the coarse fraction (reusable as aggregate). These two procedures (sorting and sieving)
are relatively inexpensive, which is why they should always be carried out. The use of
concrete waste powder as a precursor should be increased, since brick waste powder is
actually more studied and used. In the studies present in the literature, many combinations
of fly ash, metakaolin, and blast furnace slag with the addition of different kinds of CDW
precursors are present, but the comparison among the results is difficult, owing to the
different recipes, activating solution, molarity of the solution, curing temperature, type, and
amount of aggregates. Sometimes it is difficult to perform a correct mix-design using CDW
as alkali-activated materials, owing to all the different parameters previously described.
Shen [191] tested three different machine learning models that, comparing the results in
the literature, are able to predict the mechanical properties of alkali-activated mix-design.
The creation of a global database with the results achieved in the literature could allow the
creation of a software based on artificial intelligence that creates the best recipe according
to the characteristics of the CDW at the client’s disposal, leading to reduced costs and
creating a real sustainable cycle in the construction sector. Further investigations should
be conducted on the performance of CDW alkali-activated composite materials to identify
the maximum replacement percentage for both the precursor and the aggregate without
compromising the stability of structural elements. The growing number of publications
on this topic should also raise awareness among legislators in the enactment of new laws
regulating the use of this material in buildings and construction.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /buildings16020309/s1, Table S1. Chemical composition of
CDW precursor present in literature. Figure S1. Summary of the percentage of replacement versus
compressive strength, considering the mix-designs reported in Tables 10-12. Figure S2. Summary
of the fineness versus compressive strength, considering the mix-designs reported in Tables 10-12.
Figure S3. Summary of the curing temperature versus compressive strength, considering the mix-
designs reported in Tables 10-12.
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Abbreviations

The following abbreviations are used in this manuscript:

AAM Alkali-Activated Materials

B/A Binder-to-Aggregate ratio

BET Brauner—-Emmet-Teller instrument
BIM Building Information Modeling
CDW Construction and Demolition Waste
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C-S-H Calcium Silicate Hydrate
CIP Chloride Ion Penetration
DsC Differential Scanning Calorimetry
EU Europe
FA Fly Ash
FTIR Fourier-Transform Infrared Spectroscopy
GGBS Ground Granulated Blast-furnace Slag
L/B Liquid-to-Binder ratio
MIP Mercury Intrusion Porosimetry
MTK Metakaolin
or Open Porosity
OorPC Ordinary Portland Cement
SEM-EDX Scanning Electron Microscope Energy Dispersive X-ray spectroscopy
SF Silica Fume
SO Sorptivity
TGA Thermogravimetry
UK United Kingdom
USA United States of America
WA Water Absorption
XRD X-Ray Diffraction
Pg Bulk Density
0c (max) MPa  Maximum Value of Compressive Strength in MPa
Oc Compressive Strength Test
of Flexural Strength Test
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