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Abstract: The use of recycled powder (RP) derived from construction and demolition waste
(CDW) has several benefits, including the conservation of natural aggregate supplies, the
preservation of land designated as landfills, and the promotion of a sustainable built envi-
ronment. Partially substituting cement with RP generated from concrete-based waste can
significantly reduce the carbon footprint of the construction industry. This comprehensive
review delineates the advantages and disadvantages of mechanical, thermal, chemical,
carbonation, mineral addition, and nano-activation methods for RP-based Portland cement
(PC) mortars. A comprehensive examination of the parameters affecting the characteristics
of RP-incorporated mortar has been presented. The mechanical properties of cement mor-
tar formulated with RP have been examined in relation to different activation procedures.
The review indicates that RP can be effectively utilized in the development of sustainable
construction materials. This review article’s extensive literature survey also indicates a
promising research trend and underscores the significance of thermal and combined activa-
tion methods and the utilization of concrete waste. Moreover, existing limitations in the
current research and prospective future studies were identified and presented.
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1. Introduction

Urbanization has escalated globally during the previous century, leading to a pre-
dominance of individuals residing in urban areas. In 2016, the worldwide urbanization
rate attained 54.3% [1,2]. The present worldwide urbanization rate is 55%, with forecasts
predicting an increase to 70% by 2050 [3]. Increased urbanization and industrialization,
along with economic and social modernization, have rendered global warming and its
associated environmental challenges, including environmental degradation and rising sea
levels, more urgent in recent decades [4,5].

The construction industry, a pivotal sector in worldwide urban growth, consumes sub-
stantial energy and natural resources. In addition to the fact that the value of construction
activities is expected to grow from USD 9.7 trillion in 2022 to USD 13.9 trillion in 2037 [6],
the construction sector is presently facing considerable criticism about environmental
management and sustainability in numerous nations. Urban development significantly
impacts the environment, particularly with air, water, noise, light, and land pollution. The
construction process utilizes significant amounts of natural resources and energy, produces
considerable waste, and emits elevated levels of detrimental air pollutants [5,7,8].

Sustainability 2025, 17, 4502

https:/ /doi.org/10.3390/su17104502



Sustainability 2025, 17, 4502

2 of 50

In relation to natural resources, the consumption of materials has more than tripled
in the last fifty years and continues to grow at an average annual pace above 2.3%. If
prompt and coordinated actions are not implemented to modify resource use practices, the
extraction of material resources might increase by more than 60% from 2020 levels, reaching
160 billion tons by 2060, up from the current 100 billion tons [9,10]. Non-metallic mineral
construction materials are of considerable importance. More than 90% of the materials
employed throughout construction originate from non-metallic minerals [7], while the
exploitation of these resources results in landscape degradation, ecosystem disruption,
habitat destruction, and land-use conflicts [7-9].

Various scholars have suggested alternative methods to decrease the use of natural
resources, like cement, sand, and gravel, by utilizing supplementary cementitious materials
(SCMs). These materials consist of fly ash (FA), silica fume (SF) [11], quicklime [12], and
waste products from various processes such as ceramics [13], palm oil waste [14], and tire
rubber waste [15,16]. The incorporation of these components often modifies the properties
of concrete at both extremes. Nonetheless, their existence continuously facilitates the
management of waste produced from diverse sources, providing a chance to reduce the
costs related to waste management [17].

The energy consumption in the construction industry is rapidly increasing and con-
stitutes a substantial share of total energy usage. The construction industry, being the
principal sector of energy consumption, accounts for 36% of global energy demand [18].
Over the next 40 years, the global population will undergo substantial increase, requiring a
higher capacity for urban construction than has been needed in the past 4000 years [19].
Conventional structures rely significantly on non-renewable energy sources, including coal,
oil, and natural gas, resulting in energy depletion and considerable pollution from exces-
sive energy use [18]. Additionally, the construction industry accounts for approximately
30% of the overall greenhouse gas emissions worldwide [20]. Four principal industries—
power generation, iron and steel production, cement manufacturing, and chemicals and
petrochemicals—account for approximately 40% of worldwide carbon dioxide (CO;) emis-
sions [21]. According to the global CO, emission data, cement plants were responsible for
a significant release of 2.9 billion tons of CO, in 2021, and this statistic indicates a roughly
fivefold increase in comparison to the emission equivalent to 0.57 billion tons recorded in
1990 [21].

As in the case for natural resources, various scholars have suggested alternative meth-
ods to decrease the use of energy and CO, emissions, such as the substitution of alternative
fuels [22,23], the utilization of alternative raw materials, SCMs, and alternative low-carbon
binders [24,25], the utilization of carbon capture and storage [23,24], the utilization of
waste heat recovery [26,27], and the substitution of cement with alternative materials in
cement-based mixtures [21].

From the perspective of sustainable urban metabolism, resources are extracted from
nature, processed through production supply chains, and integrated into cities to promote
the economic development of human civilization. Consequently, waste is generated due to
the inefficient use of these resources [28]. The output of urban waste has significantly inten-
sified due to population growth, expanding construction industries, rapid urbanization,
and enhanced community living standards. In densely populated metropolitan regions,
development is generally succeeded by demolition, leading to substantial waste genera-
tion [28]. Eventually, during the urbanization process, CDW is generated from activities
such as construction, rebuilding, remodeling, extension, maintenance, the demolition of
buildings, roads, bridges, and other structures [1,29]. In addition, CDW includes materials
that can arise abruptly from natural calamities, such as earthquakes, floods, hurricanes,
and tsunamis, or unnatural calamities such as war and conflicts [30,31].
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CDW comprises a variety of materials, including inert waste (such as concrete, bricks,
tiles, ceramics, and specific stones), non-inert, non-hazardous waste (including wood,
plastics, glass, metals, and certain insulation types), and hazardous waste (such as asbestos,
lead-based paints, solvents, treated wood, and adhesives) [29,31-34].

The quantity of CDW increases in tandem with the ongoing global urbanization.
China, the United States (US), and the European Union of 28 countries (EU-28) are the
largest economies and the primary generators of CDW [9]. The annual global production
of CDW is estimated to be around 3 billion metric tons [28,29]. Both the US and China, as
major economies, are encountering difficulties in managing their CDW. The US contributes
around 30% of the world’s yearly estimated CDW due to its rapid building business and
urbanization growth [1]. China, on the other hand, accounts for roughly 30% to 40% of the
world’s CDW [1].

The annual generation of CDW in China was projected to be around 2 billion tons,
representing approximately 30% to 40% of the total urban waste [35,36]. The US generates
an estimated 150 million tons of CDW each year [35]. Specifically, from building demolition
alone, the US produces approximately 123 million tons of construction waste annually [37].
EU-28 generates approximately 850 to 970 million tons of CDW annually, accounting for
a significant portion of the total waste generated in the region [38,39]. Meanwhile, in the
year of 2016-2017, Australia produced about 20 million tons of CDW [35].

Nevertheless, the present rate of China’s CDW recovery is below 10% [9]. The US and
EU-28 demonstrate superior proficiency in the management of CDW. The CDW recovery
rate in the US was approximately 76% in 2018, according to the EPA [40]. In EU-28, the
recovery rate is considerably greater, at nearly 90%, as reported by Eurostat [41]. EU-28’s
high recovery rate can be attributed to its sophisticated management system for CDW [9].
In addition, it is noteworthy to remark that empirical data suggest that the construction
industry is responsible for around 44% of landfill waste in the United Kingdom, 44%
in Australia, 40% in Brazil, 29% in the United States, 27% in Canada, and 25% in Hong
Kong [35].

The generation of CDW is undergoing a substantial and swift escalation, leading
to additional adverse impacts on the environment, economy, and society. Initially, there
are the economic ramifications, including both expenditures and benefits. The expenses
related to CDW management encompass the acquisition, collection, and categorization
of waste in addition to the operational costs of landfills [1]. Secondly, the building of
new landfills incurs ecological repercussions, including land depletion and environmental
degradation resulting from the extraction of raw materials for new construction materials,
which adversely affects natural resources [1,29]. Additionally, there are social implications,
encompassing the provision of opportunities for enhanced education and training, as well
as the modification of systems to promote greater environmental sustainability [42].

Thus, the effective application of CDW in construction projects, aligned with the
principles of the circular economy and sustainability, can produce numerous lasting benefits,
including waste minimization, cost savings, increased landfill capacity, improved safety
protocols, a reduction in greenhouse gas emissions, and the advancement of a sustainable
environment and economy [35,43-46]. On the other hand, divergent perspectives on the
management of CDW have led to the development of opposing and inconsistent waste
management ideologies [47]. Consequently, multiple initiatives have been undertaken to
reduce, reuse, or recycle CDW. It is crucial to minimize the quantity of waste generated. If
waste is produced, it is essential to find ways to reuse the materials. If materials cannot be
reused, it is important to collect them for recycling [48].

The act of employing appropriate construction materials several times is referred to
as reusing CDW, regardless of whether these components serve their original purpose or
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a different function [48]. A variety of construction materials can be recovered from sites
undergoing construction, restoration, or demolition and can be marketed, preserved for
future use, or reused for the current project [35]. CDW recycling involves the decomposition
of utilized construction materials to produce new resources [35]. CDW can be recycled
either on the construction site or at a separate CDW processing facility, depending on the
project’s capabilities and available resources. Specific materials that can be recycled from
construction sites include concrete, metal, asphalt, wood, roofing materials, plasterboard,
and corrugated cardboard. It should be noted that a significant number of CDW individual
fractions cannot be recycled due to inadequate demolition and collecting methods. Al-
though they could potentially be recycled, economic constraints or market inefficiencies in
the local area may preclude this possibility [49].

Prior research has verified that CDW may undergo the process of crushing and sieving
to generate recycled aggregates (RAs), and RAs are categorized into two scales based on
their particle size: recycled coarse aggregates (RCAs), in the range of 31.5-5.0 mm, and
recycled fine aggregates (RFAs), in the range of 5.0-0.15 mm [50-55]. Meanwhile, while
producing RAs, a large quantity of RP, under 0.15 mm, as a by-product of RA production is
produced [55-60].

The existing recycling method produces a significant amount of RP during the crushing
phases of RA generation [12,61,62]. The percentage of concrete and brick waste in CDW
exceeds 80%, although other primary components of CDW, such as glass and steel waste,
possess designated recycling methods [50]. Additionally, the waste concrete and waste
brick that have a particle size smaller than 150 pm make up approximately 20% by a weight
of the total CDW [61]. Only RP generated from waste concrete during the production of
RCA represents around 3% of the total amount [63]. Hence, enhancing the reclamation
efficiency of concrete and brick waste is a viable strategy for decreasing the quantity of
CDW, which produces recycled concrete powder (RCP) and recycled brick powder (RBP)
as the primary recycled products [50].

One of the two main applications of CDW is RAs (including coarse and fine aggre-
gates). RAs are a prominent and widely recognized application of CDW, characterized by
advanced technical advancement and comprehensive research [12,58,61,64]. Employing
CDW as an alternative to natural aggregate in the manufacture of cement-based materials is
an innovative and environmentally sustainable approach that provides both economic and
ecological benefits [12,62,64]. Numerous countries and regions have established detailed
guidelines and standards that pertain to the essential attributes and applications of RA in
building construction [12]. Regrettably, the strength and stability of cement-based materials
made from RA are typically lower compared to traditional cement-based materials [62,64].
To address this problem, researchers have examined and discovered that cement-based
materials generated using mechanical grinding, carbonation treatment, thermal treat-
ment, chemical treatment, mineral addition, and nanomaterial modification of RA exhibits
mechanical qualities comparable to those of regular CBMs [11]. Zeng et al. [65] demon-
strated that fiber-reinforced polymer confinement can markedly enhance the compressive
strength of concrete containing recycled glass aggregates; for instance, with a coarse aggre-
gate replacement ratio of 50%, the compressive strength of unconfined concrete, approxi-
mately 40 MPa, can be elevated to over 80 MPa in confined concrete, nearly doubling the
former value.

The second main application of CDW is utilizing RP as a partial replacement in cement
to produce cement-based materials. Nevertheless, although there are numerous reports of
the prevalence of RP, their potential uses have been limited because of the large volume of
old mortar, large median particle size (D50) (D50 > 75 um), complex compositions of origin
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CDW, low reactivity, and higher water absorption [11,50,58,61-63]. These disadvantages
have been limiting the utilization of RP as an inert filler [50,62,63].

On the other hand, the composition of RP includes calcite (CaCO3), quartz (5iO,),
calcium aluminate ferrite trisubstituted (Aft), alumina ferric oxide monosubstituted (AFm),
portlandite (CH), calcium silicate hydrate (C—5-H), and unhydrated cement particles, all
of which demonstrate its capacity as a SCM [50,63], and multiple investigations have
demonstrated that cement-based materials exhibit improved mechanical capabilities when
the RP percentages are low (<20%) and the mean particle size is small, similar to that
of PC [50,63]. Furthermore, including an appropriate quantity of RP as a substitute for
cement can also serve as nucleation sites for cement hydration, hence expediting the cement
hydration process [63].

Recently, there is a growing interest among universities and corporations in enhancing
the value and competitiveness of RP through additional processing. It was found that RP
could be used as a partial alternative of cement in cement-based materials by using further
mechanical, carbonation, thermal, chemical, mineral addition, and nanomaterial activation
methods [52].

By effectively using RP as a substitute for PC, the quantity of fine CDW particles
disposed of in landfills can be significantly reduced. This approach also minimizes the
environmental impacts of concrete production, including its carbon footprint, improves
the comprehensive economic benefits, and decreases the demand for extracting natural
resources needed for cement manufacturing [61,62]. Moreover, using RP in practical
applications could serve as a viable substitute to tackle the current issue of scarce local
sources of FA and other commonly used SCMs in several large urban regions [61].

Various strategies have been employed to reduce CO, emissions from cement pro-
duction, as previously mentioned. Nevertheless, some of these strategies are restricted by
the substantial investment necessary to modernize the equipment used in cement produc-
tion, which may even result in an increase in the ultimate cost [58,62,63]. In this context,
employing SCMs as a substitute for PC has proven to be a viable alternative due to (a) eco-
nomic advantages, such as the accessibility of locally sourced materials and the potential
for large-scale production; (b) environmental advantages, including waste reutilization
and a significant reduction in CO, emissions; and (c) technical advantages, specifically
the extensive scientific research concerning its long-term performance (durability) and its
appropriateness for construction applications [58,59,62,63].

With 80% of its mass consisting of concrete and ceramic waste [58,59,63], CDW pos-
sesses significant potential for application in low-emission cement manufacturing, aligning
with the principles of the circular economy, the Paris Agreement, and the 2030 Agenda [28].
Among various CDW-based powders, RP from waste concrete comprises up to 30% of
crushed old concrete [58,62,63]. In this context, utilizing the fine fraction of concrete waste
as a filler to substitute PC may serve as an alternative to mitigate emissions associated with
cement manufacturing and address the concrete waste disposal challenge [58,59].

Therefore, this article reviews the utilization of RP from concrete waste in the PC
mortars, within the framework as described in Section 2.

2. Research Methodology

The review focused on studies published between 2000 and 2025 that primarily as-
sessed the use of all types of RP derived from concrete waste as a partial replacement of
cement in PC mortars.

The systematic literature review examined papers over the past twenty-five years
(2000-2025), focusing primarily on studies that assessed concrete-waste-based recycling
processes and their activation methods. The article search criteria involved finding principal
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publications pertinent to the issue published in the Web of Science and Scopus databases.
The search criteria comprised “Recycled Concrete Powder”, “Waste Concrete Powder”,
“Supplementary Cementitious Material”, “OPC Mortar”, and “Activation Methods”.

Following the ratification of the Paris Agreement in 2015, there was a marked increase
in publications about recycled construction materials, along with a substantial expansion
in the variety of keywords and topics addressed. The studies concentrated on the strategic
use and valuation theories of recycled construction materials, encompassing life cycle
assessment (LCA), green building sustainability, energy efficiency, and carbon emission
management within the sector [66-68].

An increasing amount of research is being conducted on CDW-based materials that
are used in construction materials, which are among these recycled building materials. The
advancement of recycling technology for CDW, reclamation technologies for CDW, and
the utilization of CDW in concrete and concrete products have garnered significant global
interest in the last two decades [69]. Simultaneously, to enhance the use of RPs, researchers
globally have examined micro-performance, mechanical characteristics, and durability of
RPs and devised numerous methods to augment their attributes [69].

The current research on value strategies related to the circular economy, LCA, and
CDW indicates the participation of various stakeholders and the heterogeneous nature of
existing assessment and decision-making frameworks, which are marked by conflicting
interests and weak advancement in certain countries and regions [67].

However, it is essential to acknowledge that substantial literature and conference re-
ports suggest the industry is at a pivotal crossroads, characterized by the coexistence of risks
and opportunities. Furthermore, a significant disparity persists in achieving the worldwide
objective of reducing carbon emissions [66,67]. Despite the emergence of novel materials
like bamboo, hemp fiber, and fungal-based substances, their performance and application
potential remain inadequately tested [66]. Furthermore, the complex interconnections of
materials, policies, and taxation are ambiguous in numerous nations, underscoring the
pressing necessity for additional research and investigation in this domain [66,67].

Despite the growing body of literature on the utilization of RP as SCM in cementi-
tious matrices, a deficiency of reviews addressing the impact of activation methods on
the mechanical characteristics of mortars containing RP has been observed [63]. Investi-
gating activation methods of RPs can enhance their high-quality consumption, generate
supplemental mineral admixtures, and yield value-added goods through various tech-
niques [68,69]. Therefore, this study concentrated on the impact of activation procedures
on the mechanical characteristics of PC mortars containing RP.

Evaluations of particles derived from mortar, paste, or any other waste material, with
the exception of concrete, were not included in the review. The study also excluded specific
forms of RP, including autoclaved concrete waste, aerated concrete waste, hydrated cement
paste, waste cellular concrete powder, and concrete waste slurry, given that these categories
of CDW waste constitute a significant portion of decorative waste and possess distinct
physical and chemical qualities compared to concrete-waste-based RPs.

Through the review, mechanical properties of the PC mortars with RP are initially
presented, and compressive strength, flexural strength, and tensile strength are examined
under different activation methods. For each reviewed topic, the optimal value is suggested
with considering the effect of mechanical, carbonation, thermal, chemical, biomineral-
ization, mineral addition, and nanomaterial activation methods. Finally, limitations and
recommendations for future research are presented.

Given the significant variations in RP particle sizes, RP sources, water-to-binder ratios,
mix proportions, and curing conditions across multiple investigations, a relative value
is employed in the mechanical activation section to assess the impact of RP content on
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compressive and flexural strength. Insufficient results did not allow us to employ a relative
value for other activation methods.

Overall, this article presents an analysis of the effects of utilizing RP as a cement
substitute on the performance of PC mortars. This study explicitly examines the effect of
this substitution on the mechanical properties of the PC mortars.

3. Mechanical Properties of Mortars with RP

In the literature, the most used standards for testing of compressive and flexural
strengths were NBR 7215 (ABNT, 2019) [70], BS EN 196-1:2016 [71], GB/T17671-2021 [72]
(equivalent to that stated in ASTM C109/C109M-21 [73]), ASTM C109-02 [74] and BS
EN 1015-11 [75], EN 196-1:2018 [76], GB/T 17671-1999 [77], ASTM C348 [78] and ASTM
C109 [79], ASTM C109 [80], GB/T 50081-2002 [81], and GB/T 17671-1999 [82].

3.1. Effect of Mechanical Activation on the Mechanical Properties of RP Mortar

Figure 1 illustrates the predominant RP percentages in investigations utilizing exclu-
sively mechanical activation [58,59,62,83-108]. The most utilized percentages for cement
replacement are 10%, 30%, and 20% RP, respectively.

20.5%

1.2%

5% RP
7% RP
10% RP
15% RP
20% RP
25% RP
30% RP
35% RP
40% RP
45% RP
50% RP
60% RP
75% RP
100% RP

1.2%

9.6%
16.9%

3.6%

1.2%
2.4%

4.8%

20.5%

Figure 1. RP percentages utilized in mortar mixtures (mechanical activation) [58,59,62,83-108].

3.1.1. Compressive Strength

Figure 2 illustrates the compressive strength (CS) and relative CS results of the PC
mortars with mechanically activated RP, considering the reference and various curing
periods (7 d, 28 d, and 90 d) based on the literature survey. Given the heterogeneity in
RP particle sizes, RP sources, water-to-binder ratios (w/b), mix proportions, and curing
conditions across different studies, relative values were utilized to evaluate the influence of
RP percentage on CS.

Figure 2a—c also illustrates the correlation between RP content and relative CS, reveal-
ing a linear connection (R? = 0.89, 0.84, and 0.94). The slope of the linear fit for 90 d RP
mortar exceeds that of 7 d and 28 d RP mortar, indicating that the influence of RP content
on CS is greater at 90 d compared to its effect at 7 d and 28 d.

Equations (1)—(3) specify the variables employed in ascertaining CS of mortar incorpo-
rating RP, where C; represents CS of RP mortar in MPa, and Prp denotes the replacement
percentages of RP in percentage [50].

Cr=1— 0.0107 x Prp + 1.0378 (R? = 0.89) 1)
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Cr=1—0.0105 x Prp + 1.0397 (R = 0.94) 3)

The linear model employed in the equations accommodates both continuous and
discrete explanatory variables. Furthermore, while the equations represent separate addi-
tive contributions of the explanatory variables, there exists a singular parameter for each
explanatory variable. The impacts of the explanatory factors are independent of the values
of the other variables. The effects remain consistent across strata. Consequently, linear
regression is not affected by a combinatorial explosion of strata. Conversely, it is important
to acknowledge that a breach of the assumption regarding the independence of variance
across strata may pose challenges for model fitting and statistical testing [109-111].

The findings indicate that CS decreases as the RP ratio increases compared to reference
mortar with 0% RP, and the decreasing tendency differs according to various curing ages
with replacement ratios [59,62,83,86,88-95,97-99,102-108].

The findings also indicate that the CS of mortars improve with the advancement of curing
age, irrespective of the RP incorporation [58,59,62,84,87,90-94,96-98,100-102,104,106,107].

It can be also noticed that when the RP content is less than 15%, the CS of the mortar
is not noticeably affected by RP incorporation [59,84,86,88,91,93-97,100,104-108], and in
some cases, an increase in the CS is observed [93,96,100,107].

Many research results also show that the optimal replacement ratio for RP is between
20% and 30% [59,62,93,94,107]. When the RP replacement ratio exceeds 30%, the mechanical
strength of RP mortar is typically significantly inferior to that of plain mortar, attributable
to a marked reduction in the hydration products of RP mortar. This reduction leads
to less development of hydration products and a decrease in the compactness of the
cement matrix, resulting in a porous microstructure [50,59,62,63,93,95,107]. Furthermore,
RP particles exhibit increased porosity and absorb significant quantities of water from the
mixture, resulting in inadequate cement hydration and an increase in voids and microcracks
within the interfacial transition zone, hence undermining the mechanical properties of
cement-based products [50,59,62,63,93,95,102,107,108].

Scanning electron microscopy (SEM) analysis reveals that extensive microcracks,
together with pores and voids, are found in the reference PC paste [96]. These imperfections
can subsequently decrease the efficacy of the bond between the hydrates in the cement
paste [96]. Electron dispersive spectroscopy (EDS) mapping of the control PC paste verifies
the synthesis of C-S-H and CH as the principal reaction products. When the incorporation
of RP is below 15%, a more uniform and smoother texture is observed [96].

Furthermore, the hydration products have a stratified and aggregated configuration,
overlapping and closely aligned, which enhances the dense microstructure of the mor-
tar [62]. These enhancements originate from the synergistic impact of slightly elevated
hydration and the filling effect of RP particles. It can be observed through the SEM images
that the RP particle is encased in C-S-H gel, while the quartz and calcite particles in RP
exhibit relatively high micro-hardness and a dense micro-structure, hence enhancing the
filler effect of RP [93,96,99].
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Figure 2. CS and relative CS of PC mortars with RP (mechanical activation): (a) 7 d CS and relative
CS of mortars with RP; (b) 28 d CS and relative CS of mortars with RP; (c) 90 d CS and relative CS of
mortars with RP [59,62,83,86,88-91,93-100,102-108].
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CS of the mortars decreases with an increase in RP content. This decrease could
be related to the substantial inert constituents (C-S-H gel, CaCO3, and SiO,) present
in RP, which influence the hydration process and pore structure of the mortar mix-
tures [58,62,86,88-90,94,98,99,103,105,107]. The quantity of inert particles increases with the
augmentation of RP concentration. The inert particles in RP decrease the overall quantity
of active binder components, thereby reducing the hydration products and the strength
of mortar containing different percentages of RP [62,88,89,99]. Oliveira et al. [92] reported
that the existing hydration products in RP serve as the crystalline nucleus during the initial
hydration phase of cement. Nonetheless, the efficacy of RP is subordinate to that of cement
particles; thus, an overabundance of RP dilutes belite (C,S) and tricalcium aluminate (C3A)
within the cementitious matrix, leading to a reduction in hydration products and, conse-
quently, strength. Furthermore, continual recycling results in additional degradation of the
mechanical strength of RP, with the extent of deterioration being directly proportional to
the number of recycling cycles [90].

Chen et al. [104] reported that when the dosage exceeds 20%, the compressive and
flexural strength of RCP mortar experiences a slight decrease, although it still attains above
80% of the strength of the reference mortars. At dosages of 30% and 40%, the strength of
RCP mortar considerably decreases in comparison to the reference mortar. They stated
that this may be due to the higher levels of calcium oxide (CaO) and SiO, in RCP, which
contain more reactive components. The active oxides react to produce C-S-H gel, resulting
in enhanced hydration and greater strength. They further stated that RCP contains several
fine powders (particles less than 10 pm), which permeated the pores in the cement paste,
enhancing the pore structure and strength of the mortar. When the RCP concentration
exceeds 20%, mortars fail to bond effectively, leading to a marginal reduction in strength.

The CS of mortar with RP exhibits an increase with prolonged curing duration. This
may be attributed to the augmented bonding capacity of the cement paste due to the
intensified hydration reaction that occurred with the advancement of curing age [90,106].
RCP is derived from waste concrete with reduced Ca2* and Al** concentrations, resulting
in decreased activity. The filler effect of RP predominantly impacts mortar during the
initial curing phase. With the progression of curing age, the unhydrated cement particles
in the RP engage in the hydration process, resulting in an enhancement of CS. Nonetheless,
the quantity of unhydrated cement particles is finite; once depleted, the rate of growth
in CS decreases as the curing age progresses [85,93]. The fact that the CS of mortar with
RP at 180 d and later ages may have an improvement can be explained by the secondary
hydration of the active Ca?* and the hydration product CH [97].

In general, the filling effect positively influences the CS of mortar, whereas low re-
activity negatively impacts it. When RP content is below 15%, the two effects neutralize;
however, when RP content exceeds 30%, the formation of hydration products is substan-
tially decreased, indicating that the positive effect is considerably surpassed by the negative
effect, resulting in a substantial decrease in CS [89,90,97,106].

Oliveira et al. [92] stated that over time, the increased quantity of hydration products
resulting from the reaction of remaining anhydrous material from RPs and its subsequent
deposition in the pores of the cementitious matrix contributes to strength enhancement. The
diluting effect caused by the decreased binder in matrices including RP adversely affects
the mechanical characteristics at early stages. They further stated that in the advanced
age, enhanced hydration can counteract this impact. Mixtures including waste affect the
reactivity of PC, acting not only as inert materials but also as reactive agents that enhance
hydration kinetics and mechanical qualities in subsequent stages.

Regarding the effect of particle size of RP on the CS of mortars, utilizing RP with
larger particle sizes as a cement substitute leads to increased porosity of the mixture and



Sustainability 2025, 17, 4502

11 of 50

decreases strength [94,96,99]. In comparison to cement, RPs exhibit more irregular and
coarse forms, with smaller particle clusters adhering to larger ones, resulting in increased
water consumption to attain standard consistency. A finer particle size will enhance the
specific surface area (SSA) and the atomic density on the surface, resulting in elevated
surface energy and improved reactivity of the particles [58,83].

Li et al. [93] stated that, at 3 d, the CS of mortar with 10% recycled fine powder (RFP)
content is 17.62% greater than that of reference mortar. Conversely, the CS of mortar with
RFP (30% and 50%) content decreases by 9.05% and 45.24%, respectively. The authors
observed that, at the late stage of hydration, the cement mortar generates a substantial
quantity of brittle CH and fibrous C-S-H. The C-S-H exhibits a petal-like appearance, and
the CH is negligible when the incorporation of RFP reaches 10%. They also observed that
the C-S-H gel in the hydration product exhibited numerous fibrous bundles when the RFP
incorporation level reached 30%, and despite the limited quantity of CH in the hydration
product, some fine RFP particles were present at the same time. Typical fibrous C-S-H gels
and lamellar CH promote the growth of the hydration products in pure PC mortar after
28 d of curing. In contrast to pure cement mortar, the mixed mortar (50% RFP) contains
a substantially lower quantity of fibrous C-S-H gels and CH, as well as a significantly
higher quantity of fine RFP particles. The authors reported that the aforementioned results
are the result of the volcanically active RFP reacting with the hydration product CH of
the cement fraction to produce C-S-H gels. Additionally, the fine RFP particles serve as
attachment sites to facilitate the generation of RFP. In addition, the production of C-S-H
and CH decreased as the content of RFP increased as the relative content of cement in the
composite mortar decreased simultaneously. Conversely, the RFP particles’ volcanic ash
properties also consumed a portion of the CH, and a significant number of RFP particles
are dispersed around the hydration products.

Bian et al. [108] also worked with RFP blended mortars and stated that the CS of
recycled mortar is not significantly impacted by RFP when the RFP content is less than 10%.
They reported that the CS of mortar is influenced by the filling effect and minimal reactivity
in a positive and negative manner, respectively. The two effects are mutually exclusive
when the RFP content is less than 10%. However, the generation of hydration products is
significantly diminished when the RFP content exceeds 30%, resulting in a significantly
lower positive effect than a negative effect. Consequently, the CS is significantly reduced.

Zhang et al. [59], Li et al. [87], Zhang et al. [100], and Zhang et al. [101] evaluated and
compared the effects of RCP and RBP on the properties of mortar. They concluded that the
loss of the CS of the RCP-added mortar compared to the reference PC mortar was enlarged
as time passed, while for RBP-added mortar, the loss was reduced.

Zhang et al. [100] also stated that the particle size of RCP significantly influences its
activity. Following a specific duration of ball milling, the efficacy of RCP can be significantly
enhanced. Excessive ball milling duration results in excessively fine particles, leading to a
reduction in RCP activity.

Zhang et al. [84] examined the effect of the grinding time (30 min, 45 min, 60 min,
75 min, and 90 min) of RCP on the properties of mortar. They reported that the CS of
mortar at 28 d increases significantly during the hydration process and increases as the
grinding time increases, and the mortar’s strength is optimized when the grinding period
is extended from 30 min to 75 min. They observed that the pozzolanic activity of RCP is
enhanced by an increase in the grinding duration as the percentage of particles in RCP with
a size of less than 10 um exceeds 50% after 75 min of grinding. The authors concluded that
the optimal grinding duration of RCP is 60 min, considering both the physical activation
effect and energy consumption in a comprehensive manner.



Sustainability 2025, 17, 4502

12 of 50

Oliveira et al. [92] examined the CS of PC matrices with RCP replacement at 0%, 7%,
15%, and 25%, while milled for 0 h, 0.5 h, 2 h, and 6 h at 28 d, and 91 d. They stated that,
regardless of the treatment procedure, the mechanical strengths of 7% and 15% of RCP
in the 32 MPa class at 28 d satisfied the Brazilian standard normative parameter for PC
compressive strength. They also stated that RCP grinded for 0.5 h and RCP grinded for
2 h with 15% replacement content met C40 class standards, while the matrices with 25%
replacement met C32 class standards.

Kim et al. [94] examined the physical and chemical properties of RCP that are produced
through the repeated recycling of concrete. They also evaluated their potential as a partial
replacement for cement in mortar. They asserted that the coarser and more porous attributes
of the highly RP resulted in the production of flawed mortar specimens by decreasing the
flow at elevated replacement ratios, adversely affecting the mortar’s overall performance.
They indicated that, while adjusting the water-to-binder ratio and incorporating plasticizers
could enhance the performance of the cementitious mixture, employing RCP as an infill
instead of a cement substitute to mitigate performance degradation due to the dilution
effect of cement may be more efficacious.

Figure 3 illustrates the CS values for mortars at 7 d, 28 d, and 90 d, categorized by
those containing below and above 30% RP; and Figure 4 presents the CS values for 28 d
of mortars with 10%, 30% and 50% RP inclusion. As is presented in Figures 3 and 4, the
incorporation of 30% RP is an optimal amount for mortars with respect to CS and reveals
the highest values [59,62,93,95,107]. Figure 3 also illustrates that the CS of mortars increases
with the progression of curing age.

3.1.2. Flexural Strength

Figure 5 illustrates the flexural strength (FS) and relative FS results of the mortars with
mechanically activated RP, considering the reference and various curing periods (7 d, 28 d,
and 90 d) based on the literature survey.

Figure 5a—c illustrates the correlation between RP content and relative FS, revealing a
linear connection (R? = 0.73, 0.71, and 0.84). The slope of the linear fit for 90 d RP mortar
exceeds that of 7 d and 28 d RP mortar, indicating that the influence of RP content on FS is
greater at 90 d compared to its effect at 7 d and 28 d.

Equations (4)—(6) specify the variables employed in ascertaining the FS of mortar
incorporating RP, where Fr represents the flexural strength of RP mortar in MPa, and Prp
denotes the replacement percentages of RP in percentage [50].

Fr =1 — 0.0106 x Pgp + 1.0370 (R? = 0.73) (4)
Fr =1 — 0.0086 x Pgp + 1.0511 (R? = 0.71) (5)
Fr =1 — 0.0093 x Pgp + 1.0605 (R? = 0.84) (6)

The FS of PC mortar is primarily determined by the bonding between the cement
matrix and the fine aggregate [59]. The FS decreases as the RP ratio increases; how-
ever, compared to CS, the decrease in FS is minimal [90,93-95,100,102,104,107]. Also,
the FS increases as the curing age advances, irrespective of the PC mortar mixture
tested [58,59,90,93,95,100-102,104,107]. Even minor improvements in the FS as the RP
ratio increases are reported by the authors [59,91,101,107].



Sustainability 2025, 17, 4502

13 of 50

100
346

© 80

o

=

N

<

k) 62.1 62.2 .

c 60 7 Days (< 30% RP)
[0) . 7 Days (> 30% RP)
= 28 Days (s 30% RP)
wn . 28 Days (> 30% RP)
© 90 Days (s 30% RP)
> 425 42,6 90 Days (> 30% RP)

D 40 40.9 397
7)) *
o 328
Q. 285 78
g 2210 232 & 232
(@) 20 + 185 0190160 7.4 *
133 ’ 14.5
10.0
®58 A4
2020
0 ‘1 1 * »
Time (days)

Figure 3. CS values for 7, 28, and 90 d of mortars with below and above 30% RP (mechanical
activation) [59,62,93,95,107].
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Figure 4. CS values for 28 d of mortars with 10%, 30% and 50% RP inclusion (mechanical activa-
tion) [59,62,93,95,107].

The coarse RP, which has a greater ratio of powder, can absorb more water on the
surfaces of the powder particles, leading to a comparatively elevated w/b at the interface
between the RP particles and the paste. This can provide a favorable environment for the
creation and proliferation of CH and aluminum phases, such as AFt [9,59]. Thus, it would
promote the formation of a denser microstructure at the interface between the RP particles
and the paste, thereby explaining the improvement in the FS of the RP mortar groups
with a low dosage of RP. Nevertheless, the 28 d FS experienced a significant decrease in
comparison to that of the PC counterpart when the content of solid waste powder was
excessively high (e.g., 30%). This was due to the reduction in the total amount of cement
hydration products, which in turn reduced the overall density degree of the paste [59].
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Figure 5. FS and relative FS of PC mortars with RP (mechanical activation): (a) 7 d FS and relative
FS of mortars with RP; (b) 28 d FS and relative FS of mortars with RP; (c) 90 d FS and relative FS of
mortars with RP [59,62,88-91,93-97,100,102,104,105,107].
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Li et al. [87] explained the difference in the FS of the mortars by reference to the
characteristics of the interfacial zone between the RCP particles and hardened cement
particles (HCPs). They asserted that the composite waste particles, resembling microfibers,
were probably affected by the mortar’s highly delicate “wall effect”. The formation of CH
crystals and, as a result, a more porous framework in the HCP could be facilitated by this
effect, which could result in the vicinity of the particle surface having comparatively high
w/b ratios compared to those further away from the particles. The wall effect of aggregate
waste particles was significantly less pronounced than that of the aggregates because of the
variations in particle size. Nevertheless, the mortar’s mechanical properties, particularly
its FS, were adversely affected by the fracture and porous framework that comprised this
harmful interfacial zone.

Li et al. [87], Zhang et al. [59], Zhang et al. [100], and Zhang et al. [101] determined
that the loss of FS in RCP-modified mortar, relative to reference PC mortar, increased over
time, whereas the loss in RBP-modified mortar decreased.

Regarding the grinding time, Zhang et al. [84] observed the same behavior for FS as
CS and reported that the optimal grinding time of RCP is 60 m.

Zhang et al. [59] stated that the FS of the prepared mortar may not be adversely
affected by replacing OPC with RCP at a replacement rate of no more than 20%, provided
that the mortar is older than 2 d. Zhang et al. [101] reached the same result and reported
that the FS of the RCP mortar increased by up to 9.59% by conducting the particle grinding
operation for 20 min at an age of 28 d.

Li et al. [93] reported that the FS of the mortar with 10% RFP increased by approxi-
mately 5.56% compared to that of pure cement mortar at 3 d age. In comparison, the FS
of the mortar containing 30% and 50% RFP decreased by 16.67% and 35.19%, respectively.
They stated that, according to the 7 d and 28 d assessments, the FS of pure cement mortar
surpassed that of blended cement mortar. At 7 d, the FS of mortar containing 10%, 30%,
and 50% RFP decreased by 9.59%, 35.62%, and 50.68% in comparison to pure cement, re-
spectively. After 28 d, the FS of the mortar containing RFP at 10%, 30%, and 50% decreased
by 15.12%, 22.09%, and 37.21%, respectively.

Figure 6 illustrates the FS values for mortars at 7 d, 28 d, and 90 d with less than
and greater than 30% RP; Figure 7 depicts the FS values for mortars at 28 d with 10%,
30%, and 50% RP incorporation. Figures 6 and 7 demonstrate that the incorporation
of 30% RP is the best quantity for mortars concerning FS, yielding the highest val-
ues [59,62,88,95-97,100,104,105,107]. Figure 7 also demonstrates that the FS of mortars
increases with the progression of curing age.

3.1.3. Tensile Strength

As with prior mechanical qualities, the application of RP decreases tensile strength
(TS) [87,90,101]. Nevertheless, the impact of RP on TS is negligible in comparison to CS.
The inert elements in RP may be responsible for the decrease in TS, which could lead to
mortar specimens that are less compact and more porous, consequently resulting in a loss
of rigidity and strength [90]. Li et al. [87] stated that the adverse interfacial zone between
the RCP particles and HCP could also decrease the TS of the mortar.

Ohemeng et al. [90] reported that at 7 d, approximately 60.0-81.7% of the 28 d TS was
achieved, with a subsequent increase of 22.5-31.9% in TS from 28 d to 90 d, indicating
a slower rate of strength improvement compared to the earlier period. They stated that
there is a decrease in TS throughout all curing ages as the waste concrete powder (WCP)
percentage increases. The use of WCP up to 30% resulted in a more gradual reduction in the
TS of the mortars. An exponential decline in TS occurred after 30% of OPC was substituted
with WCP. With a 30% replacement of WCP, the 28 d TS of the control mortar decreased by
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20.8%, and an additional decline of 55.4% occurred when the WCP substitution rose from
30% to 75%.
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Figure 6. FS values for 7 d, 28 d, and 90 d of mortars with below and above 30% RP (mechanical
activation) [59,62,88,95-97,100,104,105,107].
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Figure 7. FS values for 28 d of mortars with 10%, 30%, and 50% RP inclusion (mechanical activa-
tion) [59,62,88,95-97,100,104,105,107].

3.1.4. Evaluation of Mechanical Activation

The efficacy of RP can be enhanced with mechanical activation through the grinding of
the cementitious material. Mechanical grinding minimizes the particle diameter of RP and
increases its SSA through the application of mechanical force, resulting in the conversion of
stable crystalline a-S5iO; in RP to the more stable 5-S5iO, and ultimately to amorphous SiO;.
Simultaneously, by mechanical grinding, the initially structured hydration products CH and
C-5-H crystals in the cement slurry consistently interact and ultimately transform into an
amorphous state [50,63,69,80,112]. This approach is easy to use, extensively utilized in ball
mills, and incurs minimal activation costs. However, it still possesses specific disadvantages
that restrict its extensive application. RP should not be excessively ball milled since this
may result in material aggregation and decrease the specimen’s mechanical strength and
result in high-power consumption. It is imperative to regulate the grinding parameters,
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including the choice of dry or wet methods, grinding duration, and grinding velocity,
among others [69,84,112]. The strength activity index (SAI) of RP after 45 min of grinding
surpasses 60% but remains below 70%, indicating specific constraints. The recommended
grinding duration for RP is between 20 min to 40 min for dry-grinding, and 60 min to 80 min
for wet-grinding, considering physical activation and energy expenditure [50,63,69,80,112].

It should also be noted that mechanical activation is generally a pretreatment step of other
activation methods.

3.2. Effect of Thermal Activation on the Mechanical Properties of RP Mortar

Figure 8 presents the most used RP percentages in the studies where thermal activation
is applied [84,108-119]. The inclusion of 30% RP as a cement replacement is the most used
percentage in the mixtures.

53.3%
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13.3%

204% 13.3%

Figure 8. RP percentages utilized in mortar mixtures (thermal activation) [84,113-119].

Figure 9 presents the most used temperatures in the studies for thermal activa-
tion [84,113-119]. Notably, 600 °C and 800 °C are the most used temperatures in the studies.
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Figure 9. Temperatures utilized for activation [84,113-119].

3.2.1. Compressive Strength

Figure 10 illustrates the CS results of the thermally activated RP mortars, considering
the reference and various curing periods (7 d, 28 d, and 90 d) based on the literature survey.
Thermal treatment of RP enhances CS of the mortars [84,101,105,113-119]. The primary
factors contributing to this enhancement include the optimization of particle properties
through mechanical activation, which generates a filler affect, and the nucleation of RP

following thermal activation, which increases the nucleation points for hydration prod-
ucts [84,101,105,113-119].
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Considering all the factors collectively, the optimal temperature for the thermal activa-
tion treatment of RP is recommended to be between 600 °C and 800 °C [84,101,105,113-119].
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Figure 10. CS and relative CS of PC mortars with RP (thermal activation): (a) 7 d CS and relative CS
of mortars with RP; (b) 28 d CS and relative CS of mortars with RP; (c) 90 d CS and relative CS of
mortars with RP [84,101,105,113-119].
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Zhang et al. [84] presented the mechanical characteristics of the mortar with RCP after
modification at various temperatures. They reported that the CSs on 28 d of the recycled
mortar with RCP activation temperatures of 400 °C, 600 °C, and 800 °C are 32.42, 33.93,
and 36.92 MPa, respectively, representing increases of 4.41%, 9.28%, and 18.90% compared
to the recycled mortar group with RCP at ambient temperature.

According to Chen et al. [113], the progressive decline in the 3 d CS of the specimen is
ascribed to the evaporation of free water and a portion of bound water in RFP at elevated
temperatures, coupled with an increase in its water absorption rate, which reduces the
volume of free water available for the hydration reaction and postpones the initial hydration
of the specimen. The water absorbed by the RFP was progressively released as cure time
increased. The CS at 7 d and 28 d initially increased and thereafter declined with elevated
temperature. The 28 d strength attained a peak of 34.7 MPa at 700 °C, representing a 17.1%
increase compared to the unactivated specimen.

Chen et al. [113] listed three reasons for observing the highest strength in the 28 d after
being subjected to excitation at 700 °C. They stated that the decomposition of CaCOj at
temperatures ranging from 500 °C to 600 °C is incomplete when compared with tempera-
tures between 700 °C and 900 °C. The partial breakdown leads to reduced activity of the
product, adversely affecting the mechanical characteristics of specimens aged 7 d and 28 d
at temperatures ranging from 500 °C to 600 °C, resulting in lower values compared to those
at 700 °C. For the second reason, they mentioned that as the activation temperatures in-
crease, the surface roughness of RFP progressively gets smoother, impeding its integration
with cement. And they further mentioned for the last reason that the crystallization degree
of B-C,S escalates with temperature, although its reactivity decreases.

Wu et al. [115] reported that WCP thermally activated at 600 °C exhibits a slight
enhancement in the mechanical strength of the mortar. The minor increase is due to the ad-
ditional CaO generated from the decomposition of CH in WCP during activation at 600 °C,
which contributes to the hydration process in the new mortar. The mechanical strength
of mortar with thermal-activated WCP at 800 °C to 1000 °C is significantly enhanced
compared to mortar with untreated WCP. This results from the decomposition of sufficient
CaCOj3 in WCP into CaO and the decomposition of hydrated products in WCP into C,S
and C35S when the thermal activation temperature exceeds 800 °C. These new compounds
are reactive and can participate in hydration reactions, hence enhancing the mechanical
strength of new made mortar. They also observed a noticeable decrease in the mechanical
strength of mortar containing WCP-1200C. They stated that the gypsum in WCP-1200C and
its newly formulated mortar is confirmed to be detrimental to mechanical strength. The
microstructure of WCP-1200C is significantly smoother compared to WCP-20C, resulting
in a weaker bonding strength between WCP-1200C particles and the newly formed C-S-H
gel than that between WCP-20C particles and the new C-5-H gel in mortar, consequently
leading to a reduction in the mechanical strength of the newmade mortar.

Florea et al. [116] observed that the rehydration of thermally treated concrete particles
is a fast process, happening during the initial hour of contact with water. The 800 °C-treated
RCF necessitated an elevated w /b ratio to attain complete rehydration. They reported that
the combination of RCF with FA or slag is the most promising method for the reutilization
of both untreated and thermally treated concrete fines, and RCF treated at 800 °C can
substitute up to 20% of the cement in normal mortar samples without a notable reduction in
strength. They explained that RCFs contribute to CS by their rehydration or the hydration
of residual unhydrated cement while also serving as a filler in mortar mixes and perhaps
acting as nucleation sites for the further hydration of the cement component.

Sui et al. [118] reported that the mortar containing thermally treated WCP subjected
to 700 °C demonstrated superior mechanical performance due to its reduced particle size,
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resulting in enhanced packing through the filler effect. Smaller particles may augment
shearing, create additional nucleation sites on the cement surface, and elevate the rate of
hydration acceleration. They concluded that WCP subjected to 700 °C treatment can be
repurposed as an additive in concrete, facilitating a 30% cement replacement, so effectively
achieving the upcycling of concrete waste.

Wu et al. [119] reported that the increased active components in thermally modified
WCP compared to untreated WCP resulted in a minimal effect on the mechanical strength
of the new mortar when substituting a lower dosage of cement with WCP; furthermore, a
slight increase in CS is likely due to the favorable nucleation and filler effects of thermally
modified WCP. Nonetheless, the decreased activity of thermally modified WCP compared to
cement remains inevitable, negatively impacting mechanical performance when substantial
volumes of thermally modified WCP are used. They observed that the mortar with high-
volume WCP activated at 300 °C to 900 °C exhibits superior mechanical strength compared
to mortar with untreated WCP as thermally modified WCP possesses a larger concentration
of active components and an enhanced SAI relative to untreated WCP. They also observed
that there is no significant enhancement in the mechanical strength of WCP-prepared mortar
when WCP undergoes thermal modification at 1200 °C as the smooth microstructure of
WCP-1200C reduces its nucleation and filler effects in the newly prepared mortar.

Zhang et al. [101] observed that increasing the calcination temperature may improve
the CS of RCP mortars, although this benefit is only evident at lower temperatures, specif-
ically between 400 and 600 °C (or 800 °C); above this range, CS decreases. The primary
cause of this phenomena was particle agglomeration at elevated calcination temperatures.
The most notable improvement in the 28 d CS at calcination temperatures of 600 °C and
800 °C for the RCP mortar, relative to its reference, was 14.33%, with the strength being
only 11.5% lower than that of the PC mortar.

Zhang et al. [101] stated that unlike the grinding procedure, calcination does not
refine the particle size of the RCP; however, the mineralogical compositions undergo a
more pronounced alteration. They observed that portlandite and calcite in RCP disin-
tegrated at 600 °C and 800 °C, respectively. Furthermore, a novel larnite and calcium
silicates were identified in RCP, and these silicates are reactive compounds that may fa-
cilitate the production of additional C-S-H in the blended mortar. The evident phase
transition of RCP by calcination enhanced the early-age hydration of cement in the blended
paste. The TG analysis at 28 d indicated that the degree of cement hydration in the mixed
cement mortar with calcined RCP was more complete than that with the unprocessed
powder. The more extensive cement hydration signified a greater amount of hydration
products that consequently enhanced the CS and FS of the blended mortar compared to the
reference mortar.

Hu et al. [105] reported that at a 30% replacement level of WCP, the CS of WCP blended
mortar increases with increasing heat-modification temperature of WCP as heat-modified
WCP contains greater amounts of active CaO and C,S/ Alite(C3S) compared to unmodified
WCP. They further reported that when the replacement level of WCP is 50%, the CS of
WCP-doped mortar increases with an increase in heat-modified temperature up to 600 °C.
The CS of M-50WCPC-800T is slightly lower compared to that of M-50WCP-600T because
to the incorporation of 50% WCP-800T, which results in an excess of CaO in the mortar,
adversely affecting volume stability and strength development.

Figure 11 presents CS values for 7 d and 28 d of mortars with below and above 600 °C
treatment [84,101,105,113-119]. As can be seen in the figure, thermal treatment increases
CS around this temperature.
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Figure 11. CS values for 7, and 28 d of mortars with below and above 600 °C treat-
ment [84,101,105,113-119].

3.2.2. Flexural Strength

Figure 12 illustrates the FS results of the thermally activated RP mortars, consid-
ering the reference and various curing periods (7 d and 28 d) based on the literature
survey [84,101,105,115-119].

The thermal activation of RP generally enhances the FS of the mortars [84,101,105,113-119].

Zhang et al. [84] stated that the impact of thermal activation on the FS of recycled
mortar remains ambiguous when contrasted with the alteration in CS. Furthermore, during
the initial phases (3 d and 7 d), the thermal activation effect is less pronounced compared
to the mechanical and certain chemical activation effects as elevated temperatures cause
RCP to lose internal free water and some bound water, thereby increasing RCP’s water
absorption, which suggests a limited enhancement of mortar strength in the early stages.

Florea et al. [116] reported that the RCF-800 containing mix achieved the highest FS at a
20% replacement ratio. Moreover, both 10% and 20% replacement ratios of RCF-800 resulted
in a comparable flexural strength of the samples. Ultimately, elevating the replacement
level to 30% by the mass of cement results in a marked reduction in FS across all examined
mortar mixtures; this phenomenon can be attributed to the decreased flowability of the
sample, thus leading to insufficient water availability for the hydration process.

Zhang et al. [101] stated that at 28 d of age, the FS of the RCP mortar increased by up
t0 9.59% due to a 20 min powder grinding operation, whereas the maximum improvement
from powder calcination was only 5.48% at a temperature of 600 °C. They further stated
that the calcination process may enhance the long-term reactivity of RCP, resulting in a
90 d flexural strength superior to that achieved with pre-grinding treatment.

Figure 13 presents the FS values for 7 d and 28 d of mortars with below and above
600 °C treatment [84,101,105,113-119]. The figure illustrates that thermal treatment en-
hances FS around this temperature.
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Figure 12. FS and relative FS of PC mortars with RP (thermal activation): (a) 7 d FS and relative FS of

mortars with RP; (b) 28 d FS and relative FS of mortars with RP [84,101,105,115,116,118,119].
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3.2.3. Evaluation of Thermal Activation

Thermal activation involves enhancing the reactivity of mineral admixtures by ele-
vated temperatures. This method significantly accelerates the hydration rate of cementitious
materials as their reaction rate is highly correlated with temperature, therefore, maximizing
their potential activity [69,84,112]. Thermal activation enables RP to rehydrate and gel by
altering the compositional structure of the original material. This approach exhibits optimal
excitation efficacy and is easy to use, achieving SAI over 80% post-RP activation [84,112].
The influence of thermal activation on mortar strength during the initial phases (3 d and
7 d) is less pronounced than that of mechanical and certain chemical activation techniques.
Nonetheless, the thermally activated RP can markedly enhance the mechanical strength of
mortar at a later stage (28 d) [84]. According to the findings from strength assessments, SAI,
X-ray diffraction (XRD) analysis, and SEM observations, the optimal and most effective
temperature range for thermal activation is between 600 °C and 800 °C, which is lower
than the calcination temperature of cement (1350 1450 °C) and aids in preventing sub-
stantial decarbonization processes during the thermal activation of RP. This results in a
significant decrease in energy usage and CO; emissions throughout the RP production
process [84,113,115,120,121]. The method employs a heating furnace for high-temperature
heating at 600 °C to 800 °C; despite significant power consumption, it achieves optimal
activation effects, and the heating temperature is considerably lower than that of calcined
cement, indicating its viability [112]. Notwithstanding the use of elevated heat energy,
concrete with RP activated at 800 °C demonstrates a 5-22% decrease in global warming
potential, emphasizing the environmental advantages of thermal activation [122]. While el-
evated temperatures facilitate the extraction of old mortar from concrete waste and enhance
RP reactivity, excessively high calcination temperatures (>800 °C) adversely impact the
mechanical properties of the mixture, resulting in numerous microcracks [57,123], and the
indiscriminate implementation of thermal activation may result in resource depletion [122].
It should also be noted that the dehydration caused by increased temperatures indicates that
the integration of thermally processed RPs necessitates a greater water requirement [69].

3.3. Effect of Chemical Activation on the Mechanical Properties of RP Mortar

Figure 14 presents the most used RP percentages in the studies where chemical activa-
tion is applied [84,113,124]. The inclusion of 30% RP as a cement replacement is the most
used percentage in the mixtures.

30% RP
40
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30

100% RP 20 70% RP

RTINS
V¥
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Figure 14. RP percentages utilized in mortar mixtures (chemical activation) [84,113,124].
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3.3.1. Compressive and Flexural Strengths

Figure 15 illustrates the CS results of the chemically activated RP mortars, consid-
ering the reference and various curing periods (7 d and 28 d) based on the literature
survey [84,113,124].
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Figure 15. CS and relative CS of PC mortars with RP (chemical activation): (a) 7 d CS and relative CS
of mortars with RP; (b) 28 d CS and relative CS of mortars with RP [84,113,124].

Chemical activation increases the mechanical strength of the mortars due to the activity
exercise induced by chemical activation [84,113,124].

Zhang et al. [84] evaluated the mechanical strength of RP mortars under tested single
alkali activation, single salt activation, and alkali-salt compound activation. Regarding
the single salt activation, they reported that at varying curing ages, the CS and FS of the
mortar initially increase and subsequently decline with an increase in CaO content. They
stated that in the initial phases (3 d and 7 d), a portion of CH improves the compressive
and flexural strengths of the specimen to varying extents. Nonetheless, when the curing
duration is prolonged to 28 d, the strength of recycled mortar progressively decreases as
the CH level increases, resulting in lesser strength compared to non-excited mortar. The
enhancement of the strength of RCP particles within mortar is likely due to the cementation
of cement hydration products. The introduction of excessive alkaline compounds can
impede the hydration of cement. CH remains unconsumed in the later stages, leading to its
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gradual accumulation, which results in a limited formation of new hydration products and
a decrease in the strength of RCP mortar [84].

Regarding single salt activation, Zhang et al. [84] reported that at 3 d, the CS and
FS of the mortar are markedly reduced by the addition of 0.5% sodium sulfate (Nay;SOy);
however, the strength of the mortar improves with increasing Na;SO4 concentration and
curing duration. The use of calcium sulfate (CaSO4) does not enhance the mortar strength
at early stages. As the curing age extends, the CS of recycled mortar initially increases and
thereafter declines with an increase in CaSQO,4 content.

Regarding alkali-salt compound activation, Zhang et al. [84] reported that the activa-
tion effect on the CS of recycled mortar is not pronounced, and the variation in strength
appears to be incremental. Nonetheless, the FS of recycled mortar at early ages (3 d and
7 d) is enhanced. Furthermore, the simultaneous activation of CH and CaSOy4 does not
markedly enhance strength in the early stages; however, it does lead to improvements in
later stages, particularly at a 1:1 ratio.

Chen et al. [113] investigated the effects of thermal, chemical, and combination
chemical-thermal activation at varying activator dosages on the mechanical properties of
mortar. They reported that the strength of Na;SO, specimens gradually augmented with
the increasing concentration of the chemical activator at an early age (3 d and 7 d). The
strength of the NH specimen on the third day with 1% content and that with 3% content
was 12.7% more than the specimen lacking the activator. On the twenty-eighth day, the
trend in strength was contrary to that of the dosage. As the dosage of the two activators
increased, strength clearly decreased. They explained that this may result from the inade-
quate strength of the chemically activated RFP to offset the decrease in cement particles.
Furthermore, the introduction of excessive alkali resulted in a reduced concentration of
Ca®" in the liquid phase, hence impeding the hydration reaction; additionally, the overuse
of Na;SOy led to the formation of a significant quantity of AFt. In the later stage, when
the supply of SO42~ was inadequate, AFt converted into hydrated monosulfate calcium
silicate, which failed to rectify the structural deficiencies resulting from AFt expansion,
thereby reducing the strength of the specimens.

Regarding the effect of combined chemical-thermal activation, Chen et al. [113] se-
lected the water glass (modulus 1; 1% content) and 700 °C thermal activation of RFP for the
test. They stated that the 28 d strength of all N3 groups was lower to that of the N2 groups,
leading to specimens triggered by combined activation with varying RFP contents showing
no significant activation effects. Following combined activation, thermal activation can
obliterate the crystallinity of aluminosilicate crystals, progressively transforming them
into a metastable state that responds more readily with activators. They further stated
that chemical activators can enhance the polymerization of silicon and aluminum within
the RFP, resulting in more gel products and hence augmenting strength based on thermal
activation. They concluded that the CS of specimens activated through chemical activation
and combined chemical-thermal activation was considerably lower than that of specimens
activated solely by thermal activation.

The performance of cement-based materials at elevated replacement rates can be
improved by adjusting the modulus and concentration of the alkali activator, as reported by
Hu et al. [124]. This results in products with better mechanical strength and durability. As
the modulus of water glass increased, its mechanical properties exhibited a corresponding
enhancement. The enhancement of strength in the RP particles within the mortar results
from the bonding of cement hydration products. The introduction of excessive alkaline
compounds will impede the hydration of cement, resulting in a reduction in the strength
of RP mortar. As the quantity of RP escalates, the enhancement of mortar strength results
from the bonding of cement hydration products with RP and the activation of RP’s reactive
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components. This activation reaction depletes the alkaline component and decreases the
system’s alkalinity, so weakening the inhibition of cement hydration and enhancing the
degree of hydration, ultimately increasing the compressive strength of the sample.

Wang et al. [125] presented an environmentally sustainable approach to improve
the performance of cement mortar incorporating recycled concrete fine (RCF) as a partial
substitute for PC via a straightforward two-step mixing procedure. Tannic acid (TA),
a naturally occurring chemical, was utilized in the initial mixing phase to react with
RCF. The reaction products not only occupied the pores of the RCF but also adhered to
the surfaces of RCF particles as submicron particles. These particles could initiate the
hydration of cement and occupy the pores of the paste, resulting in a denser microstructure.
Mercury intrusion porosimeter (MIP) testing and nanoindentation testing revealed that TA
treatment considerably reduces porosity and enhances the elastic modulus and packing
density of hydration products. The compressive strength of the mortar using RCF as a
supplementary cementitious material could be enhanced by over 26% at 28 d through the
proposed procedures.

Figure 16 presents the CS values for 7 d and 28 d of mortars with and without chemical
activation [84,113,124]. As can be shown on the figure, chemical treatment improves CS of
the mortars.
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Figure 16. CS values for 7 d and 28 d of mortars with and without chemical activation [84,113,124].

3.3.2. Evaluation of Thermal Activation

Chemical activation enhances the hydration and hardening properties of cementi-
tious materials through the use of organic or inorganic chemical activators, resulting in a
cementitious system characterized by elevated strength and increased water demand to
augment activity [84,112]. Chemical activation techniques encompass mono-alkali activa-
tion, mono-salt activation, and compound activation, with frequently utilized strong alkalis
being CaO, NaOH, and Ca(OH),. The often-utilized salts comprise CaSO4, NaySO4, NaCl,
and CaCl; [69,112]. However, excessive water-glass content leads to unreacted Na* and
oligomer gel precipitating on some particle surfaces, obstructing cement breakdown and
the RP, hence decreasing strength [113]. Furthermore, the introduction of excessive alkali
results in a reduced concentration of Ca?* in the liquid phase, hence inhibiting the hydra-
tion reaction [113]; the excessive incorporation of Nay;SOy results in the production of a
substantial quantity of AFt. In the later stage, when the supply of SO,? is inadequate, AFt
is converted into hydrated mono-sulfate calcium silicate, which fails to rectify the structural
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deficiencies induced by the expansion of AFt, consequently decreasing the strength of the
specimens [113]. It should also be noted that excessive incorporation of Ca(OH); is detri-
mental to the strength development of specimens containing RPs as Ca(OH); is a hydration
product that may impede the hydration response and hinder strength progression [69].
Chemical activation generates an alkaline environment or introduces reactive ions, result-
ing in a substantial enhancement, with an SAI over 80% following RP activation [112]. The
approach results in significant variations in activation effects due to disparate sources of
RP, and different chemical excitants require distinct optimal dosages, presenting several
practical inconveniences, in addition to the higher cost of the excitants. Also, the method
necessitates the incorporation of an exciter, which incurs higher costs; thus, it remains
confined to the experimental phase, and a cost-effective and efficient activator must be
identified [112].

3.4. Effect of Nano Activation on the Mechanical Properties of RP Mortar

Figure 17 presents the most used RP percentages in the studies where nano activation
is applied [126-129]. The inclusion of 30% RP as a cement replacement is the most used
percentage in the mixtures.
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Figure 17. RP percentages utilized in mortar mixtures (nano activation) [126-129].

3.4.1. Compressive and Flexural Strengths

Figure 18 illustrates the CS results of the nano-activated RP mortars, considering the
reference and various curing periods (7 d and 28 d) based on the literature survey [127,129].

Nano activation increases the mechanical strength of the mortars due to the excellent
filling effect, accelerated hydration effect, and pozzolanic effect of nanomaterials [126-129].

Zhang et al. [126] stated that the initial strength of PC mortars was considerably
enhanced by the incorporation of wet grinded RP (WGRP). This improvement was also
noted at 1 d, 3 d, and 28 d of age. Nonetheless, the enhancing effect evidently decreased
over time. Furthermore, at an advanced age, WGRP containing a high concentration of
nanoparticles would have a filling effect that optimizes the pore structure, resulting in
enhanced CS.

Liu et al. [127] reported that CS and FS improved with the increasing amount of
nano-silica (NS) at all curing ages. Specifically, the addition of 2% NS resulted in the CS and
FS of mortar containing 30% RCP being almost equivalent to that of mortar made with pure
cement; this demonstrates that NS can mitigate the reduction in the mechanical strength
of mortar attributed to RCP as a supplementary cementitious material. The microscopic
analysis indicates that the incorporation of 30% RCP significantly reduces the levels of
AFt and C-5-H in the hydration products, resulting in an increase in internal pores and
cracks within the sample. Conversely, the RCP blended mortar containing 2% NS exhibits
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a substantial increase in hydration products, attributed to the superior filling, accelerated
hydration, and pozzolanic effects of NS. The integration of NS markedly enhances the
characteristics of RCP mixed mortar.
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Figure 18. FS and relative CS of PC mortars with RP (nano activation): (a) 7 d CS and relative CS of
mortars with RP; (b) 28 d CS and relative CS of mortars with RP [127,129].

Liu et al. [128] reported that the addition of NS increased CS. They explained that this
is due to NS’s ability to enhance secondary hydration, hence increasing the density of the
matrix. As the NS dosage was incrementally elevated, CS initially increased and thereafter
decreased. At a 2% NS dosage, the CS of G4 attained its peak value, roughly equivalent
to that of G1. The reduction in the CS of G5 was likely attributable to the aggregation of
excessive NS. The aggregation of NS may reduce its filling function, thus resulting in the
degradation of pore structure.

Figure 19 presents the CS values for 7 d and 28 d of mortars with and without nano
activation [126-129]. As is presented on the figure, nanotreatment improves the CS of
the mortars.
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Figure 19. CS values for 7 d and 28 d of mortars with and without nano activation [126-129].

3.4.2. Evaluation of Nano Activation

Over the past three decades, nanoparticles have been included in cement matrices to
improve the technical features of construction materials. Among nanomaterials, NS has had
the most pronounced effect on the performance of PC mortar with RP addition. The syner-
gistic influence of NS’s pozzolanic activity and nucleation impact significantly diminishes
the initial induction period of early cement hydration. This leads to a substantial improve-
ment in early cement hydration and, therefore, the efficacy of the mortar. This enhanced
performance aids in emissions reduction initiatives within the cement sector [130,131].
The incorporation of NS generally enhances the performance of cement composites by
filling gaps or pores within the cement. Additionally, the reaction of NS with CH produces
supplementary C-S5-H links, enhancing the microstructural, mechanical, and resistivity
properties of cementitious materials against fire and aggressive attacks [130,132]. However,
excessive NS may reduce strength, mostly due to the aggregation of NS particles that create
cracks, negatively impacting structural integrity. The optimal NS content for performance
is 2%, which provides a strength increase of 25% [131,133].

3.5. Effect of Mineral Addition on the Mechanical Properties of RP Mortar

Figure 20 illustrates the predominant RP percentages utilized in investigations involv-
ing mineral addition [62,88,89,96,99,104,106,134-136]. The incorporation of 15% RP as a
cement replacement is the most used percentage in the mixtures.
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Figure 20. RP percentages utilized in mortar mixtures (mineral addition) [62,88,89,96,99,104,106,134-136].
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Figure 21 illustrates the most utilized minerals alongside RP in the PC mor-
tars [62,84,85,92,95,100,102,118-120].
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Figure 21. Mineral admixtures utilized together with RP in OPC mortars. (FA: fly ash; SF: silica fume;
MP: marble powder; MK: metakaolin; GWP: glass waste powder; RBP: recycled brick powder; GP:
gypsum powder; SCGP: spontaneous combustion gangue powder) [62,88,89,96,99,104,106,134-136].

3.5.1. Compressive Strength

Based on the literature survey, using mineral admixtures together with RP improves
CS in PC mortars [62,88,89,96,99,104,106,134-136]. Figure 22 presents a comparison of the
effects of different minerals on the mechanical strength of RP mortar.
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Figure 22. Effect of mineral admixtures on RP mortars.

Mineral admixtures, including FA, SE, metakaolin (MK), marble powder (MP), RBP,
gypsum powder (GP), and spontaneous combustion gangue powder (SCGP), can be catego-
rized into two primary groups: SCMs and non-reactive materials [89]. The SCMs exhibiting
pozzolanic or hydration activity can chemically interact during cement hydration, resulting
in an augmented quantity of secondary hydration products and enhancing the compaction
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of mortar’s microstructure [137]. The role of non-active elements in decreasing the porosity
of mortar can be categorized into two types: (a) as a fine powder, they serve as nucleation
sites for the creation of hydration products; (b) the inclusion of non-active materials dis-
perses the spatial distribution of cement and creates adequate space for the formation of
hydration products [138]. In addition to enhancing the hydration process and its products,
the incorporation of non-active particles (such as inert quartz filler [139] and fine lime-
stone [140]) substantially alters the pore structure of concrete by occupying micropores
and cracks, thereby augmenting the retention of cementitious material. Studies indicate
that the mechanical properties and durability of concrete utilizing a ternary binder system
will enhance at 28 d or 90 d, owing to the synergistic effects of pozzolanic and filling
materials [141,142].

Scrivener et al. [62], Sun et al. [89], and Sun et al. [134] substituted the cement by
two kinds of RPs, i.e., SCGP and RCP. SCGP is a variant of recycled powder derived from
industrial solid waste, utilized as a pozzolanic material [89,125]. They all analyzed the
impact of RCP and SCGP on the mechanical properties of mortar, maintaining an identical
cement replacement ratio of 30%.

Scrivener et al. [62] concluded that the mechanical qualities of mortar incorporating
both RCP and SCGP were superior to those of mortar containing only one type of recycled
material due to the filling capacity of RCP and the pozzolanic activity of SCGP. With a total
substitution ratio capped at 30%, the 28 d CS of M4 (C70RP15CG15) decreased by 12.55%
in comparison to the control mix devoid of recycled components. They also concluded
that the integration of RCP containing inert particles results in a decrease in the overall
quantity of active binder materials and hydration products. The reduction in hydration
products results in an increase in microcracks and a decline in the mechanical qualities of
recycled mortar. The collaboration between RCP and SCGP, with a replacement ratio of
30%, facilitates the development of a dense microstructure and alters the pore structure of
MA4. Scrivener et al. [62] stated that the concentrations of SiO; and aluminum oxide (Al,O3)
in SCGP exceed those in RCP, and RCP contains certain inert particles that exhibit negligible
reactivity. Consequently, the pozzolanic reactivity of SCGP in this study surpasses that
of RCP.

Sun et al. [89] carried out a similar study. They concluded that the RCP and SCGP
derived from solid waste can substitute cement in mortar manufacturing at a suitable ratio
(£30%). They reported that the combined application of the RCP and SCGP can enhance
the bulk density of the cementitious material and augment the chemical composition,
consequently elevating the pozzolanic activity of the SCMs, extending the hydration
process of the cement-based material, and ultimately enhancing the performance of mortar.
They also reported that after 300 d, the CS of mortar mixtures containing 30% eco powder
can exceed 90% of the strength attained by the control mixture (RM-0R-0C).

The pozzolanic reaction often emerges once the cement hydration reaction is largely
complete as calcium hydroxide is a primary result of cement hydration. The fundamental
concept of the pozzolanic reaction involves the interaction of amorphous or glassy silica or
reactive alumina with calcium hydroxide, resulting in the formation of C-S-H or calcium
aluminate hydrate (C-A-H) [62,89]. The decrease in cement amounts and the insufficient
early pozzolanic reaction result in a decreased CS of the green mortar at an early age when
a portion of cement is replaced by RCP or SCGP. The ongoing cement hydration reaction
catalyzes the pozzolanic reaction due to the increasing quantity of calcium hydroxides
produced throughout the hydration process. The pozzolanic reaction simultaneously
consumes a portion of the calcium hydroxides, hence enhancing the cement hydration
reaction [62,89]. Consequently, an enhancement in the compressive strength of mortar
mixtures with RCP or SCGP is noted at 300 d [89].
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Sun et al. [134] also performed a similar study and presented similar results. According
to Sun et al. [134], the pozzolanic activity of SCGP surpasses that of RCP. They stated that
the SSA of RCP exceeds that of SCGP and PC, resulting in a greater water content in mortar
containing RCP compared to mixtures devoid of RCP after standard curing conditions
are maintained. The water within the mortar will facilitate the secondary hydration
process, resulting in a denser microstructure and a significant enhancement in CS after 28 d
of curing.

Sun et al. [134] also examined the influence of RCP with varying grinding durations
on the aspects of eco-efficient mortar. They reported that the grinding procedure results in
a modest enhancement of pozzolanic activity. Fineness enhancements in the powder are
restricted when the milling duration exceeds 50 min. In comparison to RCP ground for
under 25 min, extending the grinding duration to 50 min enhances the mechanical qualities
of mortar but detrimentally affects its long-term properties.

Wu et al. [88] investigated the micro- and macro-properties of green mortar contain-
ing various waste concrete-brick powders (WCBPs). They stated that while a general
decline in the CS of mortar is evident with the incorporation of WCBP, it is observed
that a higher proportion of WPB within WCBP enhances the CS of WCBP-blended mor-
tar as WPB exhibits superior pozzolanic activity compared to WPC and exerts a more
significant influence as its proportion rises. The impact of WPB proportion in WCBP
on the CS of WCBP-blended mortar gets more pronounced as the fraction of WCBP
replacement increases.

Belkadi et al. [96] worked on sustainable mortar mixtures by utilizing RCP and waste
glass powder (WGP) as partial substitutes for conventional PC. RCP and WGP are inte-
grated both individually and collectively at substitution rates of 10%, 15%, and 20% by the
weight of cement. They reported that at 7 d, all mortars, including those with WGP, RCP,
and ternary blends, demonstrate decreased CS compared to the control mortar (48.3 MPa)
as a result of increased cement substitution. The decreased efficiency is attributed to factors
such as the reduced reactivity of WGP and RCP particles, insufficient hydration of cement,
and alkali leaching from glass particles. Regarding ternary blends, after 28 d, ternary
blends M-15GR and M-20GR exhibit a decrease of 2.3% and 7.1%, respectively, but M-10GR
demonstrates a 5.2% increase. They also reported that the ternary paste had a little less
dense microstructure, featuring some pores and microcracks; however, it was less fractured
than PC.

Li et al. [136] investigated the fresh and hardened properties of calcined clay (CC) and
RCP cement system by varying the CC/RCP ratio and dosage. They reported that when
15%, 30%, and 45% of the cement in the sample was substituted with a mixture of CC and
RCP, the 28 d strength decreases for group I were roughly 26%, 39%, and 50%, but group
II experienced losses of only around 12%, 26%, and 35%. In group I, an increased RCP
content markedly decreased the CS of mortars about the CC/RCP ratio. In group II, the
simultaneous application of RCP and CCII resulted in a 10% decrease in mortar strength
(at 30% cement replacement) relative to the use of CCII alone. The decreases were caused
by the decreased CC content and the increased fraction of quartz in RCP, which functions
solely as an inert filler.

Ohemeng and Naghizadeh [106] studied the combined effects of WCP and FA in
cement mortar. They stated that the combined impact of WCP and FA would yield a
compressive strength equal to or exceeding that of the control mixture.

Chen et al. [104] studied the combined effects of RCP, FA, and SF. They reported that
the blended RCP decreases the early strength (3 d and 7 d) of mortars while enhancing
their long-term (28 d) strength. They explained that the primary cause of this phenomenon
is that during the initial hydration phase, FA and SF primarily function as micro-aggregate
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fillers in cement paste. In the subsequent hydration phase, the pozzolanic reaction of FA
intensifies, resulting in more thorough hydration and improved compactness of the mortar
microstructure, thereby significantly enhancing long-term strength.

Wau et al. [99] examined the combined effect of RP and mineral admixtures (MK, SF,
FA, and MP) on mortar. They observed that in comparison to recycled mortar contain-
ing 30% RP, the incorporation of 20% RP and 10% mineral admixture enhances the CS,
particularly when the mineral admixture is MK or SE. They stated that the compounded
mineral admixtures facilitate a pozzolanic reaction in RP-prepared mortar, enhancing the
microstructure and augmenting the mechanical strength. They also stated that the activity
of MK and SF surpasses that of FA and MP due to the reduced particle size of MK and
SF, which enhances their filler effect and pozzolanic activity. Therefore, the enhancement
in mechanical strength achieved by including MK or SF surpasses that obtained with the
addition of FA and MP.

Wu et al. [135] utilized recycled fine powder (RFP) with MK, SE, FA, and RBP as a
cement replacement in mortars. They reached comparable findings with Wu et al. [95] and
stated that the enhancement of mechanical strength by the incorporation of SF or MK is
more pronounced.

3.5.2. Flexural Strength

Using mineral admixtures together with RP improves FS in mortars, and the beneficial
impact of RP and mineral admixtures on FS of mortar is more pronounced than its influence
on CS [62,88,89,96,104,134-136].

The increased FS of mortar mixtures is augmented by the pozzolanic activity of the
cement-substituting powder. The bonding capacity of hexagonal tabular calcium hydroxide
produced during cement hydration is inferior to that of colloidal hydration products. The
failure mechanisms of FS initiate from the tensile fracture of the longitudinal constraint of
the mortar at the center of the bottom [89]. The interlaced connections among the gels may
possess more tensile strength than the crystal. In the meantime, crystal exhibits more stable
morphological properties than the gel, possibly resulting in enhanced CS. The pozzolanic
reaction utilizes calcium hydroxide to produce C-S-H and C-A-H gels. The inclusion of
substitutive powder in lieu of cement enhances the FS of mortar mixes due to the increased
formation of gels from the pozzolanic process.

Scrivener et al. [62], Sun et al. [89], and Sun et al. [134] stated that by incorporating
RCP with SCGP in place of cement at 30%, the FS of mortar mixes increases.

Scrivener et al. [62] reported that when the overall substitution ratio is constrained to
30%, the FS of M4 (C70RP15CG15) at 28 d increased by 9.63% compared to the control mix
devoid of recycled elements. They also reported that when the overall substitution ratio is
constrained to 30%, the FS of RM-25R-25C at 56- d is 18.33% higher compared to that of
RM-0R-0C. Extending the age from 56 d to 300 d highlights the detrimental impact of low
cement content on mechanical properties. The FS of RM-25R-25C at 300 d is 10.26% lower
than that of RM-0OR-0C. Sun et al. [134] stated that the integration of SCGP enhances CS,
whereas the application of RCP effectively improves FS.

Wu et al. [88] reported that the increased ratio of the waste brick powder (WPg)
component in WCBP enhances the performance of WCBP blended mortar. They observed
that the mortar containing 20% WCBP exhibits superior FS compared to plain mortar when
the WPg fraction in WCBP is at least 75%.

Belkadi et al. [96] reported that ternary mixes M-15GR and M-20GR exhibit minor
strength decreases of 3.7% and 0.7%, respectively, at 7 d, whereas M-10GR demonstrates
a7.4% increase. At 28 d, ternary blends exhibit a decrease in strength attributable to the
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WGP and RCP diminishing the pozzolanic process. After 90 d, the ternary blends M-15GR
and M-20GR exhibit strength decreases of 3% and 9.4%, respectively, in comparison to CM.

Li et al. [136] reported that the CC/RCP ratio has little influence on the FS of mortar
with up to 30% cement replacement. At a cement replacement level of 45%, an increased
proportion of RCP led to a notable reduction in FS. In comparing the two types of calcined
clays, the application of CCI decreased FS, whereas CCII produced minimal influence on
the strength at each level of cement replacement.

Ohemeng and Naghizadeh [106] reported that the progression of FS corresponds to
that of CS. They stated that the FS of all evaluated mortar specimens increased by an
average of 19.5% when the curing duration was extended from 28 d to 90 d.

Chen et al. [104] stated that incorporating FA and SF particles into RCP mortar in
appropriate proportions enhances FS and improves crack resistance.

3.5.3. Evaluation of Activation by Mineral Addition

Mineral admixtures can be categorized into two primary types as SCMs and non-
reactive substances. SCMs with pozzolanic or hydration activity can chemically interact
during cement hydration, resulting in an increased quantity of secondary hydration prod-
ucts and enhancing the compaction of mortar’s microstructure [89]. The combination of
RPs and other SCMs improves the reactivity of RPs and attains a greater replacement
ratio of RPs owing to the synergistic pozzolanic properties [69,143]. The collaboration
of RP and SCMs at a replacement ratio of 30% facilitates the development of a dense
microstructure and alters the pore structure of the mortar [125]. The mechanical qualities
of mortar incorporating both RP and SCMs were preferable to those of mortar containing
only one type of recycled material due to the filling capacity of RCP and the pozzolanic
activity of SCMs. With a total replacement ratio limited at 30%, the CS of the mortar at 28 d
decreased by approximately 10%, while the flexural strength at 28 d increased by around
10% in comparison to the control mix devoid of recycled materials [125]. However, the
integration of several SCMs escalates the complexity of the production process. In practical
implementation, the ratio of various SCMs will fluctuate based on regional compositional
variances [69,143].

3.6. Effect of Carbonation Activation on the Mechanical Properties of RP Mortar

Figure 23 illustrates the predominant RP percentages utilized in investigations involv-
ing carbonization [103,144,145]. The incorporation of 10% RP as a substitute for cement is
the most prevalent proportion in the combinations.
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Figure 23. RP percentages utilized in mortar mixtures (carbonation activation) [103,144,145].
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3.6.1. Compressive Strength

Carbonation activation of RP increases the CS of the mortars [103,144,145]. The
primary factors contributing to this include the refinement of RP particles during cycle
carbonization, which improves the microstructure of mortars, especially for pores less
than 100 nm [127], and CaCOs crystals, which facilitate the seeding effect for cement
hydration [144,145].

Qian et al. [144] reported that the 3 d CS of mortars containing carbonated RCFs
decrease by 1.76-7.17% with each cycle of carbonation in comparison to the control mix. The
reduction can be ascribed to the slow consumption of CH in such RCFs during carbonation
cycles, which reduced or eliminated the accelerating effect of RCF on the synthesis of
hydration products. As the curing period extends to 28 d, the increases in the CS of these
mortars containing carbonated RCFs exceed those of MR, reaching as high as 10.27-12.57%.
This may be attributed to the produced NS and CaCOj crystals, which facilitate the seeding
effect for cement hydration.

Kaliyavaradhan et al. [145] observed that the carbonated WCP mortar exhibited a
greater compressive strength than the uncarbonated WCP mortar. The interaction between
C3A and CaCOs3 from carbonated WCP led to the creation of calcium carboaluminate
hydrate, which contributed to the initial development of strength.

Tang et al. [103] reported that the CS of CO;-treated mortars is approximately 1.3-10.5%
higher than that of untreated mortars. They stated that the reduced usage of supplementary
water in carbonated mixture to achieve comparable flowability to non-carbonated mixture
decreases the effective water-to-binder ratio of carbonated mixture, hence enhancing its
CS. They also stated that as the RP concentration escalates, the efficacy of CO, treatment in
enhancing CS declines from 8.1% to 4.0%. Also, splitting the TS of mortar with carbonated
RP was improved to a degree (about 3.3-10.9%) in comparison to that utilizing an equivalent
quantity of RP.

Figure 24 presents the CS values for 7 d and 28 d of mortars with and without
carbonization [103,144,145]. The figure demonstrates that carbonation treatment enhances
the compressive strength of the mortars, particularly after 28 d.
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Figure 24. CS values for 7 and 28 d of mortars with and without carbonation activation [103,144,145].
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3.6.2. Evaluation of Carbonation Activation

Dry carbonation effectively activates RPs; nevertheless, this approach is generally
inefficient and time-consuming. Despite a span of 28 d, dry carbonation is incapable of
achieving complete carbonation. The reactions between CO, and calcium phases necessitate
a dissolution and re-precipitation process, which are challenging to execute with low water
content. Furthermore, as the carbonation processes occur within the RPs rather than
in the aqueous solution, the generation of CaCO3; would obstruct the interconnected
pores, hence hindering CO, diffusion and preventing total carbonation [63,69]. Direct wet
carbonation is an efficacious technique. Nonetheless, the efficacy of this method would
progressively diminish with extended carbonation duration, and no effective solutions
exist to enhance it. Furthermore, direct wet carbonation is a laborious, energy-consuming,
and equipment-intensive procedure, while the resultant products remain low-value SCMs.
The practicality of implementing indirect carbonation in actual RPs warrants investigation.
Additionally, the feasibility of applying indirect carbonation to real RPs should be further
investigated [63,69]. In general, the carbonation process of RP generates more CaCOj3,
hence enhancing mechanical resistance, although to a certain extent [57,84].

4. Comparison of Activation Methods

Comparative literature on activation procedures for cement-based materials where
RPs are utilized is few. The comparative research mostly focused on mechanical, thermal,
and chemical methodologies. Figure 25 presents CS values for 28 d of mortars with different
activation methods.
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Figure 25. CS values for 28 d of mortars with different activation methods.

Bu et al. [112] evaluated mechanical and chemical and thermal activation methods.
They reported that mechanical activation improves the particle fineness of WCP, hence
significantly augmenting its activity. This procedure is straightforward and economical;
nevertheless, excessive ball milling duration will result in excessively fine particles. Further-
more, the activity reduces, and the approach exerts a restricted influence on the activation
of WCP activity. On the other hand, they stated that chemical activation primarily generates
an alkaline environment or introduces reactive ions to enhance the potential activity of WCP.
Chemical activation exerts a notable excitation effect; yet, due to the substantial variability
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in the composition of WCP, many chemical excitants possess distinct optimum dosages.
Finally, they reported that thermal activation mostly alters the composition of the initial
material structure, enabling the WCP to undergo rehydration gelation. Notwithstanding
the considerable stimulation effect of this technology, its energy consumption is elevated.

Zhang et al. [84] evaluated mechanical, chemical, thermal activation, and combined
activation techniques for the utilization of RCP derived from CDW. They concluded that
thermal activation at 800 °C is the most viable and efficient activation method among the
three, succeeded by chemical activation using Ca(OH), and CaSQOy, and lastly, mechanical
activation with 75 min of grinding.

Yuan et al. [146] also evaluated mechanical, chemical, and thermal activation tech-
niques. They stated that the optimal effects are achieved through thermal activation at
800 °C and mechanical activation after 45 min of ball milling.

In another similar study, Sajedi and Razak [147] studied mechanical, thermal, and
chemical activation methods. They reported that despite the higher costs associated with
mechanical and thermal approaches, their superior strengths render them advisable as
straightforward and practical first and second-order activation techniques. They also stated
that chemical activation is not suggested as a viable activation method.

Meng et al. [148] compared mechanical, chemical, nano, and combined activation
techniques. They reported that chemical activation demonstrated the most significant effect,
succeeded by mechanical activation and nano activation.

In another review study, Gu et al. [69] compared mechanical, chemical, carboniza-
tion, and thermal activation methods. They concluded that the carbonation of RPs is the
most efficient activation method, offering numerous advantages compared to alternative
techniques. They also stated that dry/semi-dry and wet carbonization possess distinct
advantages and disadvantages in comparison.

Hu et al. [149] studied thermal and mechanical activation methods. As a result, they
stated that the technique of enhancing RP activity through thermal activation is more
common, and the rapid carbonization process is garnering heightened academic interest
as a method for producing amorphous phases by the dehydroxylation of clay minerals,
including kaolinite and illite, which alter their crystalline structures.

Yong et al. [150] studied thermal, chemical, alkali, and combined activation mecha-
nisms. They reported that mechanical activation is the principal component increasing the
hydration of powder with elevated SSA. They also reported that chemical activation with a
35% replacement level of RP exhibited the best compressive strength at all ages.

Chen et al. [113] studied chemical, thermal, and combined activation methods. They
concluded that the thermal activation impact on the RFP was most pronounced at 700 °C
with a dose of 30%. At this temperature, the SAI of the inactivated sample increased from
66.4% to 77.4%. They also stated that in comparison to PC, the thermally activated RFP
technology significantly reduced associated production costs and CO, emissions. Moreover,
the increasing quantity of RFP substitutions amplifies both economic and environmental
advantages, hence enhancing the recycling of construction waste and enhancing the use
rate of RFP.

Ma et al. [151] evaluated thermal and nano-activation methods. They recommended
to activate RP at a temperature range of 600-800 °C to enhance its mechanical and
transport capabilities.

Li et al. [152] studied the effects of carbonation, thermal, and combined activation
methods. They concluded that the efficacy of RP activity can be markedly improved by
employing thermal pretreatment, and the optimal thermal activation temperature is around
720-800 °C.
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Zheng et al. [131] compared thermal, nano, and combined activation methods. They
reported that thermal activation increases the amounts of C-5-H gel and CH, leading to a
decrease in pore volume and enhanced structural density. Compared to PC, it demonstrates
superior early-stage hydration properties but inferior later-stage hydration properties.
Regarding the nano-activation method, they stated that the incorporation of NS reduced
setting time, increased water absorption capacity and capillary absorption coefficient,
increased density, decreased pore quantity and volume, and accelerated early-stage hy-
dration processes and rates. They also stated that excessive NS may decrease the strength,
mostly due to the aggregation of NS particles that create fractures, negatively impacting
the strength.

The study reveals a lack of consensus regarding the optimal activation approach. The
diverse array of RP sources results in variations in the chemical structure of RPs, hence
introducing uncertainty in their activation effects. However, there is an agreement that
combined activation yields the most favorable results [84,113,131,148,150,151].

5. Conclusions

In this review, the effects of six activation methods, i.e., mechanical grinding, thermal
activation, chemical activation, nano activation, carbonation, and mineral addition, on the
mechanical properties of PC mortar where concrete-waste-recycled powders (<150 um)
are used as a cement replacement are investigated. The efficiency by conducting the six
activation techniques was evaluated mainly in terms of compressive strength and flexural
strength. Based on the results presented, the following conclusions can be drawn:

Regarding mechanical activation,

e RPs from diverse sources demonstrate unique activity and exhibit significantly differ-
ent features. The source of RPs significantly affects the properties of mortar.

e RP acquired using CDW mostly comprises crystalline phases, chiefly quartz, with a
limited presence of amorphous active phases.

e  Mechanical activation (grinding) improves the modification of particle size and dis-
tribution of RP. Extending the grinding period would lead to particle agglomeration,
negatively impacting the performance of the RP mortars.

e  The predominant percentages for cement substitution in the mixtures are 10% and
30% RP.

e  The incorporation of mechanically processed RP as a PC replacement content leads to
a decrease in the mechanical properties of PC mortars. The compressive and flexural
strengths of PC mortar decrease as the concentration of RP increases.

e  The appropriate formulation of RP can improve the initial strength of mortar at 3 d
of age. The ultimate strength of the mixed mortar is lower than that of pure cement
mortar, a difference that becomes increasingly evident with an increase in RP.

e  The replacement of up to 10% RP demonstrates no adverse consequences, and the PC
mortar maintains its properties adequately, with the outcomes being satisfactory. The
detrimental effects are limited at a replacement ratio of 10% to 20%.

e Notable improvements in mechanical strength with time were recorded in specimens
containing RP at 90 d. The period of waste processing and the replacement con-
tent influence the mechanical strength of mortars, with RP content being the most
critical element.

e  The characterization results of the waste and the mechanical properties of the PC
mortars, with varied degrees of RP as a partial substitute for PC, indicate that the
potential use of RP spans from 20% to 30%.

e  The impact of RP content on CS and FS is more pronounced at 90 d than at 7 d and
28 d.
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Regarding thermal activation,

Thermal activation facilitates the modification of the particle size and distribution of
RP. Elevating the heating temperature further would lead to particle agglomeration,
thus impacting the performance of the RP mortars.

RP with an irregular microstructure consists of significant inert components, whereas
thermally changed RP has a higher proportion of active components than untreated RP.
The use of 30% RP as a cement substitute is the most common ratio in the mixtures.
The most often employed thermal treatment temperatures in the investigations are
600 °C and 800 °C.

Thermal treatment of RP improves the mechanical properties of PC mortars.

The influence of thermal activation on the strength of PC mortar during the early
stages (3 d and 7 d) is less significant compared to mechanical and specific chemical
activation techniques. Nevertheless, the thermally activated RP (particularly between
700 °C and 800 °C) might significantly increase the mechanical strength of the PC
mortar at a later stage (28 d).

RP treated at temperatures ranging from 700 °C to 800 °C can replace up to 20% of the
cement in PC mortar samples without a significant decrease in mechanical strength.
According to the strength study results, thermal activation is the most viable and
efficient activation method than mechanical and chemical activation methods. The
primary factors contributing to these enhancements include the nucleation of RP
following thermal activation, which creates additional nucleation sites for hydration
products, stronger integrity of the internal structure and, reduced microcracks and
harmful holes.

Regarding chemical activation,

The integration of 30% RP as a replacement for cement is the most common ratio in
the mixtures.

The use of a single chemical activator produces diverse effects on the mechanical
strength of RP.

Among different chemical activators, CaO is the most optimal, followed by CaSO4
and NaySOy, while CH has the least optimal activation effect. The combination of CH
and CaSQy in a 1:1 ratio exhibits the most effective activation effect.

At a dosage of 30% RP, NaOH, Na,;SOy, and water-glass chemical activators provide
marginal improvement in the strength of RP, which could only augment the strength
of the mortar system at an early age of 3 d. An increase in the quantity of activators
or the modulus of water glass results in a gradual decrease in strength in later stages
(28 d).

Regarding nano activation,

The incorporation of 30% RP as a cement substitute is the most common ratio in
the mixtures.

Nano-silica is the most used nanomaterial in the studies.

The incorporation of 2% NS is the most prevalent proportion in the combinations.
When the NS content is 2%, the mechanical strength of the RP blended mortar matches
that of the reference mortar, indicating that NS can offset the mechanical strength
reduction in mortar attributed to RP as a SCM.

When the NS dosage reaches 3%, a decrease in strength is observed, likely attributable
to the agglomeration of NS.

Regarding mineral addition,

The incorporation of 30% RP as a cement substitute is the most common ratio in
the mixtures.
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e  The incorporation of 10% mineral admixture together with RP is the most prevalent
proportion in the mixtures.

e SCGP, FA, SE, and MK are the most used nanomaterial in the PC mortars.

e  The mechanical properties of mortar that include both RP and mineral admixture
surpass those of mortar having solely one type of recycled material, attributable to the
filling capacity of RP and the pozzolanic activity of the mineral admixture.

e  The integration of mineral admixture(s) into RP mortar results in an initial reduction
in strength due to the physical filling and chemical interactions of the active powder,
followed by an improvement in subsequent strength.

e  Regarding carbonation activation,

The incorporation of 10% RP as a cement substitute is the most common ratio in
the mixtures.

Direct (dry) carbonation is the predominant carbonation treatment utilized in research.
Carbonization increases the CS of the PC mortars.

Regarding combined activation,

Regardless of whether thermal, chemical, or other activation methods are employed,

the initial stage involves the mechanical grinding of the RP.

e  Compared to thermal activation, coupled chemical-thermal activation does not yield
improved system strength.

e  Thermal activation is the most effective and efficient way of activation, followed by
chemical activation, with mechanical activation being the least effective, based on
strength data from mechanical, thermal, and chemical activations.

e  Thermal activation can improve the strength of PC mortar (at 28 d or 90 d) more

effectively than grinding.

The rapid advancement of the construction sector not only results in a scarcity and
elevated costs of natural sand and gravel resources essential for cement-based products
but also generates a substantial quantity of construction solid waste, over half of which
comprises waste concrete.

Recycling waste concrete and converting it into useful products for cement-based
material manufacture is a highly effective method to enhance the sustainability of building
materials. Recycled concrete can offer enhanced assistance for the efficiency and cost-
effectiveness of sourcing raw materials necessary to produce cement-based products, given
the scarcity of natural aggregate supplies.

The findings of this review have considerable consequences for both theoretical com-
prehension and practical applications in sustainable construction materials. The amalga-
mation of RP and activation techniques at optimal levels is a feasible and environmentally
sustainable alternative to conventional PC. The improved mechanical characteristics noted
in the PC mortar mixtures offer a means to promote sustainable practices within the
building sector.

6. Limitations

Despite the extensive application of RPs in civil engineering projects, the limitations
hindering their broader adoption remain challenging to overcome. The results indicate the
following general limitations.

e  Due to the prevailing demolition practices and processing techniques for CDW in
many countries, it is challenging to segregate waste bricks or concrete from hybrid
constructions, such as brick—concrete buildings. The properties of RPs from various
sources may differ significantly, making quantification challenging due to the intricate
compositions of CDW. It is essential to investigate the fundamental properties of RPs
from various sources and assess their impact on the characteristics of concrete or
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mortar, which will facilitate the evaluation and optimization of RPs derived from
mixed CDW.

The characteristics of cement-based materials can be affected by several process pa-
rameters, such as the particle size and distribution, chemical structure, composition
of minerals, content, and activation method. The particle size and distribution of RP
significantly influence the reactivity, physical characteristics, microstructural develop-
ment, strength, and workability of cement-based materials.

Experimental studies indicate that despite its extensive economic advantages, the
usage ratio of RPs in the construction industry remains constrained due to its high-
water absorption ratio and inconsistent reactivity.

Significant findings highlight the influence of RP alongside diverse activation meth-
ods on the mechanical characteristics of cementitious materials. These insights
are crucial for achieving sustainable, waste-free, and continuous recycling of con-
crete waste. However, the results are limited to RPs designed under controlled
laboratory conditions.

Several research projects provided basic CO; estimations for RP derived from the
energy consumption of laboratory grinding processes. There is a lack of dosage
methodologies, economic viability, research on environmental advantages, life-cycle
assessment, and mechanical strength and durability data over longer curing times.

7. Future Studies

This study’s findings suggest that future research should concentrate on the following

areas to address the identified gaps in the literature:

Additional pertinent investigations must be conducted to systematically substantiate
the consequences of repeated recycling of RP. RP utilized in most of the studies was
derived from single-source concrete waste, and the experiments were performed in a
laboratory setting. Consequently, subsequent studies must consider the heterogeneity
in the properties associated with construction waste powder.

Due to the significant influence of various RP sources on the performance of RP
products, it is essential to advocate for the development of a waste concrete inspection
and classification system to facilitate the widespread utilization of RP.

Future research should examine an extensive database of RCA fines from various
plants as source material for RP to assess the influence of parameters such as the
quantity of ground aggregate content, concrete mixtures containing siliceous and
calcareous aggregates, and the fineness of RCA.

Further investigation is required to elucidate the contributions of physical and chemical
impacts to strength, encompassing the filling effect, nucleation effect, and quantitative
analysis of the pozzolanic effect, to ascertain their respective contribution rates.
Subsequent research should concentrate on the impact of particle size, the distribution
of RP on cementitious materials, and the microstructural characterization of repeatedly
regenerated RPs.

Further studies ought to investigate the impact of various processing procedures on
RPs and evaluate the influence of activation methods on multi-RPs derived from
concrete structures subjected to prolonged use in real-life situations.

It is essential to establish guidelines and technology for the effective processing and
activation of RPs, in conjunction with performance data of cement-based materi-
als including RPs, to substantiate and inform modifications in construction codes
and standards.
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e Regarding environmental consequences, additional LCA studies are necessary to
systematically evaluate the carbon footprint of activated RP with baseline PC
and traditional SCMs while also accounting for alternative scenarios of landfilling
and downcycling.

e A quantitative evaluation of the economic and environmental benefits should be
performed in relation to the changes in the compressive strength, flexural strength,
splitting tensile strength, and modulus of elasticity when varying amounts of RP
are utilized.

e Advanced technologies must be investigated to improve the performance of RP and
address the issues of excessive water absorption and insufficient early strength in
its application, including optimized grinding techniques, novel chemically activated
additives, nano-modification, and accelerated carbonization. This would enable us to
increase the maximum quantity of RP in cementitious materials, hence facilitating a
reduction in overall construction costs.

e  There is a shortage of literature about certain durability features, including fire resis-
tance, frost resistance, gas permeability, and carbonization. Future long-term perfor-
mance assessments under simulated environmental conditions (e.g., elevated temper-
ature, high humidity, or chemical exposure) may be performed to assess the durability
of RPs in practical applications.

e  Future research should focus on comparing the merits and drawbacks of RPs when
utilized with other SCMs for strength development, durability, and environmental
impact. Moreover, the potential for synergistic integration of RP and other solid waste
should be investigated to attain comprehensive resource recycling.

e  The current testing methodologies and technologies, including SEM, pore structure
analysis, and XRD, are conventional and essential; however, they possess limitations
in elucidating the mechanisms of nanomaterials in cement-based materials. Further-
more, there is a lack of information regarding the nano structural characteristics of
cementitious materials containing nanomaterials, which could significantly enhance
the understanding of these mechanisms. Therefore, advanced contemporary test-
ing technologies, such as computed tomography and nanoindentation, should also
be utilized.

e Increased study on single exciters, along with reduced focus on compound exciters, is
essential to identify efficient and cost-effective exciters, hence enhancing the applica-
tion of chemical excitation in engineering.

e  The investigation of thermal activation can be conducted thoroughly to ascertain the
ideal thermal activation temperature for various sources of RP and to formulate a
dependable thermal activation standard.

e Irrespective of the prospective application of RP, coupled activation for RP holds
substantial practical and theoretical importance.

o  Current research has compared mechanical, thermal, and chemical activations or
simply two activation methods. In the future, all activation methods should be
evaluated based on mechanical performance, durability, ecological impact, and
economic outcomes.
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Abbreviations

The following abbreviations are used in this manuscript:

AFm Alumina ferric oxide monosubstituted
AFt Calcium aluminate ferrite trisubstituted
AlL,Os3 Aluminum oxide

C,S Belite

C3A Tricalcium aluminate

C3S Alite

C-A-H Calcium aluminate hydrate

CaCOs Calcite

CaO Calcium oxide

CaSOy Calcium sulfate

CC Calcined clay

CDW Construction and demolition waste
CH Portlandite

CO, Carbon dioxide

CR Compressive strength of RP mortar in MPa
cS Compressive strength

C-S-H Calcium silicate hydrate

d Day/days

D50 Median particle size

EDS Electron dispersive spectroscopy
EU-28 European Union of 28 countries

FA Fly ash

FR Flexural strength of RP mortar in MPa
FS Flexural strength

GP Gypsum powder

GWP Glass waste powder

h Hour /hours

HCP Hardened cement paste

LCA Life cycle assessment

min Minute/minutes

MIP Mercury intrusion porosimeter

MK Metakaolin

MP Marble powder

NaySOy Sodium sulfate

NS Nano-silica

PC Portland cement

PRP Replacement percentages of RP in percentage
RA Recycled aggregate

RBP Recycled brick powder



Sustainability 2025, 17, 4502 44 of 50

RCA Recycled coarse aggregate
RCF Recycled concrete fines

RCP Recycled concrete powder
RFA Recycled fine aggregate

RFP Recycled fine powder

RP Recycled powder

SAI Strength activity index

SCGP Spontaneous combustion gangue powder
SCM Supplementary cementitious material
SEM Scanning electron microscopy
SiO, Quartz

SF Silica fume

SSA Specific surface area

TA Tannic acid

TS Tensile strength

us The United States

w/b Water-to-binder ratio

WCBP Waste concrete-brick powder
WCP Waste concrete powder

WGP Waste glass powder

WGRP Wet grinded RP

WPB Waste brick powder

XRD X-ray diffraction
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