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Abstract: Recycled powder (RP) is the primary by-product generated during the reclamation process
of construction and demolition waste (CDW). There is existing literature on the use of RP as supple-
mental cementitious materials (SCMs) in cement-based materials, but a comprehensive evaluation
on the characteristics of RP generated from concrete waste has been missing until now. This paper
critically reviews the use of RP from concrete waste in cement-based materials, as concrete waste
makes up a significant amount of CDW and other components have designated recycling methods. In
this sense, this study conducted a critical analysis on the use of RP as an SCM, using detailed literature
research. The technology used for producing RP is detailed along with its chemical, mineralogy, and
microstructural characteristics. Fresh-state properties in cementitious matrices with RP are intro-
duced with the view of mechanical grinding, thermal activation, carbonation, chemical treatment,
biomineralization, mineral addition, nano activation, and carbonation. The review highlights the
significant potential of utilizing RP in cement-based materials. Specifically, RP can be advantageously
utilized in the production of value-added construction materials.

Keywords: construction and demolition waste (CDW); recycled powder (RP); waste concrete (WC);
activation methods; physical properties

1. Introduction

In the 20th century, climate change has direct impacts on human survival and de-
velopment across multiple domains, including resources, energy, environment, and food
security, bringing more uncertainty risks [1-3]. Within this context, the traditional con-
struction industry, which is responsible for 39% of total carbon emissions in 2018 [4], is
widely regarded as one of the least environmentally sustainable sectors due to three main
factors: the excessive utilization of raw materials, high levels of energy consumption, and
substantial pollution.

Concrete, being one of the leading materials contributing to this negative situation,
requires significant quantities of natural resources such as sand, stone, cement, and water,
as well as substantial amounts of fuel and energy for its production [5,6]. Furthermore,
the manufacturing of Portland cement (PC), which serves as the primary binding agent
in concrete, accounts for around 7-8% of worldwide greenhouse gas emissions [7-9]. PC
manufacture entails an average electricity use of 125 kW /h and leads to the emission of
800 kg of CO; into the environment [10-12]. Given the anticipated population expansion,
it is estimated that the demand for PC would rise to 6 billion tons by 2050 [13,14].

In response to these problems, as an effective economic and environmental strategy
for long-term sustainability, the construction industry has implemented strategies to reduce
emissions. One of the most important and effective strategies for this goal is to utilize sup-
plementary cementitious materials (SCMs) throughout the cement manufacturing process.
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The literature has already established the practice of partially substituting cement with
SCMs such as ground granulated blast-furnace slag (GGBS) [15], fly ash (FA) [16], silica
fume (SF) [17], and/or calcareous fillers [18]. On the other hand, by 2050, it is projected
that FA and GGBS would only be able to fulfill 20% of the worldwide demand for cement
production [19,20] and coal fire is subject to ongoing regulatory limitations in developed
nations [21,22]. Therefore, it is necessary to investigate other materials that can be used in
PC, while also ensuring that they meet the required quality control criteria [8,14].

The ongoing progress of industrialization and urbanization, along with the increased
frequency of natural disasters and wars, has led to a significant global increase in con-
struction and demolition waste (CDW) which encompasses the solid waste produced
during construction activities and the whole or partial dismantling of structures and in-
frastructure [23-25]. CDW represents 25-30% of worldwide total solid waste [26], and it
is estimated that by 2050, CDW alone would account for more than 27 billion tons of the
world’s total solid waste [27,28].

According to the latest available data, it is estimated that in the European Union (EU),
approximately 374 million tons of CDW (excluding soils) were produced in 2018 [29]. In the
USA, in 2018, 600 million tons of CDW were generated, of which 33 million tons were gener-
ated during construction and 567.3 tons during demolition activities [30]. About 20.4 million
tons of CDW was generated across Australia during the period of 2017-2018 [31]. In 2021,
China produced almost 2 billion metric tons of CDW, and this number is expected to in-
crease to 7 billion metric tons by 2030 [32]. In 2020, Brazil collected a total of 47 million tons
of CDW which is equivalent to 221.2 kg per inhabitant per year [33]. In 2017, the Japanese
construction industry produced a total of 83.9 million tons of waste, which accounted for
approximately 22% of the overall industrial waste generated in Japan during that year [34].

Although the CDW amount is extremely high, the rate of reuse or recycling is modest
in most nations. The recycling rate of CDW is more than 70% in some developed countries
and regions such as Japan, Europe, and the United States [35]. In the United States, 76.2% of
CDW, which is about 457 million tons, was directed to next use and 23.8% of CDW, which
is over 143 million tons, was sent to landfills in 2018 [30]. In Australia, during the period of
2017-2018, 33% of CDW was disposed of in landfills [31]. The recycling rate is currently
less than 10% in China [35] and about 1% in India [36]. In Brazil, only 6% of CDW is
recycled [37].

The majority of CDW is disposed of in landfills or illicitly dumped in empty plots of
land, as well as along riverbanks and roadsides [35,38-40]. Consequently, the environment
encounters various environmental repercussions, including the accumulation of sediment
in rivers and lakes, contamination of soil and water [41,42], obstruction of urban drainage
systems leading to flooding, degradation of the landscape known as visual pollution, pro-
liferation of disease-carrying vectors that pose a threat to human health [43], and numerous
social and economic issues due to the substantial expenses incurred by municipalities for
its removal [13,24,36,44].

The composition of the CDW might vary based on the construction system utilized in
each country; however, generally, it consists of concrete, bricks, excavated soil, metals, glass,
gypsum, wood, plastic, and ceramic materials [38,39,45,46]. In their study, Xiao et al. [24]
found that concrete and bricks composed almost 80% of the overall CDW’s weight. Ac-
cording to Ozalp et al. [47], concrete, bricks, and mortar constitute 80% of CDW’s weight.
Additionally, other research has discovered that the CDW predominantly consists of waste
concrete (WC) and waste brick, making up around 80% of the CDW’s weight, and this
amount is recyclable [13,23,38].

Therefore, numerous scholars and professionals have prioritized the recycling of CDW.
After metals and organic materials are removed [48], by utilizing suitable crushing and
screening machinery, recycled aggregate (RA) of varying particle sizes is generated. RAs
are used in mortar and concrete compositions, along with several additional uses (bases
and subbases [39,49], filler material [50], asphalts and roads [51], building greening [52],
etc.). Furthermore, the use of RA in concrete reduces greenhouse gas emissions [10,53,54].
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The mechanical characteristics and durability of recycled aggregate concrete (RAC)
have been extensively studied [55-58] and the researchers provided several strategies that
resulted in an increased performance of RA [59]. There is a widely held belief that it is
possible to substitute natural coarse aggregate (NCA) with recycled coarse aggregate (RCA)
up to a maximum of 30% without compromising the overall effectiveness of concrete [60,61].

However, RA faces challenges in preserving its quality as an aggregate due to its
wide variety of densities and absorption rates [6,11,62]. Hence, concrete including RA may
encounter issues pertaining to reduced compressive strength, higher mixing water demand,
higher volumetric shrinkage, and durability when subjected to freezing and thawing, as
compared to concrete utilizing natural material [24,52,63,64].

While producing RA, there is still one unresolved issue that is not properly addressed.
A substantial amount of recycled powder (RP) is generated, but its current usability is hin-
dered by its elevated water absorption and impurity levels [65-67]. As a result, RP is mostly
utilized for the preparation of backfilling materials [68] and road base/subbase [32,69] or
disposed of in landfills [70].

If not properly collected and disposed of, RP has the potential to disperse and remain
suspended in the air, leading to an elevation in the concentration of human-generated
aerosols [71]. This, in turn, contributes to air pollution and can result in respiratory
ailments and various conditions such as asthma and lung cancer [48]. The particulate-
induced air pollution in numerous emerging nations poses a significant risk to public
health, as seen by the rising number of air quality advisories being issued in cities across
the globe [11,48]. Moreover, an extensive quantity of untreated RP builds up, leading to
land occupation and the release of dust, which is then discharged into the river system
and contributes to river silt [72,73]. These fine particles have a significant impact on the
ecological environment [74-77]. Hence, it is crucial to develop an environmentally friendly
method to dispose of the RP produced during the recycling of CDW.

The potential of recycling and converting CDW into RP for use as a partial replacement
for cement in cement-based materials is highly promising. The efficient utilization of RP
has the potential to substitute a portion of cement, address the difficulties associated with
CDW disposal, diminish the carbon emissions of the concrete sector, and preserve natural
resources. It aligns with the criteria of the cement sustainability plan and offers significant
economic and environmental advantages [8,13,32,35,48,78-84].

This paper reviews the utilization of all types of RP exclusively obtained from WC,
which is a major part of CDW, as a cement partial replacement in the cement-based materials
(paste and mortar), within the framework as described in Section 2.

2. Research Methodology

A bibliographic review was conducted in this study to examine keywords related to
the “utilization of RP as a cement replacement”. Given the large quantity of literature on
the topic, it was imperative to choose a reliable search engine. Scopus and Web of Science
were utilized due to their exceptional precision as search engines, making them ideally
suited for this purpose.

The review focused on studies published between 2000 and 2024 that primarily as-
sessed the use of all types of RP derived from WC as listed in Table 1. The review excluded
evaluations of powders obtained from mortar, paste, or any other waste material except
concrete. Special types of RPs such as aerated concrete waste, autoclaved concrete waste,
hydrated cement paste, concrete waste slurry, and waste cellular concrete powders were
also excluded in the study following Section 4. The review focused on only pastes and
mortars following Section 4.

The methods and equipment used for RP preparation are initially presented, and the
particle size distribution of RP and the impact of varying grinding durations on the reactiv-
ity of RP are examined. Then, the physical and chemical properties of RP are investigated,
and density, appearance and microstructure, chemical composition, and mineralogical
composition are further reviewed. Then, the activity index of RP is introduced. Thus far,
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only mechanical activation has been considered. Next, a detailed description of various
ways used to stimulate the activity of RP, considering its low activity, is provided.

Table 1. Concrete waste-based powders (CDW origin).

Abbreviation Designation
CFs Concrete fines
CSFs Concrete screening fines
CwW Concrete waste
CWFs Concrete waste fines
CWP Concrete waste powder
FRC Fine recycled concrete
GCP Ground concrete powder
GRC Ground recycled concrete
GWCP Ground waste concrete powder
HHCW Humid hardened concrete waste
RP Recycled powder
RCFs Recycled concrete fines
RCCFs Recycled crushed concrete fines
RCFP Recycled concrete fine powder
RCP Recycled concrete powder
RCWP Recycled concrete waste powder
RFAP Recycled fine aggregate powder
RFP Recycled fine powder
RHCP Recycled hardened concrete powder
RPC Recycled powder concrete
RWC Recycled waste concrete
RWCP Recycled waste concrete powder
WC Waste concrete
WCFs Waste concrete fines
WCP Waste concrete powder
WCRP Waste concrete recycled powder
WP Waste powder
WPC Waste powder concrete

Under the Section 5, hydration heat analysis, microstructure, mineralogical composition,
and pore structure are reviewed in detail. Next, fresh-state properties in cementitious matrices
with RP are introduced with presenting workability, setting time, air content, water demand,
viscosity, and fresh density. For each reviewed topic, the optimal value is suggested, consider-
ing the effect of mechanical grinding, carbonization treatment, thermal treatment, chemical
treatment, biomineralization, mineral addition, and nanomaterial modification.

Overall, this article provides an overview of the impact of using RP from concrete waste
as a substitute for cement on the performance of cement-based materials. It specifically
investigates the impact of this substitution on the qualities of fresh mixture for pastes
and mortars.

3. Fundamental Properties of RP
3.1. RP Preparation Methods and Equipment

At present, the recycling of concrete waste into RP involves four distinct phases [38,85-87].
During the initial phase, concrete waste is segregated and gathered from CDW. The remaining
components of CDW are sorted and recycled through their respective designated pathways.
Then, the concrete waste is pulverized into reclaimed materials measuring 0-31.5 mm. The
coarse aggregates that have been recycled and have low absorption are used in the preparation
of concrete. The fine aggregate and the large particle powder acquired from recycling are
commonly employed in the preparation of RP. Nevertheless, the recycled fine aggregate (RFA)
and the large particle powder have a significant particle size and a limited reactivity [44,88-90],
and they are unsuitable for use as an SCM. To employ these two materials as an SCM, it is
possible to grind them into fine powders, which are referred to as RP, which allows for the
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efficient exploitation of CDW [91]. For this purpose, the materials are dried until they reach a
constant weight, and then they are ground into RP using grinding equipment. Additionally,
the particle size distribution can be enhanced by modifying the type of grinding equipment
and the time of grinding [86,87,91].

The recycled material from crushed CDW can be classified into three distinct forms based
on the particle sizes: RCA (5.00-31.5 mm) [38,70,92,93], RFA (0.15 mm-5.00 mm) [94-96], and
RP (<0.15 mm) [5,65,78,95,97,98].

It is worth mentioning that some scholars define the fine particles obtained by a
mechanical pre-treatment (crushing, grinding, and sieving) from CDW as RP if the particle
size is below 75 um [10,32,73,99] and others define it as RP if the particle size is below
150 pm [44,56,59,71,81,84,100-103]. In this study, the term “RP” is used to refer to particles
with a size smaller than 150 pm, to encompass a wide range of studies.

Different grinding equipment can be utilized for the preparation of RP, and the specific
type of grinding equipment employed significantly affects the qualities of RP [38]. The
microstructure of RP generated by a jet mill exhibits greater regularity compared to that
produced by a ball mill.

The effectiveness of size reduction is affected by various factors, such as the velocity
of the mill, the diameter of the balls, the rate at which the mill is filled, the distribution
of feed sizes, the density of the pulp, the hardness of the material, the characteristics of
dispersion, revolutions per minute, and the method of grinding (wet or dry) [104-110].

3.2. Particle Size Distribution of RP

The particle size gradation was generally obtained using a particle size laser analyzer,
image analyzer, and mercury intrusion porosimeter (MIP) in accordance with ASTM
C204-11 [111] and EN 196-6 [112]. Figure 1 summarizes the median particle size (D50)
of RP reported in the literature compared to PC, FA, and GGBS. RP presents greater
data dispersion, with maximum and minimum values of 142 um [113] and 0.25 um [114],
respectively, and an average of 17.8 um. Atypical points for RP are 9.19 um and 30 um. PC,
FA, and GGBS present lower D50 value dispersion. The average D50s of cement and FA are
19.7 um and 18.6 um, respectively, which are similar to RP. Atypical points for cement are
14 pm and 19.97 um and atypical points for FA are 12 um and 30 um. On the other hand,
the D50 average of GGBS (13.6 um) is smaller than RP. Atypical points for GGBS are 11 um
and 15.6 um. When utilizing RP as an SCM, it is advisable to ensure it has a high reactivity
and has a small particle size, comparable to or smaller than cement [9,115-118]. These
properties contribute to the hydration reaction by promoting nucleation, creating new
hydrated products, and enhancing material compactness through a filling effect [9,38,115].
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Figure 1. Median particle size (D50, pm) for RP, cement, FA, and GGBS.
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3.3. Specific Surface Area (SSA) and the Effect of Grinding Duration on RP’s Physical Properties

As stated in Section 3.2, for optimal reactivity and performance in cement-based
materials, RP particles should be extremely fine. RP reactivity has been shown to increase
with higher SSA and fineness, grinding time, and grinding type [7,9,38,83,114,119,120].
High reactivity is due to the larger specific surface area, which leads to a greater reaction
area and the availability of numerous active atoms that efficiently connect with other
atoms [9,38,119].

Figure 2 presents the SSA of RP reported in literature compared to PC, FA, and GGBS.
There is a substantial variation in SSA values for RP, with an average of 454.25 m? /kg and
atypical points from 281.7 m?/ kg to 575 m?/ kg. The maximum value is 1351 m?/ kg [121]
and the minimum value is 73.57 m2/ kg [122]. In the case of cement, FA, and GGBS, SSA
data have averages of 355.6 m?/kg, 390.05 m?/kg, and 458 m?/kg, respectively.
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Figure 2. Specific surface area (m?2/ kg) for RP, cement, FA, and GGBS.

The SSA data presented in Figure 2 are obtained using the Blaine method in accordance
with GB/T8074-2008 [123] (equivalent to that stated in ASTM C204-18-1 [124]), and NBR
16372 [125]. The Blaine method relies on measuring the difference in pressure within a dry
and compressed layer of powder [126].

Although the majority of the studies used the Blaine method, some recent studies used
the Brunauer-Emmett-Teller (BET) method to measure the SSA [59,80,103,127-133]. Unlike
air permeability, the BET approach is a precise measurement of specific surface area as it
does not rely on any assumptions regarding the shape of the particles. The BET method
relies on the adsorption of a gas onto the solid’s surface, which includes any accessible
surface pores and fissures. It quantifies the amount of adsorbed gas that corresponds to a
monomolecular layer on the surface [134,135].

Figure 3 shows the SSA (Blaine) of RP as a function of D50, including the dry grinding
and the wet grinding of RP. The figure demonstrates that as the particle diameter of RP
decreases, SSA increases.
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97,98,121,122,136-159].

However, the process of grinding to achieve fine RP requires a significant amount of
energy, resulting in adverse environmental impacts and increased production costs for RP.
Furthermore, excessive grinding duration leads to an agglomeration of the material and
reduces the strength of the specimen. [5,102,160,161]. To minimize energy consumption

during production and achieve the finest possible particle size of RP, it is crucial to determine
the optimal grinding time [38,161-164]. Figure 4 presents the dry grinding time of RP as a
function of D50, and Figure 5 presents the wet grinding time of RP as a function of D50.

200

180—.
160—.
140—-
120 — &
100—-

80

Griding time (minutes)
()]
o

‘:&Q ] ¥
1 N A
o4 ~.

> %ﬂm\\L\XA * =m
A . rat \\\\
x < a

(] 38

H
o
1

N
o
1

-~

~ oD

o

10 20 30 40 50

o

70 80

@X

bl o]:: B £ 2

m{EKRI®

OB DXer

Duan, 2020
Cantero, 2020
Xiao, 2022
Kursula, 2022
Zhang, 2022
Oliveira, 2023
Qian, 2023
Rocha, 2023
Dun, 2021
Deng and Wu, 2024
Zhang, 2022
Sun, 2021
Dong, 2024
Shen, 2023
He, 2022

Wu, 2022
Deng, 2021

> Tan, 2023

Wang, 2018
Real, 2020
Gao, 2022
Zhu, 2023
Liu, 2020

Li, 2022
Huo, 2021
Chen, 2021
Xu, 2021
Sun, 2021
Chen, 2022
Sausi, 2024
Liang, 2021
Likes, 2022
Liu, 2022
Wang, 2022
Yanga, 2022

r Sun, 2022

o
90 P

Zhang, 2023
Zhou, 2024

Median particle size, D50 (um)

Figure 4. Median particle size (D50, um) versus dry grinding time (min) [6,7,27,35,52,65,71,79,80,83,
93,103,115,132,143,144,147,148,151,153,157,165-180].



Appl. Sci. 2024, 14, 9775

8 of 63

140

120

-

o

o
1

Zhang, 2021
Yang, 2022
He, 2022

@
o
1

Tan, 2023
He, 2022
Wang, 2020

(2]
o
1

Griding time (minutes)
N
o

N
o
1

o+

0 5 10 15 20 25 ' 30
Median particle size - D50 (um)

Figure 5. Median particle size (D50, um) versus wet grinding time (min) [20,113,114,120,170,181].

Based on the analysis of Figures 4 and 5, 20 to 30 min is an appropriate duration for dry
grinding, whereas 60 to 80 min is ideal for wet grinding [9,38,45,65,168,174,175,177-179,182,
183], and the smallest RP particle sizes were produced by wet grinding [113,114,120,170].

In their study, Sun et al. [175] conducted a three-stage dry grinding procedure lasting
25, 50, and 75 min. Notably, there was a substantial alteration in the D50 value between the
25 and 50 min intervals. Liu et al. [177] investigated the correlation between the duration
of dry grinding and the size of particles. The researchers observed that as the grinding
time increased, the average particle size of RCP initially decreased rapidly within the first
30 min. However, between 30 and 50 min, the average particle size decreased at a slower
rate, indicating lower grinding efficiency.

Zhang et al. [179] employed durations of 10, 20, and 30 min for dry grinding. The
reduction in the particle size of RCP became more pronounced as the grinding duration
increased up to 20 min, but then started to decline. They stated that following a 20 min
grinding process, the RCP particles exhibited a significant improvement in smoothness and
acquired a more spherical form in comparison to their initial state.

In a wet grinding process lasting 120 min, Wang et al. [113] achieved a reduction from
142 pm to 0.324 um. Zhang et al. [114] achieved particles with a diameter of 0.249 pm (D50)
after 90 min of wet grinding, while He et al. [120] achieved particles with a diameter of
1.28 pm (D50) after 60 min of wet grinding.

3.4. Physical and Chemical Properties of RP

Due to the intricate and varied sources and components of CDW, as well as the quality
of the recycling facilities, physical and chemical properties of RP differ from those of
conventional mineral admixtures such FA, GGBS, and SF [52,184]. Hence, it is imperative
to investigate the composition and physicochemical characteristics of RP to identify its
appropriate uses [9,38,52].

3.4.1. Density

In the literature, the density of the RP was evaluated using a Le Chatelier specific
gravity bottle according to code GB/T 208-2014 [185] (equivalent to that stated in ASTM
C188-17 [186]), NBR 16607 [187] (equivalent to that stated in ASTM C188-15,2015 [188]),
IS 4031-Part 11 (2005) [189], and EN 1097-7 [190].

The densities of RP, cement, and FA that are presented in Figure 6 are a collection
of data obtained from multiple investigations. As shown in Figure 6, the density of RP
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ranges from 2.025 g/cm3 [97] to 2.9 g/cm?3 [172], with an average of 2.487 g/cm3. The
density of RP is lower than the density of cement, which ranges from 3.03 g/cm? [191] to
3.190 g/cm?® [142,150] with an average of 3.125 g/cm3. Conversely, the density of RP is
greater than that of FA, which is between the range of 1.861 g/cm? [97] to 2.99 g/cm3 [153],
with an average of 2.325 g/cm®.
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Figure 6. Density (g/ cm?) for RP, cement, and FA.

3.4.2. Appearance and Microstructure

The appearance and the micro-structure of RP are generally determined by equipment
such as scanning electron microscopy (SEM), environmental scanning electron microscopy
(ESEM), and electron dispersive spectroscopy (EDS).

RP is a dry powder which has an off-white, grey color, and its look is comparable to that
of cement, FA, SF, and limestone powder (LP) [6,34,35,115,116,128,154,166,178,192-194]. On
the other hand, RP particles exhibit non-uniform shapes and uneven edges with sharp an-
gles [6,10,32,35,45,52,56,59,65,82,84,87,98,102,116,127,128,140,143,147,152,164,166,171,172,192,
193,195-202], contrary to cement [6,35,98,154,166,192,193], FA [116,154,178,194], SF [115], and
LP [128] particles.

RP contains quartz (S5iO;) from sand and residues of coarse aggregate, as well as calcite
(CaCOs). RP also consists of the hydration products portlandite (CH) and calcium silicate
hydrate (C-5-H) gel, which are formed from the hardened cement paste, as well as belite
(C3S) and alite (C3S), which primarily originate from the unhydrated cement particles in the
hardened cement [6,24,38,56,65,67,82,84,87,128,140,147,153,154,164,183,192,198,199,202-206].
The maximum and the minimum values of major components (S5iO;, CaO, Al,O3, and Fe;O3)
of RP are presented in Figure 7.

RP particles exhibit rough texture surfaces, a large number of pores, and microc-
racks [5,13,56,59,127,128,140,147,153,164,172,184,194,195,202]. The surface of RP particles
exhibits a higher degree of roughness compared to cement particles due to the presence of
porous hydration products such as CH within the RP particles [59,62,87,127,140,194]. There-
fore, RP is a material with higher permeability than cement [13,147,164,178,195,202,203].
Furthermore, the presence of plate-like and needle-bar-like structures can be observed
within the RP due to the inclusion of hydration products [6,140,195,207].

Despite its irregular microstructure, larger particles are often surrounded by many fine
particles [84,122,172,205]. The acute angles and rough surface of the RP particles enhance
reactivity and facilitate hydration processes [129,194,203] while fine particles enhance the
specific surface area, leading to increased activity [59,66,147]. However, the non-uniform
arrangement of particles and the high SSA of RP leads to a reduction in the workability of
the mixture [45,59,116,184,194].
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Figure 7. The maximum and the minimum values of major components of RP.

3.4.3. Chemical Composition

To obtain the chemical components of RP, the common method is to use an X-ray
fluorescence (XRF) analysis. Figure 8 illustrates the main constituents of RP that have
received a mechanical pretreatment, for a specific period, either wet or dry.
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The primary chemical constituents of the RP are SiO,, calcium oxide (CaO), aluminum
oxide (AlO3), and ferric oxide (Fe,O3) [7,10,24,35,39,45,52,71-73,78,87,92,116,118-120,127,
128,153,166,172,177,178,191,194,195,202,203,210,218,223-225]. These chemical constituents
closely resemble the composition of regular cement [10,24,52,71,92,116,118,119,128,166,172,
178,194,195,218,223], FA [24,71,87,116,119,194,218], and GGBS [127,216] which indicates an
optimal distribution of oxides and efficient source to be utilized as SCM in cement-based
materials [9,38,65].

RP has a significant amount of CaO and SiO, [35,45,52,72,116,118,119,128,153,176,177,
199,203,209,224]. The high content of these two oxides can be attributed to the substantial
presence of natural sand (quartz) and natural coarse particles (calcite) in the initial WC [116,
119,128,176,199,203,209,224].

The CaO content in RP is lower than that in cement [10,35,39,52,71,82,87,92,116,166,
172,203,218] and higher than that in FA [87,116,119,194,218]. The CaO content in RP exists
as inert CaCO3, whereas the CaO content in cement is in the form of active clinker [194,199].
The presence of a lower CaO compound can be attributed to the high concentration of
siliceous sand and reduced cement component, primarily produced from hydrated cement,
existing in the form of C-S-H and CH [39,116,128,193].

The SiO; content in RP is higher than both cement [10,39,52,71,82,87,92,116,166,193,
203,223] and FA [71,87,116,119]. The higher SiO; content can be attributed to the fact
that RP was produced by grinding WC, and the SiO; is mostly present due to the un-
hydrated cement, C-S-H, and siliceous sand [39,128,193]. RP has a lower content of sulfur
trioxide (SO3), and higher alkali content (potassium oxide (K,O) and sodium oxide (NayO))
compared to cement, FA, and GGBS [92]. In addition, RP contains lower amounts of
aluminum and magnesium compared to GGBS [216].

There is not an agreement in the literature on the specific ratio of chemical composition
in relation to RP, as it varies based on its source and the type of aggregate used in the
WC [5,9,13,38,128,144,226]. Some research indicates that RP produced from demolition
waste contains more SiO; [34,144,172,193] and laboratory-produced RP contains more
CaO [144,227-229].

A few studies have shown that RP fulfills the necessary criteria of ASTM C618 [230] to
be classified as a pozzolanic material, with a composition of Fe;O3+Al,03+5iO; above 70%
as presented in Figure 9. In addition, it should be also noted that even while certain RP
samples may contain more than 70% Fe;O3+Al,03+5i0,, they may not exhibit pozzolanic
activity due to the presence of crystalline particles inside the RP. Nevertheless, the literature
indicates that the fine portion of recycled CDW aggregate contains residual anhydrous
clinker, which can be recovered through grinding [122]. Consequently, enhancing the
added value of recycled materials through physical or chemical methods is essential. It has
been demonstrated that grinding «-S5iO, in the powder initially converts it into the more
stable 3-5i0,, which subsequently transforms into amorphous SiO, [183], hence enhancing
its activity, and can be used as a cement replacement material [38,231]. Likewise, CH and
C-S-H in waste concrete can be transformed into more amorphous forms through grinding,
resulting in enhanced pozzolanic activity [87,98].

On the other hand, the maximum loss on ignition (LOI) requirement, 6% [9], is not met
for most of the cases as presented in Figure 9. It is important to mention that not all studies
provide complete data, especially on LOI, which is essential for categorizing the substance
as pozzolanic. Increased LOI in RP compared to cement is due to the breakdown of
hydration products and the high concentration of CaCO3 in RP [9,119]. With respect to LOI,
RP has a higher percentage of LOI than cement [39,78,118-120]. The high LOI of RP should
be attributed to the decomposition of hydration products and carbonation [78,119,120,209].
It should further be noted that the dry grinding and wet grinding process, grinding period,
and finesse have a limited effect on the oxide content of RP [7,32,52,59,82,83,122,129,196].



Appl. Sci. 2024, 14, 9775

12 of 63

90
80 -
70 e PSTMCOT
60 -
50
40
30
20 -

18.5
14.8

ASTM C618

Content (% by weight)

10

04
-10 4

-20

I I
Si0,+AlL0,+Fe,0, LOI
Figure 9. Fe;O3+Al,03+510; and LOI by weight (%).

3.5. Mineralogical Composition

X-ray diffraction (XRD) is commonly used to evaluate the mineralogical composition
by identifying existing phases and their approximate relative content based on signal
position and intensity. The mineralogical composition can be further determined using a so-
phisticated thermal analyzer that is capable of doing both differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) concurrently.

The mineralogical composition of RP is complex because of the various mineral
phases found in cement-based materials, transitioning between crystalline and amorphous
states [9,38,52,122].

The identified primary common compounds include the following: quartz (5iOy) [7,35,
45,52,67,78,82-84,92,98,118,120,122,127,128,152,153,168,173,178,191,192,194,195,203,204,208,
218,225,232-235], calcite (CaCO3) [32,35,45,52,56,67,73,78,82-84,92,98,116,118,120,122,127,
128,153,168,173,178,191,192,194,195,203,204,208,218,225,232,234,235], portlandite (Ca(OH),
or CH) [32,56,67,82,92,98,152,153,195,203,204,233], dolomite (CaMg(CO3),) [32,52,83,127,
168,192,194,218,232], albite (NaAiSizOg) [45,98,128,194,208,218], belite, (dicalcium silicate,
C,5) [56,67,78,82,147,152,232], alite, (tricalcium silicate, C3S) [7,67,78,82,147,152], potassium
or sodium feldspar [78,118,152,168,191,218], C-S-H gel [35,56,67,73,78,82,92,118,120,147,
153], ettringite (Aft) [56,82,92,98,118,120], tobermorite [73,173], gismondine [52,83,120,204],
gypsum [82,98], muscovite [128,152], celite [82], ferrite [82], anorhite [233], monosulfate [82],
margarite [120], mica [118], zeolite [82], larnite [82], chlorite [152], and hedenbergite [203].

The presence of quartz and albite phases in RP can be attributed to the sand and gravel
particles found in WC [45,52,67,98,122,127,153,192,225,235]. The presence of calcite in RP
is likely attributed to the carbonation process of the original concrete [98,122,127,218,225,
233,235]. Portlandite, ettringite (AFt), Ca-based anorhite, and gypsum originated from
cement or the primary hydration products of cement [98,233] The hydrated compounds
CH and C-S-H gel were formed because of the solidification of the cement paste [67]. C,S
and C3S were derived from the unhydrated cement particles in the hardened cement [67].
The primary origin of dolomite is the limestone coarse aggregate present in the initial
concrete [192].

In some of the studies, the XRD spectrum does not show the presence of hydration
products often found in hardened paste, such as AFt and CH [45,52,153,178,218]. This suggests
that the portlandite and ettringite encountered decomposition or carbonization [45,52,153,218].
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Song et al. [218] and Li et al. [194] argued that the reason for the relatively low CH
content is the high alkalinity of RCP, which facilitates the carbonation of CH in RCP.
Furthermore, they stated that the large surface area of RCP allows for greater contact
between CH and air. Additionally, CH undergoes carbonization during the synthesis of
RCP. The low content of ettringite can be attributed to its breakdown caused by the rise in
temperature during RCP grinding [218].

Regarding the grinding time, Kim et al. [82] reported that as the number of recycling
cycles expands, the intensity of the portlandite becomes more pronounced, while the
intensity of quartz diminishes. They stated that this is primarily caused by the adjustment
of the mixed proportion of the parent concrete, which is influenced by the larger amount of
adhering mortar carried by the RCA.

Li and Kang [232] reported that the crystallization peak of the recycled fine powder
(RFP), after being subjected to ball mill grinding for 10 min, is lower compared to the
untreated RFP. For instance, the intensity of the crystallization peak of SiO; is noticeably re-
duced, mostly because the mechanical force acting on SiO; (x-5iO,) causes a distortion and
transformation of its tetrahedral structure into an amorphous state. The lack of a definite
shape in S5iO; has enhanced the reactivity of the RFP. The intensity of the crystallization
peak of CH is noticeably reduced, and CH is exposed to the atmosphere.

Regarding the wet grinding, there has been no notable variation in the crystal phase
composition of RP during the wet grinding process [83,120,147]. More precisely, as the wet
grinding duration increases, the peak intensities for quartz and calcite gradually decrease
within a narrow range. The wet grinding process also decreases the peak intensities of other
phases, although these changes may not be readily apparent because of their low concen-
trations. The reduction in peak intensity suggests a decrease in phase content, indicating
that the crystal structure is partially disrupted during the wet grinding process [120].

As a brief, it can be stated that RP has a significant amount of silicon dioxide and
calcium oxide. Silicon dioxide is primarily sourced from aggregates and cementitious mate-
rials in concrete, while calcium oxide is predominantly obtained from waste cementitious
materials. The principal compound compositions of RP lie between those of cement and fly
ash, indicating the viability of utilizing RP as an SCM. Dehydrated cement particles are
less prevalent in RP, with cement particles present as calcium silicate hydrate and calcium
aluminate hydrate; also, the calcite (CaCOj3) found in RP participates in the hydration
reaction of C3S [9,38,52,122].

3.6. Activity Index

Various test methods for evaluating the pozzolanic activity have been documented
in the literature. These methods can be classified as either direct or indirect [161,193,196,
236,237]. Direct methods employ analytical methods such as XRD, TGA, or traditional
chemical titration to observe the presence of CH and its gradual decrease over time as
the pozzolanic reaction progresses [236,237]. The Frattini test is a widely employed direct
technique that utilizes chemical titration to ascertain the amounts of dissolved Ca2+ and
OH- in a solution containing CEM-I and the test pozzolan [236]. The saturated lime
method is a simplified variation of the Frattini test, where the pozzolan is combined
with a solution of saturated lime instead of CEM-I and water [236,237]. Indirect testing
methods assess a specific physical characteristic of a test sample that determines the degree
of pozzolanic activity [236,237]. This may entail the assessment of characteristics such
as compressive strength, electrical conductivity [236], or heat generation by conduction
calorimetry [236,238]. Direct tests are frequently used to verify the occurrence of pozzolanic
reactions and confirm the results obtained from an indirect pozzolanic activity test [236,239].

Generally, indirect testing methods such as the strength activity index (SAI) are com-
monly used to assess the activity of RP [52,115,153,183,193,202-204,209]. In literature, the
most used standards for this purpose are GB/T 1596-2017 [240], BS EN 450-1 [241], NBR
12653 [242], and ASTM C618 [230]. In addition to these standards, which relate activity
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index (AI) to mechanical resistance, standards such as GB/T2847-2005 [243] and BS EN
196-5:2011 [244] relate Al to the chemical nature of the powder.

Regarding the standards, the majority of the studies measured the Al according
to GB/T 1596 [45,92,93,116,140,164,168,173,176,178,183,195,201,209,245], BS EN450-1 [116,
245], or JG/T 573-2020 [202]. According to these standards, the Al is calculated by dividing
the 28 d compressive strength of mortar with 30% SCM by the 28 d compressive strength of
plain mix without SCM, and the Al of SCM should be above 70% [164].

In general, the Al of RP fulfills the standard requirement (GB/T 1596; BS EN450-1; JG/T
573-2020) as presented in Figure 10, and therefore, it is possible to utilize RP as a substitute
for SCM in cement-based materials [45,92,93,116,140,164,173,176,178,183,195,201,209,245].
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Figure 10. Activity index of mechanically grinded RP versus median particle size (D50, um) [20,39,
52,79,92,93,115,116,122,140,153,164,168,176,178,183,193,195,198,201-204,209,217,244].

On the other hand, Dun et al. [168] calculated the Al of WCP as 57%. The particle
size of the WCP milled for 100 min was within the desired range, although its activity
was quite low. They explained that the WCP utilized in the test was produced through
the demolition of the previous brick-concrete construction, and its initial strength was not
substantial. In addition, they stated that the cement particles have undergone complete
hydration over time, resulting in a low level of activity induced by physical grinding.
Wau et al. [116] argued that RCP consists of both inert components and hydrated substances,
which reduces its reactivity.

Some other studies used SAI to evaluate the strength-gaining process of pozzolans
at different ages according to ASTM C311-2007 [39,153,193,203,204]. The following is the
ASTM C618 specification regarding the reactivity of SCMs: The compressive strength of
mortar containing 20% SCMSs should be at least 75% of the compressive strength of the
mortar without SCMs, both at 7 and 28 d. In all of the studies, the AI of RP fulfills the
standard condition [39,153,193,203,204].

Jagadesh et al. [203] stated that the SAI for both the 7 d and 28 d periods has shown an
increase due to the larger size of the particles in RCP, their dispersion, and the formation of
reactive spots on the surface of the RCP. They concluded that 25% RCP replacement with
OPC is the ideal level for achieving suitable SAL Ji et al. [85] also observed that the small
particle size of RCP led to an increase in SAI. This was attributed to the particles filling
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the pores in the cementitious matrix and causing a filling effect with micro-aggregates.
Jagadesh et al. [203] also stated that there is an inverse correlation between the SAI and
water-to-binder ratio (w/b). Li et al. [35] observed that when RCP replaced ordinary
Portland cement (OPC) by a maximum of 30% by weight, the SAI at 28 d was found to be
greater than 70%.

Zhang et al. [52] utilized the SAI method for RCP under different grinding durations.
They observed that the SAI of RCP after grinding for 45 min is above 60%, reaching a
maximum of 69.22% after grinding for 75 min. This suggests that while RCP does exhibit
some activity, it also contains a certain amount of ground powder from coarse and fine
aggregates. They stated that extending grinding time beyond the optimal duration leads to
a reduction in particle surface area and pozzolanic activity, hence impeding the desired
activation effect.

In general, as the RP replacement ratio increases, the activity index of the RP de-
creases [9,38,203]. Furthermore, optimal grinding duration enhances the fineness and specific
surface area of RP, hence enhancing the activity index of RP [38,45,52,92,116,164,178,209].

4. Activation Methods of RP

A constraining factor in the utilization of RP as a pozzolan in cement-based materials
is their relatively low reactivity in comparison to PC. The current and most common
methods to overcome this issue include mechanical, thermal, CO,-curing, chemical, and
biomineralization [5,8,52,61,97,102,183,184,203,215,231,246-249]. Thus far, an examination
of mechanical activation has been conducted. This section exclusively examines other
activation methods that are directly applied to RP.

4.1. Thermal Activation

At present, thermal activation refers to the process of enhancing the potential activity
of mineral admixtures by raising the temperature. By closely correlating the reaction rate of
cementitious materials with temperature, this method effectively improves the hydration
rate and maximizes the potential activity of RP [8,52,101,102,132,231,250-254].

Regarding the effect of thermal treatment on the morphology and microstructure of
RP, Tokareva et al. [211] reported that samples that have been crushed after being dried
at higher temperatures exhibit a larger SSA compared to those that were dried at ambient
temperature and as the treatment increases in temperature, there is a minor increase in the
density of materials.

Zhang et al. [52] compared mechanical, chemical, and thermal activation (400 °C,
600 °C, and 800 °C) methods on the utilization of RCP. They observed that at a modified
temperature of 400 °C, the microstructure of RCP becomes compact, and it is not possible to
observe the presence of C-S-H gel. After 600 °C, they detected the presence of small clusters.
They stated that considering the mechanical performance, SAI, and micro-characteristics,
the optimal and efficient way of activation is thermal activation at a temperature of 800 °C.

Xu et al. [174] examined the impact of mechanical-thermal (550 °C, 650 °C, 750 °C,
850 °C, and 950 °C) synergistic activation on the reactivity of RP derived from scrap con-
crete and the characteristics of recycled powder geopolymer. The compressive strength,
scanning electron microscopy (SEM), X-ray diffraction (XRD), infrared spectroscopy (IR),
and mercury intrusion porosimetry (MIP) were employed to assess the mechanical prop-
erties and microstructure of RPG, respectively. The maximum compressive strength was
achieved at an activation temperature of 750 °C and a grinding duration of 10 min.

Wu et al. [250] employed thermal activation treatment (600 °C, 800 °C, 1000 °C, and
1200 °C) to enhance the characteristics of WCP. They observed that the untreated WCP-20C
contains hydrated C-S-H gel and calcite particles, and the microstructure of the WCP-20C
particle is irregular. They stated that with reference to WCP-20C, the C-5-H undergoes
decomposition, and the WCP-800C and WCP-1000C particles exhibit more regularity and
density due to the decomposition of hydrated products and CaCOjz. The temperature range
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of 600-800 °C is recommended for thermal activation to enhance the qualities of WCP,
while considering energy consumption and thermal activation efficiency.

Florea et al. [247] examined RCFs, which are activated through a thermal treatment
(500 °C, 800 °C, and 1100 °C) method. They observed that the particle size distribution
of the RCFs is not appreciably affected by thermal treatment. On the other hand, the
densities of the RCFs increase as the thermal treatment temperature increases, reaching a
maximum at 800 °C, which is a result of the evaporation of water that is both physically
and chemically attached to the substance during the process of thermal treatment.

Ma et al. [255] utilized thermal treatment for 300 °C, 600 °C, and 800 °C on fire-
damaged concrete waste. They reported that the microstructure of RCP-20C exhibits
irregularity, and it is possible to observe the C-S-H gel. At a temperature of 300 °C, the
cotton-like and porous micro-structure of RCP-300C transforms into a compact microstruc-
ture due to the disintegration of C-5-H gel. At a temperature of 800 °C, the microstructure
of RCP-800C becomes more compact compared to RCP-20C due to the disintegration of
portlandite and calcite.

The study of Sui et al. [215] focused on the process of hydrating and reusing WCP
after a thermal treatment within a temperature range of 400 °C to 800 °C. They observed
that heating WCP to 600 °C resulted in the formation of large cluster structures. Following
a 700 °C treatment, the presence of small clusters was noticeable. Additionally, the size
of the WCP heated to 800 °C was larger than that of the WCP heated to 700° C, but
smaller than that of the WCP heated to 600 °C. The surfaces of the WCP heated at 700 °C
and 800 °C exhibited numerous holes, which were likely a result of the dehydration and
recrystallization of C-S-H and the disintegration of calcium carbonate. In contrast, the
WCP heated at 600 °C and those without thermal treatment did not show such surface
changes. They concluded that WCP treated at 700 °C could be used in mortar or concrete
as an admixture.

Wau et al. [8] utilized thermal modification treatment (300 °C, 600 °C, 900 °C, and
1200 °C) on WCP. They stated that at thermal modification temperatures of 300-600 °C, the
microstructure of WCP-300C and WCP-600C becomes compact and the formation of C-S-H
gel cannot be observed. However, when the activation temperature on WCP reaches 900 °C,
new components are formed and surround the WCP-900C particle. They concluded that
when using the same replacement ratio of WCDP, the mortar characteristics are better when
using thermally modified WCP at temperatures ranging from 600 °C to 900 °C compared
to using untreated WCP.

Sasui et al. [132] examined the impact of high temperature (600 °C, 700 °C, and 800 °C)
on WCP and its utilization in alkali-activated materials. They stated that when exposed to
temperatures of 600 °C, 700 °C, and 800 °C, the thermally treated waste concrete powder
(TWCP) samples exhibited the formation of small fractures and flakes on their surface. The
surface cracks expanded as the treatment temperature was increased to 800 °C. They also
observed particle aggregation after thermal treatment. They stated that the BET surface
area exhibited a significant decrease as the temperature of thermal treatment increased,
and the size of the agglomerated particles in WCP/TWCP powders likewise increased as
the temperature increased.

In general, an increase in temperature during the thermal treatment of RP results
in a noticeable alteration in the size of the particles as presented in Figure 11. In some
of the studies, the particle size of RP after thermal activation increases because of the
displacement of chemically and physically bonded water that tends to aggregate, which
causes the agglomeration during the thermal treatment process [8,52,132,250,255]. However,
for the RP treated at low temperatures (400 °C and 600 °C), no significant difference was
observed, indicating that it has a low propensity for agglomeration [8,52,250,255]. The
samples that underwent treatment at elevated temperatures (800 °C) experienced volume
expansion because of the transition from a- to f-quartz, which led to the formation of
comparatively sizable particles [8,52,132,250]. When the activation temperature is over



Appl. Sci. 2024, 14, 9775

17 of 63

800 °C, the particle size of RP tends to decrease [8,215,250]. In some of the other studies,
the particle size of RP after thermal activation decreases, especially over 400 °C [174,215].
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Figure 11. Median particle size (D50, um) versus temperature (°C) [52,132,174,245,255].

Regarding the effect of thermal activation on the minerology of RP, based on the
experimental results observed, varying temperatures have distinct effects on the minerology
of RP [8,52,95,97,101,132,179,215,231,247,250,253,255,256]

Zhang et al. [52] observed quartz, calcite, and gismondine after thermal treatment
but not dolomite, which was observed after mechanical treatment. Additionally, new
active materials such as larnite and calcium silicates (CazSiOs5 and Ca,SiOy4) were detected
following thermal activation temperatures of 400-600 °C. They stated that at a thermal
activation temperature of 800 °C, the calcite present in RCP undergoes decomposition,
resulting in the formation of CaO and CO,. In addition, they stated that the intensity of
the diffraction peak in quartz is lower compared to the 400-600 °C RCP spectrum, which
suggests that the amount of crystalline SiO, decreases while the amount of amorphous SiO,
increases, which may be attributed to the crystalline transition of a-SiO, at temperatures
ranging from 600 to 800 °C.

Chen et al. [231] utilized chemical, thermal (500 °C, 600 °C, 700 °C, 800 °C, and
900 °C), and combined chemical-thermal activation to stimulate the activity of RFP. They
reported that the CaCOj diffraction peak gradually diminished and vanished as the RFP
was heated within the temperature range of 20-700 °C, and at temperatures over 700 °C,
CaCO3 undergoes full decomposition. During the temperature range of 600 °C to 900 °C,
distinct and ongoing diffraction peaks were detected, likely indicating the deterioration of
the C-S-H gel into 5-C,S due to thermal activation. Furthermore, the distinctive peak of
B-C2S became increasingly sharper as the temperature increased to 900 °C, suggesting an
improvement in the degree of crystallization.

Wu et al. [250] stated that the WCP-600 is similar in mineral composition (510, CaCOs,
and CaMg(CO3),) to the WCP-20C, with the exception that CaMg(COs3); is decomposed.
They further stated that the WCP-800C, which has undergone thermal activation at 800 °C,
can accumulate CaO composition through the disintegration of calcite. Additionally,
additional calcium silicate was generated by the decomposition of hydration products.
They reported that the concentration of CaO in WCP-1000C is higher compared to WCP-
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800C and at a thermal activation temperature of 1200 °C, the WCP-1200C process results in
the formation of anhydrous gypsum and a small amount of amorphous SiO,.

Florea et al. [247] reported that the 500 °C treated sample exhibited notable variations
compared to the reference RCF-20, primarily attributed to the decrease in the intensity of
portlandite peaks. Within the temperature range of 500 °C to 800 °C, the peaks associated
with calcite exhibit a significant decrease, nearly reaching full elimination. Portlandite
remains detectable in the sample treated at 800 °C, albeit in less quantities compared to the
RCF-500 sample. This can be attributed to the rehydration of a tiny portion of the elevated
CaO content caused by ambient moisture. The transition from a-quartz to -quartz occurs
at around 570 °C and can be reversed. Consequently, it is not possible to identify any
B-quartz in the RCF that has been subjected to treatment at 800 °C. The intensities of the
C,S/C3S peaks in the RCF sample treated at 800 °C have increased, indicating that the
thermal treatment of RCF leads to the production of a calcium-rich silicate phase like that
found in unhydrated cement.

Wu et al. [8] reported that the XRD pattern of WCP-600C, which underwent thermal
modification at 600 °C, shows the presence of C,S and C3S, but does not exhibit any
observation of CaMg (CO3),. At a thermal modification temperature of 900 °C, the calcite
in WCP-900C undergoes decomposition into CaO and CO,, resulting in the presence of
CaO in its XRD pattern. Additionally, the hydration products in WCP-900C decompose
into more C,S and C3S, which are active components that can participate in the hydration
reaction in its freshly made paste. The XRD pattern of WCP-1200C reveals the presence
of anhydrous gypsum, rankinite, and amorphous silicon dioxide after subjecting WCP to
thermal alteration at a temperature of 1200 °C.

Zhang et al. [97] ascertained four distinct temperatures of 200 °C, 400 °C, 600 °C, and
800 °C for the pretreatment of RP. They reported that the dominant crystalline phases
observed in RP were primarily quartz and calcite, accompanied by a few C-5-H crystals.
Nevertheless, the mineral compositions of RP specimens subjected to calcination at tem-
peratures of 400 °C or lower did not show any significant differences compared to the
reference specimen. However, the spectra of the calcined specimens did exhibit some peaks
with lower intensity, specifically in calcite and C-S-H, compared to the spectrum of the
reference specimen. The intensities of the peaks corresponding to calcite and C-5-H in
the spectra of the samples treated at 600 °C were further diminished compared to those in
the spectrum of the reference specimen, due to the disintegration of these minerals. The
RP800C spectra did not exhibit any peaks belonging to calcite or C-S-H. However, it did
show peaks corresponding to CaO, which resulted from the thermal decomposition of
the former. Nevertheless, the RP800C spectra still exhibited peaks that were attributed
to quartz, as the mineral had exceptional temperature stability. The XRD data presented
by Zhang et al. [97] indicates that thermal treatment can partially modify the mineral
composition of RP, leading to an enhancement in its reactivity.

Sasui et al. [132] stated that, upon being subjected to a temperature of 600 °C (TWCP-
600), the reflections of C-S-H, portlandite, and anorthite were diminished, whilst the
reflections of ettringite were completely absent. Upon subjecting the material to temper-
atures of 700 °C (TWCP-700) and 800 °C (TWCP-800), it was seen that the reflections
corresponding to C-S-H, portlandite, and calcite were no longer present, indicating that
these phases had undergone decomposition. Furthermore, the quartz content in TWCPs,
specifically in TWCP-700 and TWCP-800, also decreased, indicating that the quartz under-
went disintegration when exposed to high temperatures.

Activity Index of Thermal Activation on RP

Regarding the effect of thermal activation on the Al of RP, thermal treatment increases
the SAI up to 800 °C [5,211,215,231,255]. The Al of RP can exceed 80% following activation
at temperatures between 700 °C and 800 °C [52,215,247].

Chen et al. [231] found the AI of RFP as 77.4% at 700 °C. Sui et al. [215] stated that
WCP subjected to a temperature of 700 °C has the potential to serve as an additive in
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concrete. Ma et al. [255] observed that the Als for RCP-20C, RCP-600C, and RCP-800C are
72.6%, 75.0%, and 90.4%, respectively. Sasui et al. [132] revealed that by subjecting WCP to
heat treatment at temperatures of 800 °C or below, in combination with alkali activation, it
is possible to enhance the reactivity of WCP. It is recommended, by Wu et al. [250] and Yang
et al. [5], to use a thermal activation temperature of 600-800 °C to enhance the qualities of
WCP. Ma et al. [256] stated that RP-800C features an increased amount of active components
compared to RP-600C. Vashistha et al. [253] have chosen a heating temperature of 650 °C
as the optimal temperature for generating active phases in WCP. Tokareva et al. [211]
reported that the mechanical properties of mortars were enhanced by thermal treatment
at 500 °C, resulting in a 10% increase in SAI for screening waste from concrete (CSF) after
90 d of curing.

Figure 12 presents a summary of the Al values documented in the literature for various
temperatures to which RP was subjected.
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Figure 12. Activity index of thermally activated RP versus temperature (°C) [8,52,248,249,255].

4.2. CO, Activation

Given that the atmospheric CO, content is below 0.06 vol%, the CO, diffusion coeffi-
cient of cement-based materials is estimated to be around 10719 t0 10712 m/s [257,258]. So,
the spontaneous carbonation process of concrete is expected to endure for several decades.
Therefore, accelerated carbonation methods are used to ensure the rapid carbonation of
hydrations and clinkers in RP, thus promoting CO, mineralization which typically takes
only a few days [61,228,257,259-261]. Consequently, extensive investigation into the CO,
activation of RP has been conducted in the past decade and there were positive findings
regarding the enhancement and reactivation of RP [169,228,248,260-262].

This approach relies on the inherent ability of alkali Ca and Mg in RP to react with CO,
to form carbonates. The primary unhydrated calcium phases (C,S and C3S), along with
hydrated phases like C-S-H gel and ettringite (AFt), and the major crystalline hydrated
phase of RP, readily undergo a reaction with abundant CO, to produce a thermodynamically
stable form of CaCOj3 [61,228]. Furthermore, it has been determined that carbonating RP has
a remarkable ability to capture CO,, which could lead to a permanent stabilization of CO,
levels [228,262-264]. Significantly, the utilization of carbonated products in the concrete
sector has the potential to decrease CO, emissions by more than 9% [262,265]. Another
benefit of this procedure is that the carbonated RP can serve as an SCM for producing new
composite cements [228,248,259,261]. Due to its porous nature and ability to absorb water,
the carbonation of RP has been recognized as an efficient method to enhance its quality by
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limiting water absorption and creating a denser structure [80,266]. CO, activation processes
can be categorized into direct and indirect techniques [259,260,262].

4.2.1. Direct Carbonation Processes

Direct carbonation is a straightforward chemical process which involves the direct
reaction of untreated RP with CO, to produce carbonates. Carbonation can be directly
carried out in either a gas—solid system or an aqueous system [169,221,257,259,260,262].

The gas-solid carbonation methods are developed by increasing the CO, concentration,
pressure, and temperature, along with maintaining a suitable relative humidity. Common
gas—solid methods include normal CO, curing, flow-through carbonation, and pressurized
carbonation [221,257]. In the dry process, water exists in the form of vapor, as a coating of
absorbed H,O on the particle surface, and within the pores between the particles [221] and the
process involves the reaction of RP with CO; in the absence of any liquid [221,259,260,262].

Aqueous carbonation (AC) is an alternative method of carbonation that relies on
interactions between a liquid and a solid. The process involves submerging the solid
materials in a bulk liquid (i.e., at high liquid-to-solid ratios) and introducing CO; by
injection. Upon contact with the bulk liquid, the gaseous CO, undergoes a transformation
into aqueous carbonate species [80,169,221,260,267,268]. The process of carbonating RP in
water-based systems is a widely used and accepted method [80,269]. This process not only
simplifies the conversion of CH in RP into CaCOj3, but also generates nano-silica as a result
of the decomposition of C-S-H gel [80,221,261].

Regarding the carbonation time, Kaliyavaradhan et al. [219] found it to be 90 h with a
water-to-solid ratio (w/s) of 0.4. They argued that an excessively high or low w/s hinders
the efficiency of the carbonation conversion process. However, extending the carbonation
duration enhances the carbonation reaction of WCP even more. They reported that the
presence of reactive components in WCP allows for efficient reaction with CO;, leading to
the formation of additional calcite crystals during the carbonation process.

Algourdin et al. [117] carried out a parametric study of accelerated carbonation on
recycled fine (RF), with varying parameters of water content (1, 7, and 25%), powder size
(50 um and 80 um), carbonation duration (1, 3, 8, 14, 17, and 24 h), CO, concentration
(18 and 100%), and heating temperature (500 °C). They found that the impact of particle
size on the extent of carbonation is substantial. A lower particle size (50 um) exhibits a
greater degree of carbonation in comparison to a larger particle size (80 um). The duration
of carbonation, ranging from 1 h to 24 h, affects the absorption of CO,. The absorption of
CO; occurs rapidly for 17 h.

Wu et al. [91] evaluated the impact of temperature ranging from 20 °C to 140 °C on
the carbonation efficiency of RCE. They reported that elevated temperature, in combination
with a 20% concentration of CO,, enhances the carbonation process of RCF and the recom-
mended optimal carbonation temperature is 100 °C. They also stated that the carbonation
temperature has a significant impact on the polymorph and morphology of calcium CaCOs3
precipitated in carbonated RCE.

Ouyang et al. [270] stated that the surface of the carbonated RP is covered with a
coating of amorphous silica gel and the produced CaCO; was enveloped by silica gel.
They also reported that, during the process of dry carbonation, the RP particles were in
close proximity to one other because they were not well dispersed. As a result, when
calcium dissolved in the moisture on the surface, the calcium carbonate (Cc) precipitated.
Zajac et al. [259] reported that the moisture conditions during carbonation had a significant
impact on the carbonation process. According to the report, when RCP was carbonated
at a relative humidity of 80%, the resulting Cc consisted of 26% calcite, 45% vaterite, 3%
aragonite, and 36% amorphous Cc.

Ho et al. [264] examined the process of directly carbonating waste concrete fine (WCF)
in an aqueous solution under atmospheric pressure and with a low concentration of CO,.
They observed that the level of carbonation increases proportionally with the increase in
the solid-liquid ratio, aligning with the observed CO, absorption outcomes.



Appl. Sci. 2024, 14, 9775

21 of 63

Zhang et al. [257] reported that the carbonation kinetics of RCFs in an aqueous envi-
ronment exhibited a characteristic dependence on particle size. Particles with a greater
size were coated with a reactive shell on their outer surface, whereas smaller particles
disintegrated during accelerated carbonation. They also observed that during the process
of cement hydration, carbonated RCFs had a role in initiating and stabilizing C-S-H gels,
which led to the fast hydration of cement.

Shen et al. [261] examined the carbonation mechanism of RCF in pure water. They
observed that the Cc was the primary product of carbonation in the carbonated RCE. Two
distinct types of Cc were identified: calcite and amorphous calcium carbonate (ACc). Both
types of Cc were generated at the same time within the first 5 min. However, the amount
of calcite increased as the carbonation duration increased, whereas the amount of ACc
declined and totally disappeared after 30 min.

In general, direct carbonation increases the particle size and SSA of RP [169,219,
259,261,263,270] due to the particle agglomeration and chemical reaction of hydration
products, and the carbonated RP exhibits a denser and smoother surface topology due
to the carbonation of the hydration products, which fills the micropores and voids with
CaCO;s and silica gel [61,91,167,169,226,261]. Kaliyavaradhan et al. [219] observed that D50
of raw WCP is 26.49 um. After the carbonation process, it increased to 38.41 um. The D50 of
carbonated concrete fine (CF) was 57.00 um, whereas the D50 of untreated CF was 24.50 um.
Ouyang et al. [270] measured the D50 of carbonated RP as 49.00 pm, whereas the D50 of
untreated RP was 19 um. In contrast to the results observed with dry carbonation, Poon
et al. [262] discovered that RP exhibited enhanced fineness and reduced average particle
sizes following liquid—solid carbonation.

Both carbonation procedures can effectively generate a suitable level of carbonation in
RP. The efficacy of gas—solid carbonation is significantly influenced by the concentration
of CO,, pressure, relative humidity, duration of carbonation, and moisture content of the
parent materials. To ensure a satisfactory carbonation rate, it is necessary to carefully control
the internal and ambient humidity of the samples [261,271]. The literature demonstrated
that the process of gas—solid carbonation exhibited the most rapid initiation when the
relative humidity was between 50% and 70% [261].

On the other hand, liquid-solid carbonation was found to be more effective in com-
pleting the carbonation process within a timeframe of 6 h, whereas the carbonation time
for gas—solid carbonation was 24 h [80,257,262]. Additional pressure was necessary to
expedite the diffusion of CO, and increase the rate of gas—solid carbonation [261,272].
Experimental studies have shown that the carbonation rate can be enhanced by up to three
times using the liquid-solid method compared to the gas—solid method [259,262], and
almost total carbonation could be obtained within a few hours [261,262]. Furthermore, the
maximal mass output of Cc was enhanced to more than 60%, indicating a greater level of
carbonation [261,262]. During liquid-solid carbonation, the majority of Cc is formed as
calcite, whereas the presence of other polymorphs, including amorphous Cc, is significantly
reduced compared to gas—solid carbonation. This reduction may be attributed to their
transformation into calcite in a solution environment [259,261,262].

The gas—solid carbonation tests have demonstrated markedly reduced levels of carbon-
ation in comparison to the liquid-solid approach [51,80,221,257,260,261,273]. The observed
phenomenon is ascribed to the presence of a compact carbonation layer on the surface of
the particles, which hinders the passage of more CO, and consequently decelerates the
reaction [80,221,257,259,260,273].

The liquid-solid carbonization caused the RP to disintegrate, which in turn enhanced
the dissolution and carbonation of the interior phases, including the anhydrous clinker
phases that were not accessible through gas—solid carbonation [259,261,262,270]. The pro-
cess of the gas—solid carbonation of RP leads to the formation of a layered silica gel coating
on the surface of CaCOj3. Conversely, the process of the liquid-solid carbonation of RP leads
to a heterogeneous dispersion of silica gel and CaCO3 without notable stratification [80].



Appl. Sci. 2024, 14, 9775

22 of 63

4.2.2. Indirect Carbonation Process

Indirect carbonation, which includes multiple steps, often utilizes acidic and basic
substances to dissolve RP in order to extract calcium. The dissolved calcium ions are then
exposed to a solution containing CO; or a compound that releases carbonate ions to cause
the precipitation of CaCOj [259,260,262]. If necessary, additional procedures such as impu-
rity elimination and the recycling of waste solutions can be incorporated. The dissolution
of RP often regulates the rate of the reaction due to the crucial role of calcium availability
in the carbonation process [260,262]. Distilled water [274], HNO3 [275], CH3COOH [276],
HC1 [276,277], NH4Cl solution [276], or NH4OH solution [278] are typically used to dis-
solve RP.

Some researchers proposed bipolar membrane electrodialysis (BMED) to treat the
waste solution [260,277]. A bipolar membrane is a composite membrane consisting of an
anion-exchange membrane and a cation-exchange membrane. A bipolar membrane has
the ability to generate H* and OH™ ions by allowing water to pass through the anion-
and cation-exchange membranes. This feature can be utilized in electrodialysis to produce
BMED. Electrodialysis is a method of separating substances using a special membrane that
has varying electrical potentials. OH™ and H* can be formed through the use of a bipolar
membrane, allowing for the regeneration of acid and alkaline solutions [260,279,280].

It should be noted that compared to the indirect method, direct carbonation has several
key benefits, including reduced costs and environmental consequences due to its straight-
forward nature and decreased use of chemicals compared to indirect carbonation [259,281].

4.3. Biomineralization Activation

Biomineralization is the biological process by which living organisms precipitate
mineral phases through their metabolic activities in the surrounding environment [169,
282,283]. Mineralization in bacterial systems occurs through either biologically controlled
(BCM) or biologically induced (BIM) processes [282,283]. The process of microbial-induced
carbonate precipitation (MCIP) is linked to BIM and is the most extensively researched
aspect of biomineralization [283,284].

MICP is a phenomenon where calcium carbonate crystals are formed as a result of
the interaction between metabolites produced by microbes and a calcium-rich environ-
ment. In alkaline conditions, various bacterial species precipitate carbonates by diverse
processes [169,282,285,286]. Nearly all bacteria have the ability to perform MICP at different
rates and the MICP process naturally happens under normal settings [285-287].

Dong et al. [169] utilized gas—solid carbonization, liquid—solid carbonization and
microbial mineralization to activate the recycled hardened concrete powder (RHCP) under
the normal temperature and pressure environment with a CO, volume fraction of 19.98%.
For MICP, during the activation of RHCP, a Bacillus strain with the ability to secrete carbonic
anhydrase was added to the CO, carbonization system of RHCP. They stated that mineral
composition resulting from the DC-RHCP (RHCP treated with gas—solid carbonation),
LC-RHCP (RHCP treated with liquid—solid carbonation), and MM-RHCP (RHCP treated
with microbial mineralization) were identical. Conversely, the microstructure of RHCP was
shown to vary depending on the activation method used. They observed that the MM-
RHCP’s surface was filled and coated with calcite-type CaCOj3, resulting in an enhancement
in particle size distribution.

According to Dong et al. [169], the biological deposition exhibited a lower crystal
size and a spherical form, which was distinct from the chemically deposited material.
Meanwhile, the recently created biologically deposited calcium carbonate might serve as
the nucleation site and stimulate the production of C-5-H gel due to its smaller crystal
size and bigger specific surface area. They stated that the addition of MM-RHCP can
serve as sites for nucleation, promoting the development of hydration products during
the curing process. This, in turn, speeds up hydration and enhances the strength of
mortar or concrete. Furthermore, bacteria have the ability to assimilate CO; from the
atmosphere or mineralization chamber, thereby expediting the process of CO; and calcium
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ion mineralization. This results in the formation of additional calcium carbonate, which
fills the existing fractures. Thus, the performance of MM-RHCP was superior to that of
DC-RHCP and LC-RHCP to some degree.

4.4. Other Activation Methods

Wang et al. [103] used tannic acid (TA) for the activation of RCFE. TA refers to a plant
polyphenol that may dissolve in water. It is considered the third largest category of plant
products in the world, following cellulose and lignin [103]. It can be derived from plants,
microbes, or the decomposition of organic substances in water [103,288]. The authors
immersed RCF in TA solution for 1 h. Next, the solid particles were separated from the
TA solution using filtration and subsequently dried in an electric blast drying oven at a
temperature of 80 °C for a duration of 24 h to eliminate any absorbed water. They observed
that the peak intensities of CH are diminished due to a chemical interaction taking place
between CH and the TA solution, resulting in the consumption of CH by the TA solution.
Nevertheless, the XRD analysis did not reveal any evidence of new mineral formation in
the RCF samples treated with 0.5% TA and 1% TA. FTIR analysis revealed that part of the
calcite in the RCF samples was depleted during the chemical reaction between the RCF and
TA solution and the calcium-TA complex likely formed on the surface of the RCF particles
due to the coordination of polyphenol functional groups with calcium ions by chelation.
SEM analysis revealed that TA treatment significantly increases the density of the RCF
samples, and a considerable quantity of submicron particles are present on the treated RCF
particle surfaces of the two samples.

Kanda and Harada [289] acid-treated WCP samples using 2 mol/L of HCl. For
acid-treated WCP (WCP-HCI), while the proportions of SiO, and Al,O3 increased, the
proportion of CaO decreased significantly. They observed that the crystal structure of
the WCP mainly consists of calcite and quartz. Consequently, WCP-HCI underwent a
transformation into siliceous particles.

Abdel-Gawwad et al. [290] conducted a treatment process involving the addition
of NaOH to concrete waste (CW). Following chemical treatment, the CW underwent a
structural transformation from inactive to active. The untreated CW was predominantly
composed of quartz, calcite, and dolomite. A minor peak associated with CH indicates that
cement has been hydrated within the concrete structure. The introduction of NaOH into
CW lead to an increase in the production of CH and Mg(OH),.

Activity Index of CO;, Biomineralization, and Other Activation Methods on RP

Al demonstrates a substantial enhancement while utilizing carbonated RP and RP
treated with nano materials and chemical activation in comparison to untreated RP as it is
presented in Figure 13 [91,169,219].

Wu et al. [91] presented the SAI of each mixed sample at a defined age. They reported
that the early-age and long-term hydration of cement paste are significantly influenced by
the carbonation temperature of RCF, and eventually the early-age strength development of
the blended cement material can be facilitated by the high-temperature carbonated RCF
(60°C, 100 °C, and 140 °C). This is primarily due to the nucleation effect and the acceleration
of cement hydration that are caused by the reaction of CaCOj3 in the carbonated RCF (CRCEF)
with C3A of cement clinker. They stated that the nucleation effect of carbonation products
in CRCF on cement hydration becomes less apparent as time progresses.

Kaliyavaradhan et al. [219] calculated the SAI as per ASTM C311/C311M-18 [291], by
utilizing 20% of WCP to replace cement. They reported that the reaction between C3A and
CaCO;3 in carbonated WCP led to the creation of calcium carboaluminate hydrate, which
was accountable for the initial increase in strength. The carbonated WCP mortar exhibited
a SAl value exceeding 75 at both 7 and 28 d, indicating its suitability as a potential SCM in
cement concrete, in accordance with the ASTM standard [291].
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Figure 13. Activity index (%) of chemical, CO,, and nano activation methods for RP.

Dong et al. [169] tested the Al of RHCP according to JG/T573-2020 [292]. They re-
ported that the mortar activity indexes of dry carbonization, liquid carbonization treatment,
and microbial mineralization treatment were 56.3%, 60.2%, and 76.4%, respectively, when
subjected to the identical water demand and activation circumstances. The Al of the MM-
RHCP was 42.8% more than that of the untreated RHCP mortar. The Al of MM-RHCP
reached 70% after 7 d of mineralization treatment. Nevertheless, following the initial 7 d
activation period, the Al gradually increased as the mineralization time was extended. They
advised treating the RHCP to microbial mineralization for a duration of 7 d, at conditions
of ambient temperature, atmospheric pressure, and 80% humidity.

Zhang et al. [52] evaluated the effect of mechanical, thermal, and chemical activations
on the Al of RCPs. For the chemical activation, they found that CaO (3%) is the most
ideal, followed by CaSO4 (1%) and NaySO;4 (2%), while CH (4%) is the least optimal. They
found that the most optimal method for combined activation involves using CH and CaSO,
in a 1:1 ratio. They stated that, of all of the activations, thermal activation has the most
significant effect, followed by chemical and mechanical activations. The authors claimed
that the primary factors contributing to this improvement are the refinement of particle
properties through mechanical activation, the stimulation of activity through chemical
activation, and the promotion of nucleation in RCP after thermal activation, resulting in an
increased number of nucleation points for hydration product formation.

Chen et al. [231] measured the SAI of RFP as per JG/T 573-2020 [292]. As a result of the
chemical activation test, the SAI of the NI1-1% (test group with water glass as the chemical
activator) was 68.3%, slightly exceeding that of NS1% (68.2%) (test group with NaySOy as
the chemical activator). They further studied the impact of combining chemical and thermal
activation on the mechanical characteristics of mortar. The activation technique entailed
heating the RFP to 700 °C and then adding the water-glass activator (with a modulus of one
and a content of 1%) to produce the mortar. The SAI of the activated specimens reached
a maximum of 69.0% and 57.5%, respectively, as compared to the unactivated specimens.
When using a 30% dosage of NaOH, Na,;SO,, and water-glass chemical activators, there
was only a slight improvement in the strength of RFP. This improvement was only observed
in the mortar system during the first 3 d of its formation. An inverse relationship was
detected between the amount of activator or the modulus of the water glass and the strength
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at later stages (28 d). They concluded that the impact of thermal activation on the RFP was
most pronounced at a temperature of 700 °C, with a dosage of 30%.

5. Micro-Properties of the Cementitious Materials with RP

This section and the following sections of the evaluation exclusively address pastes
and mortars, excluding aerated concrete waste, autoclaved concrete waste, hydrated cement
paste, concrete waste slurry, and waste cellular concrete powders, to compare the results of
the following sections based on concrete waste-generated RPs with similar microstructure,
minerology and chemical composition. The authors excluded aerated concrete waste,
autoclaved concrete waste, hydrated cement paste, concrete waste slurry, and waste cellular
concrete powders due to the insufficient number of studies available for analysis and
comparison, as the microstructure, mineralogy, and chemical composition of these wastes
are distinct compared to concrete waste-generated RPs.

5.1. Hydration Heat Analysis

The findings of the hydration heat test, which is often used to analyze the early-stage
hydration kinetics of cementitious materials, provide a thorough depiction of the chemical
reactions occurring in all components inside the sample. The isothermal calorimeter is used
to test the hydration heat release of RP [59,80].

The process of hydrating heat can be categorized into five distinct phases: initial
reaction (pre-induction period), induction period, acceleration period, deceleration pe-
riod (delay period), and stabilization period [59,65,80,140,144,147,179,201]. Based on the
Krstulovic-Dabic model, the hydration of cement pastes with RP can be described by
three distinct processes: nucleation and crystal growth, interactions at phase borders, and
diffusion. It is important to state that the three processes might happen at the same time,
but the rate at which hydration occurs is determined by the slowest process [32].

The inclusion of the RP leads to a decrease in the peak time of the heat of hydration
curves, suggesting that the addition of RP enhances the rate at which the paste hydrates
due to its dilution effect [65,83,84,98,101,129,138,140,142,144,152,201]. The acceleration of
cement hydration is typically attributed to the finer particle size and increased surface area
available for the nucleation of C-5-H, as seen by the higher specific area of RP compared
to cement [32,83,101,118,127,142,163,213,293].

At the early stage (the wetting heat is the heat that is generated by a unit mass of
initially dry powder upon immersion in water), RP exhibits a greater wetting heat compared
to cement because it possesses a more porous structure [38,59,129]. Additionally, RP exhibits
a smaller particle size and a greater specific surface area, leading to an increased release
of heat during hydration due to enhanced interaction with water and a higher number of
nucleation sites. Hence, the inclusion of RP can impact the rheological characteristics of
cement paste by enhancing the process of cement hydration through improved dissolution
and precipitation [38,59].

Figure 14 presents a summary of the fluctuations in accumulated heat in relation to the
reference. A significant increase is observed in the initial phases and at low RP percentages.

Du et al. [32] observed that the addition of RCP with a D50 of 3.0 um greatly increased
the rate of hydration in cement paste, compared to a larger particle size of RCP measuring
36.1 um. Liu et al. [140] suggest that replacing up to 30% by weight of PC with RCP
utilizing nano silica (NS) reduces heat flow and accumulated heat. Deng et al. [83] suggest
that the utilization of 8% RCP not only decreases the time it takes for a reaction to start but
also enhances the amount of heat that is generated. Zhang et al. [113] suggest that the heat
accumulation in the first 12 h is caused by the ongoing stimulation of cement hydration for
4% RCP with a particle size of 0.249 um (D50). Chen et al. [71] reported that when the RCP
dosage by weight is 15%, and the substitution rate of other mineral admixtures is 15% by
weight, the cumulative heat was the highest among the RCP samples mixed with FA and SF.
Rocha et al. [144] reported that the RCP-C with a 10% concentration exhibits comparable
heat release to CP. According to Li et al. [35], increasing the proportion of RFP (10-90%)
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in the blended cement results in a longer period of hydration induction. Additionally, the
peak hydration exothermic rate and accumulated heat release show a clear decreasing
trend. Chen et al. [147] observed that when the content of WCRP and the content of FA and
SF were both 15%, the hydration rate and cumulative hydration heat of the pastes were
found to be the highest among all of the samples containing FA and SF.
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Figure 14. Cumulative heat variation (%) versus time (h) [35,65,71,83,98,114,129,138,142,144,147].

Duan et al. [65] presented that the rate at which heat was produced in pastes containing
RP was higher than the rate in cement pastes during the initial 30 min. They argued that the
presence of C3A in cement clinker significantly enhances the rate of hydration, particularly
during the early stages. Simultaneously, the microelements included in RPs facilitate the
hydration process of C3A, resulting in an increased rate of hydration.

Zhang et al. [98] stated that the utilization of RCP promotes the initial process of
cement hydration (occurring within the first 10 h) if the replacement rate does not exceed
20%. They stated that substituting OPC with RCP in the binary cement paste does not result
in the formation of new hydration products, but it can contribute to a minor enhancement
in the degree of cement hydration, particularly after 28 d.

Zhang et al. [114] utilized wet grinded RP (WGRP) in cement pastes. They reported
that WGRP clearly assisted the early release of PC hydration heat, resulting in an almost
complete elimination of the induction time. In addition, the nucleation impact of WGRP
greatly accelerated the formation of hydrates and increased the degree of hydration. Fur-
thermore, it was noted that the inclusion of WGRP also led to an increase in the cumulative
hydration heat.

Darweesh [213] observed that the rate of hydration and cumulative heat of hydration
with various concrete waste powders (CWPs) from different sources in the first 30 min
were higher than that of the pure cement pastes. The initial hydration results suggest that a
2.5 weight % addition of NS has the most significant impact on enhancing the hydration of
WCP blended cement pastes.

Deng et al. [83] observed that the addition of 2% submicron RP (SRP) not only reduces
the induction duration of PC, but also significantly shifts the location of the peak hydration
heat from 13.4 h to 9.8 h, when compared to the reference. Moreover, by observing
the cumulative heat of PC-SRP at various ages, they stated that SRP could promote the
hydration of PC at an early stage. They also observed that the efficacy of this promotional
impact was evidently diminished as time progressed.
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Similar to mechanical activation, thermal activation and CO, activation also have a
positive impact on enhancing the rate at which the RP hydrates [40,60,80,91,130,179,214,
261,263,294].

Zhang et al. [179] examined the hydration process of different pastes, including a
reference blend with the original RCP, as well as pastes with the RCP subjected to calcination
at temperatures ranging from 400 °C to 1000 °C. They reported that, in contrast to the
reference blended paste, calcined RCP exhibited an earlier initiation of the acceleration
stage of cement hydration, irrespective of the calcination temperature or particle category.

Liang et al. [40] reported that hydration reactivity was enhanced in RCP treated at
650 °C; after 48 h, the accumulated heat was 35% lower than that of the cement but 70%
higher than that of untreated RCP.

Wu et al. [91] reported findings on the hydration process of cement pastes using
carbonated RCP (CRCP) at various temperatures. They observed that, when compared
to pure cement paste, subjecting cement paste to a carbonation temperature of up to
60 °C resulted in a longer hydration process. Peng et al. [130] found that the total heat is
augmented by 30.54% when the CRCF replacement ratio increases from 0 to 20%, which
suggests that the higher replacement of CRCF enhances the hydration level of OPC per
unit mass. Zhang et al. [263] reported that the inclusion of CRCF accelerates the early
hydration of cement paste. Nevertheless, the incorporation of CRCF leads to a substantial
reduction in the overall heat generated during the hydration process of cement paste after
48 h, primarily due to the decreased cement content.

Shen et al. [261] worked with carbonated RCE. They observed that the mixes with
varying CH concentrations exhibited a prominent hydration peak at approximately 1 h,
with the majority of hydration heat being dissipated within the initial 6 h. This suggests that
the amorphous gel had a notably elevated pozzolanic reactivity. Darweesh [213] reported
that the addition of NS resulted in a higher level of heat release during hydration, which
was directly proportional to the NS content. They also stated that WCP can cause a delay
in the hydration process of cement paste and negatively impact hydration.

Wang et al. [103] observed the effect of the TA treatment on the hydration of the
cement pastes with RCF. They observed that when using TA-treated RCF, all pastes ex-
hibited increased thermal flow and generated more reaction heat during the initial 6 h of
the measurement. They stated that the presence of residual TA slows down the cement
hydration process, as indicated by the extended duration of inactivity and lower heat flow
in the pastes treated with TA-treated RCFE.

5.2. Microstructural Analysis

In general, the mixture without RP includes a higher concentration of fibrous C-S-H
gel and an optimal quantity of CH. Upon the addition of a small amount of (10-15%) RP,
the C-S-H gel experiences additional growth while the CH content significantly decreases.
This suggests that the RP absorbs a portion of CH and produces C-S-H gel, resulting in
a denser microstructure. As the content of RP steadily increases, it becomes challenging
for C-S-H gel to increase, resulting in a small amount of unreacted RP particles remaining
on the surfaces of the hydration products. This suggests that a significant quantity of CH
produced during the process of cement hydration has been utilized, and the remaining RP
particles did not participate in any further hydration reactions but rather served as inactive
fillers. When the content of RP reaches 50%, the production of CH experiences a substantial
decline and is entirely utilized by RP. There is a significant quantity of unreacted RP particles
scattered near the hydration products. Additionally, the microstructure exhibited a loose
and porous composition, resulting in a reduced level of compactness [100,192,198,205,235].

Typically, the microstructure of cementitious matrices including RP is less dense, more
porous and has more cracks compared to the reference mix [6,8,52,72,83,97,100,101,137,140,
141,164,179,192,211,217,231,235,245,250,290,295,296].

Increased looseness, more pores, and cracks can be observed when the RP ratio
increases [6,8,97,98,100,140,141,201,205,231,235,250,293,296,297]. However, when the RP
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content is below 30%, it does not have the ability to change the cement matrix. Instead, it
forms a dense microstructure that is influenced by physical filling [8,52,98,100,140,250,295,
297]. A less dense structure is attributed to the RP reducing the formation of new hydration
products [6,8,100,101,141,164,205,250].

Amorphous C-S-H [6,8,32,78,81,83,98,100,130,140,141,144,164,179,192,195,198,201,205,
217,231,235,245,250,293,295,297,298], plate-like CH [6,52,78,83,98,130,141,144,164,195,198,
205,217,231,245,296,298], and the needle-like AFt crystals [6,52,78,83,98,130,140,141,144,179,
195,231,297,298] are the main hydration products observed in all of the groups of paste
with RP. Nevertheless, there are variations in the proportions.

Wu et al. [192] reported that when substituting 30% of the cement with RFP, the
microstructure of the RFP-blended paste is less compact compared to the microstructure
of the paste without RFP. Furthermore, the RFP particles are predominantly enveloped
by hydrated substances within the paste, including RFP itself. As the hydration reaction
progresses, fresh hydration products develop on the outer layer of RFP microparticles.

Zhang et al. [52] performed an analysis for the effect of grinding time on hydration
products. They stated that when 30 min grinded RCP is used, numerous needle/rod-
shaped AFt particles are observed in the mortar, together with crystalline hexagonal
plate-shaped CH crystals. They observed that after grinding for 60 min, CH crystals in
the recycled mortar experience an increase in size, while the amount of AFt decreases.
However, the overall structure of the mortar remains loose and porous. As the grinding
duration increases, the particle size of RCP decreases, causing it to fill specific pores. Zhang
et al. [179] performed a similar analysis and reported that the powder-grinding operation
significantly enhanced the compactness, particularly when using RCP.

Wu et al. [250] stated that in contrast to regular paste containing large amounts of
hydrated materials, the presence of WCP particles can be clearly observed in the paste
mixed with waste powder. These particles are surrounded by C-S-H gel, which enhances
the filling and nucleation effects of the waste cementitious powder at a micro-aggregate
level. Chen et al. [245] reported the same result stating that the paste with RP demonstrates
a significant presence of RP particles enclosed inside substantial C-S-H gels, indicating the
nucleation and filling actions of RP.

Wau et al. [295] reported that within a mixture containing 30% ground concrete powder
(GCP), a robust and efficient bonding interaction is seen between GCP particles and recently
generated hydration products. Nevertheless, substituting 70% of the cement with GCP
has a detrimental impact on the formation of microstructure, as well as a weak adhesive
interaction between the GCP particles and C-S-H gels.

Liu et al. [140] and Liu et al. [217] reported that when 30% of RCP was utilized as a
substitute for cement, the matrix structure exhibited increased roughness, accompanied by
the presence of many pores and the observation of hexagonal flake CH. They also reported
that the RCP-2%NS group exhibited a denser microstructure with fewer cracks and pores
compared to the RCP group, due to the beneficial impact of NS on cement hydration.

Thermal activation, CO, activation, chemical activation, biomineralization, and nano
activation provide a denser structure and a good bonding capacity between the RP particle
and new hydration products in RP blended mixtures [81,83,84,100,205,222,231,256,299,300].

Zhang et al. [97] reported that the inclusion of the RP did not appear to modify
the structure of the alkali-activated cement. Nevertheless, further microcracks emerged,
and a portion of the RP became embedded within the recycled alkali-activated cement
(RAAC) matrices. They also conducted tests on RP-integrated paste with various activation
temperatures. They stated that the heating pretreatment of RP had a slight impact on
the shape of the alkali-activated cement produced. The microstructure of RAAC10%-
T600C exhibited a high level of compaction and density, with the matrix containing porous
structures of the RP and spherical FA. On the other hand, RAAC10%-T800C exhibited a less
uniform microstructure characterized by an increased number of cracks inside its matrix.

Wu et al. [8] stated that at temperatures ranging from 300 °C to 900 °C, the mi-
crostructure of the paste including thermally modified WCP is more compact than the
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paste containing untreated WCP. Additionally, the thermally modified WCP particles are
surrounded by a dense layer of C-S5-H. However, the micro-structure of paste containing
1200 °C-modified WCP becomes less dense and more porous compared to other pastes. Hu
et al. [101] reported that, at a substitution level of 50%, the micro-structure of paste with
50% heat-modified WCP is denser compared to paste with 50% un-modified WCP.

Zhang et al. [263] stated that the morphology of ettringite in the control sample
containing 0% CRCF is more elongated compared to the ones created in cement paste with
CRCE. Furthermore, the length of ettringite reduces as the level of CRCF increases. The SEM
images of the sample containing 30% CRCF do not exhibit the presence of “needle-like”
particles. This result suggests that CRCF has the ability to undergo a reaction with ettringite.
The sample containing 30% CRCF exhibits a microstructure that is denser and less porous
compared to the control sample.

Peng et al. [130] investigated the impact of CRCF on the initial hydration kinetics of
OPC paste. They reported that when the CRCF particle encounters water, the surface of
the particle quickly becomes coated with many needle-shaped C-S-H gels. They stated
that the CRCF10 paste demonstrates a microstructure that is more uniform and compact
compared to the reference paste, particularly at 3 d. This phenomenon can be attributed to
the increased formation of C-S-H hydrates and other hydrates caused by the accelerated
growth of C-5-H seeds in the CRCF10 paste, resulting in a filling effect. They further stated
that the reference paste contains a significant quantity of lamella-form CH crystals at 3 d,
whereas the CRCF10 paste has only a small amount of CH. This suggests that the CH in
CRCF10 is being partially consumed by the amorphous silica and silica—alumina gels.

Abdel-Gawwad et al. [290] implemented one-part alkali-activated cement by mixing
chemically treated CW. They reported that a one-part autoclaved aerated concrete sample
exhibited a low compact microstructure with the presence of a gel-like hydration product
that intertwined with unreacted slag, dolomite, and calcite particles. Ren et al. [216]
examined the characteristics of concrete blocks made from alkali-activated slag (AAS) that
contained RCF and RCP. They found out that the majority of the AAS concrete blocks
exhibit the presence of pores and cracks.

5.3. Mineralogical Composition

The XRD analysis offers valuable information into the reaction mechanisms of cement
mixtures. An XRD examination of cementitious matrix, which includes RP, reveals the pres-
ence of both hydration products and minerals originating from RP. Diffraction intensities,
however, exhibit variations according to factors such as matrix age, fineness, composition,
origin, and treatment [9,38,184,192,290,298].

The identified primary common compounds include the following: calcite (CaCOs3) [7,8,35,
52,59,61,71,78,80,83,91,97,98,100,101,103,116,118,122,127,130,137,147,164,176,179,180,192,195,201,
205,211,213,214,231,235,245,250,253,270,293,295,297,299,301], quartz (SiO,) [8,32,35,52,59,71,78,
80,97,98,100,101,103,116,118,122,127,137,140,147,164,176,179,180,192,195,201,205,211,213,214,216,
217,231,235,245,250,253,293,295,297,298,301], portlandite (CH) [7,8,32,35,52,59,71,78,80,83,91,98,
100,101,103,122,130,140,145,147,164,176,179,180,192,195,201,205,211,213,214,217,231,235,245,250,
253,255,256,270,295,297,298], ettringite, the most important phase of Aft [7,8,59,61,71,78,80,83,91,
98,118,130,131,140,147,179,211,213,214,217,231,245,253,295,297], alite (C,S) and belite (C3S) [8,52,
61,71,78,80,83,91,103,130,140,147,179,180,192,205,211,213,214,231,245,295,298], calcium silicate
hydrates (C-5-H) [7,8,32,52,81,84,98,101,116,127,140,147,192,201,205,211,213,214,245,250,255,270,
290,295,298], and gypsum [8,52,98,131,179,231,245,250,295].

The identified non-common compounds include the following: tobermorite [7,127],
dolomite [32,52,97,140,192,231], calcium oxide [52,147,211,213,250,255], mullite [8,97,293],
hydrotalcite (Ht) [127,201,290,293], C-(A)S-H [32,97,290,293], monocarboaluminate
(C4ACH711) [78,80,118], vaterite [91,299], rutile (TiO,) [78,91], kaolinite [118], calcium alumi-
nate monocarbonate (CAMC) [61,91], ferrite [80,91], feldspar [118,301], sodium calcium alu-
minosilicate hydrate (NCASH) [205,216], tetracalcium aluminate hydrate (C4AH;3) [118],
magnesium silicate hydrate (MSH) [290], tetracalcium aluminoferrite (C4AF) [78], al-
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bite [173], aragonite [299], goethite [122], mica [118], zinc oxide (ZnO) [130], and anhydride
(CaSOy) [52].

The hydration process of cement-based materials that include RP can be classified
into two separate procedures. Upon contact with water, cement undergoes a chemical
reaction, resulting in the formation of CH, C-S-H gel, and AFt compounds. Furthermore,
RP exhibits pozzolanic reactivity, resulting in the production of extra C-S-H gel [164,180].
Furthermore, as a form of SCM, RP also provides a diluted impact. Consequently, a reduced
amount of CH is produced during the hydration process, and some of the produced CH is
used up, resulting in a decreased CH content in the RP paste [180,211].

C,S and C3S as anhydrous phases are derived from non-hydrated cement, indi-
cating that the cement has not fully undergone hydration [103,114,205,298]. Quartz is
the predominant crystalline mineral phase that mostly originates from the fine aggre-
gates [59,103,145,192,201,205,216]. Calcite also comes from raw material [59,192,205]. Cal-
cite may also have developed from the carbonation of hydrates and the introduction of
RP [83]. Portlandite (CH) is a secondary product formed during the process of cement
hydration, occurring simultaneously with the formation of C-S-H gel [214]. CH and AFt
are hydrated phases [83]. CH may also originate from any remaining CH present in the
RP [103]. It should be mentioned that the use of the conventional XRD technique for
quantifying crystalline phases in pastes is often limited [293] and thermogravimetry can
be used to calculate the contents such as C—-S-H content [59,127]. Sodium calcium alumi-
nosilicate hydrate phase (NCASH) and C-5-H are the primary binding products [216].
Gypsum comes from cement [8,250,295]. CaCO3 commonly undergoes hydration to form
monocarboaluminate [214]. Additional mineral components derived from the RP include
dolomite [32,97,137,192], tobermorite [127], kaolinite, mica, and feldspar [118]. The primary
origin of dolomite is the limestone coarse aggregate present in the initial concrete [192].

The crystalline phases present in the RP pastes are essentially identical to those found
in the OPC paste. Consequently, the addition of RP would not result in the formation of
novel hydration products in the binary paste [6,71,83,98,114,118,122,164,176,192,201,245,
297]. Also, when comparing the paste containing RP to the reference paste, no additional
hydration product is observed under various activation methods [52,61]. Within cementi-
tious matrices, including RP treated with TA, the absence of any distinct peaks suggests
that TA also does not produce any novel products or compounds [103]. However, because
of the features of the initial RP, there are noticeable quantitative differences in the primary
chemical oxides [118].

The intensity of the diffraction peak of SiO; is positively correlated with the amount of
RP present [8,35,52,98,118,127,145,164,179,201,235,245,250,255,256,295]. The main reason
for this is the significant proportion of the quartz phase present in RP [98,235,255]. On the
other hand, Ren et al. [216] stated that the presence of RCF leads to a steady reduction in
quartz concentration due to the decreased utilization of sand.

The concentration of CaCOj in the paste increases as the rate of RP replacement
increases [8,35,52,101,127,164,176,192,235,245,250,255,295]. The increase in the intensity of
the diffraction peak of SiO, and CaCOj3 are explained by the presence of a large amount
of natural sand and limestone coarse aggregate in RP [8,250,255] and a high level of
crystallinity leading to an incomplete activation reaction [127].

Incorporating RP decreases the intensity of C-5-H [147,176,192,231,250]. This further
substantiates that including RP in paste reduces the formation of hydrated products. On
the other hand, Ma et al. [255] and Abdel-Gawwad et al. [81] reported that the presence
of RP causes an increase in the characteristic peak of C-5-H, indicating that the RP used
contributes to the hydration level of cementitious materials which demonstrates the ongo-
ing process of glassy cement powder dissolving or condensing over time, resulting in an
excessive amount of C-5-H content.

Incorporating RP decreases the portlandite intensity [35,61,80,98,100,101,127,130,147,
164,176,179,192,195,214,217,235,245,250,253,255,256]. The intensity of CH decreases as the
rate of RP replacement increases, due to the incorporation of RP reducing the amount of
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cement and the inhibited hydration process caused by a dilution effect [8,35,80,255]. The
decrease in the intensity of CH, however, does not provide conclusive evidence of the
occurrence of the pozzolanic reaction, as the diluting of the cement clinkers could also
result in a reduction of CH [98]. Yang and Che [195] reported that hydration products (SiO»,
CaCO;3, CH, and Aft) that have been mixed with other substances have a small quantity
of amorphous phase which might react with CH during the process of cement hydration
and trigger a reaction with volcanic ash. Wu et al. [192] stated that when comparing the
mineral composition of cement paste with 0% and 30% RFP, it is observed that the calcium
hydroxide intensity is lower in the paste including RFP. This indicates that the presence of
RFP reduces the hydration products in the cement paste.

On the other hand, Zhang et al. [98], Wu et al. [250], Peng et al. [130], and Yang and
Che [297] reported that the peak intensity for CH increases. Zhang et al. [98] stated that
although the addition of recycled CDW powder, which is relatively inert, should have
resulted in a decrease in the formation of hydration products such as CH, the presence
of RCP may actually promote cement hydration by causing nucleation effects. Peng
et al. [130] explained this phenomenon by stating that reduced concentration of OPC and
the enhancing impact of CRCF in the CRCF10 paste. Wu et al. [250] reported that the
thermal activation treatment of WCP results in a higher CH intensity in paste compared
to paste with WCP-20C, when the WCP replacing rate is the same. This is because the
thermally activated WCP includes a higher amount of CaO than the untreated WCP-20C.

The diffraction intensity of AFt in the blended samples was stronger compared to the
reference sample [130,214]. The peak intensity of alite and belite decreased significantly
due to the continuous hydration of PC [216].

The results mentioned above exhibit similarities to cementitious matrices including
RP that has undergone thermal treatment [8,52,250]. The thermal treatment of RP has a
limited impact on the mineral composition of the mixtures [81,101,255]

Wu et al. [250] reported that the addition of waste concrete powder (WCP) thermally
treated at 600 °C, 800 °C, and 1000 °C can enhance the hydration response in novel
cementitious materials. However, the inclusion of WCP-1200C has a negative impact on the
hydration reaction. They indicated that the thermal activation treatment (above 800 °C) of
WCP results in a higher CH intensity in the paste compared to WCP-20C, when the WCP
replacing rate is the same. Ma et al. [255] reported that the paste containing RCP-800C
exhibits a higher concentration of hydration products compared to pastes including other
fire-damaged RCPs.

Chen et al. [231] stated that the hydration products of thermally treated specimens
with 30% RFP content exhibited similarities to the hydration products of chemically ac-
tivated specimens. The specimens underwent a steady decomposition of CaCOj as the
temperature increased beyond 500 °C. The decomposition reaction was fully completed
during activation at 700 °C. They argued that the hydration reaction of the system was
enhanced by the generation of B-C,S and CaO resulting from the disintegration of C-S-H
gel and CaCOs in the RFP, as the activation temperature increased. They concluded that
the hydration of the system is significantly enhanced when the activation temperature is
lowered from 900 °C to 700 °C.

Wu et al. [8] stated that the mineral crystal type and intensity of the paste, which
includes WCP30-600C, closely resemble the paste that contains WCP30-20C. They also
stated that the quantity of CaCOj in the paste decreases as the thermal modification
temperature on WCP increases, due to the decomposition of CaCOj3 with increasing thermal
modification temperature (up to 900 °C).

Carbonation does not significantly influence the mineral composition of RP [52,97,127].

Qian et al. [80] reported that by increasing the number of cycles of carbonation in RCE,
the amount of CaCOj3 typically increases due to the formation of CaCOj3 in carbonated RCF.
Furthermore, the magnitudes of C-S-H/AFt, AFm, and CH peaks in the pastes containing
RCF were diminished compared to those in the reference material. This reduction can be
attributed to the dilution caused by the inclusion of RCFs. On the other hand, the CH
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content in the pastes with RCF appears to increase as the carbonation cycle progresses.
Ouyang et al. [270] stated that during the initial stages of cement hydration, the silica gel
covering the surface of carbonated RP particles disintegrated, exposing CaCO3 and creating
a site for the formation of C-S-H. Zhang et al. [97] reported that carbonation converts some
minerals, primarily C-S5-H and CH, into CaCOj and silica gels. However, this process did
not considerably enhance the reactivity of RP. Zhou et al. [180] stated that following the
CO; curing process, the strength of the diffraction peaks for CH and C,S decrease but the
intensity of the diffraction peak for CaCOj significantly increases. Hu et al. [205] reported
that, as the rate of RP replacement increases, the quantity of unreacted quartz and calcite
particles likewise increases in the alkaline environment. They stated that the presence of a
bread peak suggests the formation of the polymerization product C-(N)-A-S-H. The peak
range expands proportionally to the modulus of sodium silicate, suggesting a rise in the
polymerization product of C-(N)-A-S-H. Prosek et al. [145] reported that the increase in
alkalinity has little impact on the morphology of the phases.

For SCM added systems, the interaction between pozzolanic materials and CH is
anticipated to generate C-S-H as well as AFt hydrates like ettringite or AFm phases such
as monosulfoaluminate or stratlingite [83,140,147,214,217].

Chen et al. [71] stated that the FA and SF particles in RCP composite paste facilitate
the creation of nucleation points. As the cementitious materials undergo rehydration, the
generation of CH crystals decreases, and the surface pores are filled with CaCOs.

With regard to nano treatment, Wu et al. [100] examined the influences of nano-SiO, on
cementitious materials containing WCP as partial cement replacement. They reported that
when the rate of RCP replacement is identical, the addition of nano-SiO; further reduces
the intensity of CH in the paste blended with RCP. This is because the incorporation of
NS activates a subsequent hydration reaction. Darweesh [213] utilized NS to improve the
hydration and mechanical properties of cement-based materials with CWP. They reported
that the presence of NS facilitated the formation of C-S-H and other hydration products,
leading to an enhanced dissolution of C3S. Liu et al. [217] reported that the inclusion of NS
facilitates a further hydration process between NS and CH, resulting in the production of
additional C-S-H gels.

As a brief, it can be stated that, hydration products, including C-S-H gel and calcium
hydroxide, accumulate around the RP microparticle, thereby establishing a stable structure.
As the RP replacement ratio increases, the calcium content decreases while the silicon
content increases, due to RP’s lower calcium and higher silicon concentrations compared
to cement. Integrating RP reduces the amount of chemically bound water in cementitious
materials. In addition, curing method and curing time do not significantly affect the types of
hydration products; however, enhanced curing conditions facilitate the hydration reaction
and allow the formation of hydration products.

5.4. Pore Structure

The pore structure of cement-based materials has a crucial role in determining many
qualities, such as mechanical strength and durability. Furthermore, the permeability and
diffusivity of cement-based material are contingent upon pore characteristics, including
porosity, pore size, pore tortuosity, and pore connectedness [9,38,45,127,141]. The pore
distribution of cementitious materials can be assessed using MIP or BET tests [98]. In
addition to these two methods, nuclear magnetic resonance (NMR) is a recently developed
technology that has found extensive applications in cement-based materials [35].

In general, concerning the effects of pore size on the performance of paste, pores in
paste were categorized into four groups according to Wu’s [302] pore size grading theory,
i.e., harmless pores (<20 nm), less harmful pores (20-50 nm), harmful pores (50-200 nm),
and more harmful pores (>200 nm) [32,71,114,129,140,141,217,253,293].

In some cases, a different pore size classification is used in which pore types are divided
into hydrated phases (gel) porosity, i.e., gel pores (0-10 nm), fine capillary pores (10-50 nm),
middle capillary pores (50-100 nm), and large capillary pores (100-10,000 nm) [56,59,131,
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146,147,169,294,303]. It has been reported that pores smaller than 50 nm are associated with
creep and shrinkage, whereas pores larger than 50 nm are believed to be associated with

strength and permeability [56,59,169,303].

Regarding the pore structure, general comments can be made as follows, with excep-
tions: As RP is involved and RP content increases, porosity increases [45,72,84,97,98,127,
129,131,140,141,145,164,192,193,205,217,245,253,295,303]. Figure 15 presents the porosity

variations for mechanically treated RP.
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Figure 15. Porosity variation (%) for mechanically treated RP utilized in cement-based materials

(%) [35,72,98,152,179,193,244,294].

The presence of greater RP content results in a proportional increase in the pore
size and pore volume [45,59,71,84,98,129,164,192,197,203,205,235,245,253,296,303,304] as

presented in Figure 16.
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Figure 16. Average pore diameter (nm) for mechanically treated RP utilized in cement-based materials
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The presence of greater RP content results in an increase in the percentage of larger
pores as presented in Figure 17 [71,78,98,131,146,164,192,205]. It should also be noted that
the high fineness of RP can enhance the hydration reaction of cement paste and increase
the density of concrete by filling the pores [52,71,176,192].
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Figure 17. Pore volume fraction (%) versus pore sizes (nm) for mechanically treated RP utilized in
cement-based materials [32,71,296].

The increase in porosity following the incorporation of RP can be attributed to an
agglomeration of finer particles within the cement matrix [78,98,146,192,303]. It can also be
explained by stating that the presence of untreated RP reduces the formation of new hydra-
tion products and has a negative effect on the pore structure of the produced cementitious
materials [8,56,101,129,140,164,179,192,193,250,293].

Zhang et al. [98] stated that the overall porosity of the mortar increased significantly,
particularly when the dose of RCP was above 20%. Wu et al. [295] stated that the average
pore diameter slightly decreases as the incorporation of GCP increases from 10% to 30%.
Wu et al. [192] observed that when replacing 30% of the cement with RFP, there is a
decrease in hydration products and an increase in pore structure. Zhang et al. [179] stated
that substituting 20% RCP results in a higher cumulative pore volume compared to the
reference paste. Du et al. [32] reported that by reducing the size of RCP particles from
36.1 um to 3.0 um, the critical pore size of cement pastes reduces significantly from 277 nm
to 60 nm. They observed that when the particle size exceeded 13.1 um, RCP fractions had
an equal ability to refine the pores of cement pastes in the later stage.

Ma et al. [245] stated that substituting 30% of cement with RP increases the size of
the pores and the porosity of the paste. However, when an active mineral admixture
is added to the RP blended paste, it refines the pore structure. The refinement of the
pore structure is more noticeable when metakaolin (MK) or SF is added to the mix. Liu
et al. [217] observed that the inclusion of NS resulted in a noticeable reduction in porosity.
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Prosek et al. [145] reported that pastes including lime, FA, or slag exhibited an increase
in total porosity. Chen et al. [147] reported that the combination of FA and SF resulted
in an increased hydration degree, leading to an improvement in the internal pore size
distribution of WCRP pastes. Liu et al. [140] and Liu et al. [217] reported that the inclusion
of NS resulted in a notable reduction in the percentage of harmful pores and a higher
proportion of less harmful and harmless pores. Additionally, it was shown that NS had a
beneficial influence on pore refinement.

The incorporation of RP increases the pore size of alkali-activated paste blended with
RP [133,216,229,231] as presented in Figures 18 and 19. An alkaline environment promotes
the disruption and rearrangement of silicon—-aluminum glass components, the formation of
cement-like materials, and the filling of pores in the RP material [216,229,231].
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Figure 18. Porosity variation (%) in alkali-activated cement-based materials with different RP
percentages (%) [205,216,228].
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Subjecting RP to thermal activation enhances porous microstructure in cementitious
materials, and consequently the pore size, pore volume, and porosity become refined [8,52,
97,101,211,231,250,252,256,294], as presented in Figures 20-22.
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Figure 20. Porosity variation (%) in thermally activated RP utilized in cement-based materials versus
temperature (°C) [8,101,256].
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Figure 22. Pore volume fraction (%) versus pore sizes (nm) for thermally activated RP utilized in
cement-based materials [101,256].

Zhang et al. [52] argued that the internal composition of the mortar exhibits the
highest level of structural integrity after being subjected to heat treatment at 800 °C.
Zhang et al. [97] stated that following the inclusion of the RP, the dimensions of the capillary
pores experienced slight enlargement, from 237 to 278 nm. Significantly, the critical pore
size of RAAC decreased to 107 nm after the RP was calcined at 600 °C.

Wu et al. [250] reported that untreated WCP-20C (30%) increases the pore size and
porosity of the paste it is used in. When the temperature at which thermal activation occurs
on WCP is between 600 °C and 1000 °C, the pore size and porosity of the paste containing
activated WCP are lower compared to the paste containing unactivated WCP. They also
stated that the inclusion of waste powder following activation at 1200 °C has a detrimental
impact on the pore structure of the newly formed paste due to its inferior nucleation action
and filler effect.

Ma et al. [255] reported that the harmless and less harmful pore volume in paste
containing 10% RCP-20C are lower than in plain paste, whereas the harmless pore volume
and less harmful pore volume in paste containing 50% RCP-20C are higher than in the
original paste. They observed that the volume of harmful and more harmful pores in the
paste containing 30% RCP-800C is lower compared to the paste containing 30% RCP-20C.
Additionally, the paste including 30% RCP-800C has the smallest pore size among all of the
groups. They explained this result by stating that RCP-800C contains a greater number of
active components compared to RCP-20C.

Hu et al. [101] reported that the addition of 50% WCP significantly increases the
size of the paste’s pore structure, with the increase in average pore diameter being more
pronounced than the increase in porosity. But when the replacement level of WCP is
maintained at 50%, the paste that contains heat-modified WCPC exhibits a finer pore
structure compared to the paste that contains untreated WCP. They also stated that the
proportions of harmful and more harmful pores decrease when the temperature of WCP
is increased, and the most significant reduction in the percentages of harmful and more
harmful pores is observed in the 50% WCP-800T blended paste.
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CO; treatment improves the pore structure [52,80,91,97,130,180,198,219,221,231,253,
261,263,294,299,304-306], as presented in Figures 23 and 24.
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Figure 23. Average pore diameter (nm) of CO; activated RP utilized in cement-based materials [91,130].
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Figure 24. Porosity variation (%) in CO, activated RP utilized in cement-based materials [262].

Kaliyavaradhan et al. [219] observed that the pore width and pore volume decreased
significantly after carbonation. This phenomenon occurs because of the aggregation of
calcite crystal particles, which effectively occupy the pores during the process of carbon-
ation [219,261,305]. Qian et al. [80] reported that the introduction of carbonation in RCF
promoted the development of CaCOj crystals and nano-silica, resulting in a faster cement
hydration process and a more refined pore structure in mortars containing RCF.
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Zhang et al. [263] stated that CRCF reacts with CH in cement paste and improves
the pore structure of cured cement paste. Nevertheless, the inclusion of CRCF leads to
an augmentation in the proportion of large pores in the cement paste. Zhou et al. [180]
reported that, as a method for utilizing CO,, it entails the interactions between CO, and
either unhydrated clinker particles or hydrated products, primarily C-S-H gel and CH.
These reactions facilitate the formation of a stable CaCOs3, which enhances the material’s
pore structure. Peng et al. [130] reported that increasing the CRCF replacement ratio leads
to the production of smaller pores in the CRCF-OPC pastes.

Jiang et al. [221] reported that the carbonated RCFs had a significant particle size effect
on their pore structure. RCF015 (particle size smaller than 0.15 mm) saw the development
of many gel holes due to the synthesis of silica gel, leading to a significant 70% increase
in the total pore volume. When comparing RCF118 (particle size between 0.6-1.18 mm)
and RCF236 (particle size between 1.18-2.36 mm), it was observed that the pore volume
decreased by up to 31%, suggesting that the structure became denser.

Regarding the nano-activation, Darweesh [213] reported that NS enhances the hard-
ening performance of cement pastes with WCP. Consequently, the NS enhances the pore
structure, leading to enhancements in the compressive strength. The total pore volume or
porosity was reduced. Consequently, the level of harmlessness was significantly elevated.
Wau et al. [100] observed that the inclusion of nano-SiO; in the mixture enhanced the sec-
ondary hydration reaction and improved the pore diameter of the paste containing WCP.
Specifically, the proportion of harmful pores and the proportion of more harmful pores in
WCP paste decrease as the NS concentration increases. Figures 25 and 26 present the effect
of nano activation on porosity variation and pore volume fraction.

Regarding the TA treatment method, Wang et al. [103] observed that the TA treatment
has substantially decreased the pore size and overall porosity of the RCE. They explained
that the sole plausible cause for this decrease in porosity is the filling of some pores by the
reaction products between TA and RCF. They also stated that the pore volume of the RCF
specimen decreases as the amount of TA utilized to treat the RCF increases.

Regarding the MCIP treatment, Dong et al. [169] utilized dry carbonization, liquid
carbonization, and microbial mineralization to activate the RHCP. They reported that both
LP-RHCP and MM-RHCP were predominantly composed of mesopores, with the presence
of micropores and a few macropores. The cumulative pore volume of the DC-RHCP and
LC-RHCP was greater than that of the MM-RHCP.
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Figure 25. Porosity variation (%) in nano activated RP utilized in cement-based materials [100,140,217].
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Figure 26. Pore volume fraction (%) versus pore sizes (nm) for nano activated RP utilized in cement-
based materials [100,140,217].

6. Fresh-State Properties in Cementitious Matrices with RP
6.1. Workability

Workability in the literature was assessed by consistency, fluidity, flowability, slump,
and spread tests as per GB/T 50080-2002 [307], GB/T 50081-2002 [308], GB/T 2419-
2005 [309], GB/T 1346-2011 [310], GB/T 8077-2012 [311], BS EN 1015-6 [312], EN1015-
3:2000 [313], GB/T 17671-2021 [314], ASTM-C1437 [315], ASTM-C230/C230M [316], and
ASTM-C143/C143M [317] by using a flow table [59,65,82,179,180,204], a slump cone-shaped
cylinder [263], and an electric jumping table [98,118,130,194,318].

Overall, the addition of RP results in a substantial decrease in the workability [45,52,
62,65,72,82,84,97,98,116,119,129,145,152,179,201,229,235,250,255,294,295,318] as presented
in Figure 27. In addition, there is an obvious decrease in the workability as the RP fineness
increases [45,152,204,295]. The decrease in the workability of the mix can be partially
attributable to the porous and uneven microstructure, high specific surface area of fine
particles, elevated initial hydration heat in the mixture as a result of the increased RP
content, and high-water absorption of RP, resulting in a faster absorption of the required free
water for flow [35,45,59,71,72,84,97,98,116,137,145,152,194,201,222,229,250,255,294,297]. To
maintain the workability of RP, pre-wetting, the addition of mixing water, water reduction
agent, or superplasticizer, is required for moisture compensation [6,171,194,255].

Zhang et al. [98] reported that utilizing RCP at a low concentration (less than 20%)
would enhance the fluidity of the mortar. However, at greater substitution levels, such
as 30%, the fluidity of the RCP mortars decreased in comparison to the OPC counter-
parts. Zhou et al. [180] observed that, when the replacement ratio of RCP increases, the
fluidity of mortars also increases, specifically when the replacement ratio reaches 40%.
However, increasing the RCP replacement ratio to 50% has a detrimental impact on fluidity.
Zhang et al. [179] stated that when comparing the reference mortar with untreated RCP to
the one with pre-ground RCP, the fluidity of the latter showed a slight increase.
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Figure 27. Spreading diameter (mm) versus mechanically grinded RP percentage (%) [35,61,62,71,82,
84,98,152,201].

Li et al. [35] stated that cement paste’s fluidity increases and eventually decreases due
to RFP particles” high specific surface area and water absorption. Adding the right quantity
of RFP to cement (no more than 30%) makes it more fluid. Prosek et al. [152] stated that the
geometry of particles seems to have negligible or moderate impact on the fluidity of fresh
pastes, but the size distribution plays a significant role.

Controversially, Wu et al. [8] reported that as untreated WCP is included, the paste
mixture becomes slightly more fluid. This is because WCP has slightly larger particles than
cement, which reduces specific surface area and water consumption. Ma and Wang [298]
also reported an increase in fluidity with the incorporation of ground waste concrete (GWC).

Deng et al. [59] worked with recycled fine particles (RFnPs), recycled medium particles
(RMdPs), and recycled coarse particles (RCrPs). They stated that regardless of the w/b
of 0.4 or 0.5, a fluidity loss of 9% to 23% was seen when 10% to 30% of the cement was
replaced with RFnPs. The inclusion of RCrPs considerably raised the fluidity of cement
pastes, but RMdP-containing pastes did not produce any discernible changes in fluidity.

An optimal combination of SCMs enhances the workability of the mix [71,137,145,194,297].

Prosek et al. [145] stated that FA and slag greatly enhanced the workability of pastes.
Wu et al. [116] reported that the microsphere effect of FA enhances the workability. NeZerka
et al. [139] stated that the results of a flow test demonstrate enhanced workability when
FA or GGBS are added with RCF. Chen at el. [71] reported that the fluidity of the samples
decreased significantly as the content of RCPs increased, in comparison to the control
sample. Blending samples with composite RCPs does, however, reduce the fluidity dif-
ference. Particularly at the maximum FA dosage (FS22), the fluidity reaches a maximum
comparable to the control group. FA particles serve as a “ball bearing” by lowering the
frictional forces between themselves and other particles; this, in turn, reduces the likelihood
of floc agglomeration and breaking, which in turn releases any trapped water [71,137,297].

Regarding the effect of chemical activation on workability, Wan et al. [201] worked
with an alkali-activated slag system. The mortar exhibited an initial increase in fluidity,
followed by a subsequent decrease, as the RCP content increased. This is primarily because
passivated RCP particles have a ball effect and are more spherical than slag particles. The
fluidity of the mortar begins to decrease when RCP surpasses 30%. This suggests that the
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increased water demand caused by an excess of RCP has a substantial influence on the
mortar’s fluidity.

Regarding the effect of thermal activation on workability, Wu et al. [8] stated that
the fluidity of paste reduces as the temperature of WCP increases up to 900 °C, because
the newly generated CaO, C,S, or C35 in the thermally modified WCP consumes the
free water. Furthermore, when the rate of WCP increases, the impact of the thermal
modification temperature of WCP on the fluidity of the freshly prepared paste becomes
more pronounced. Florea et al. [247] stated that both the untreated and thermally treated
RCFs exhibit a greater water need compared to cement. To achieve a comparable spread to
the reference mortar, the samples were treated with a superplasticizer when 20% and 30%
of the OPC was substituted with RCFE. The 10% replacement samples exhibited satisfactory
flowability even in the absence of superplasticizer. Figure 28 presents the effect of the
thermal activation on spreading diameter.
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Figure 28. Spreading diameter (mm) versus temperature (°C) for thermally activated RP [8,179,245,255].

Regarding the carbonation effect on workability, the carbonation of RP might im-
prove the mixture’s workability by forming calcite and reducing the porosity of the RP
microstructure [61,91,97,130,263,270] as presented in Figure 29.

Wu et al. [91] stated that when applying CRCF at 100 °C, the pastes’ flowability was
reduced. An increase in the specific surface area of CRFC leads to an increase in the wetting
surface area and the water demand, which are directly proportional to one another. Zhang
et al. [263] reported that the flowability of fresh cement paste marginally reduces as the
CRCF increases. Nevertheless, the impact is negligible if the dosage of CRCF is below 15%.
Ouyang et al. [270] observed that despite having a bigger particle size and smaller surface
area, the CRP-cement paste exhibited greater flowability compared to the RP-cement paste.
The strong affinity between HyO and the silica gel on the surface of CRP is the reason
for this. Peng et al. [130] reported that as the proportion of CRCF replacement increases,
the flowability of the paste diminishes because there is less available water during the
initial mixing step. They also stated that the inclusion of CRCF has a positive impact on
enhancing the structural integrity of the OPC paste.

The addition of nano-SiO,, nano-CaCOj3, and nano-TiO; can enhance the pore struc-
ture of cementitious materials, but it also leads to a decrease in the fluidity of the mix-
ture [100].
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Figure 29. Spreading diameter (mm) versus CO, activated RP percentage (%) [61,130,180,262].
6.2. Setting Time

Setting time refers to the duration it takes for a mix to progressively lose its fluidity and
plasticity due to the hydration process, ultimately reaching a specific level of strength [102].
The setting time is a crucial parameter used to evaluate the initial behavior of cementitious
materials [13,65,102,118,293]. In literature, the most used standards for this purpose are
GB/T 1346-2011 [310], GB 175-2007 [319], ASTM C187-16 [320], ASTM C191-19 [321], BS
EN 196-3: 2005 [322], and JC/T 727-2005 [323].

The inclusion of RP has a dual effect on the setting time. On one side, the inclusion
of RP reduces the quantity of hydration products in the mix, thereby prolonging the
setting time. Conversely, RP particles function as nuclei for crystallization, thus facilitating
the formation of hydration products and reducing the time it takes for the material to
crystallize [98,102,114,293,295,297].

Some scholars stated that RP tends to decrease the setting time due to the presence of
small particles, which have a nucleation effect [35,65,78,114,118,293,297].

Zhang et al. [114] observed that the usage of wet-grinded RP (WGRP) decreased the
time interval between the first setting and final setting time of PC pastes. Larsen et al. [324]
and Li et al. [35] reported that an optimal quantity of RP (30%) enhances the flowability
and reduces the setting time of cement.

However, some scholars have come to the opposite conclusion, stating that the mix
exhibited an increase in both the initial and final setting time compared to the reference [62,
71,72,84,98,140,147,179,203,208,213,222,295,324]. Figure 30 presents setting time (initial and
final) of mechanically grinded RP.

Ohemeng et al. [72], Kim and Choi [62], and Wu et al. [84] argued that the delays were
attributed to the reduction in C3A and C3S, which enhance the hydration reaction, as the
proportion of WCP increases.

Darweesh [213] stated that the setting time is prolonged in cement batches having
more than 3% of NS, due to the accumulation of NS particles. Liu et al. [140] also examined
the effect of NS on the early hydration properties of RCP-cement-based materials. They
reported that the addition of 30% RCP (without NS) resulted in a prolongation of both the
initial and final setting time of the cement paste. However, contrary to Darweesh [213],
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Liu et al. [140] stated that the inclusion of NS decreased both the initial and final setting
times. They explained this phenomenon by mentioning the nucleation effect of NS, which
offers numerous nucleation sites for the precipitation of cement hydration products, hence
expediting the hydration process.
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Figure 30. Setting time (min) of mechanically grinded RP versus RP percentage (%) [8,72,129,168,203,
213,297,323].

Chen et al. [71] stated that, adding FA and SF to RCP pastes, the setting time was
significantly reduced. They argued that this can be ascribed to the fact that the inclusion
of FA and SF can enhance the hydration process of cement, resulting in the formation of
many flocculent C-S-H gels, so the cement loses its plasticity and experiences a significant
reduction in setting time. Ohemeng and Naghizadeh [208] also reached identical findings
and stated that the setting time increases as the FA ratio increases. On the other hand,
Chen et al. [147] obtained contradictory outcomes by using FA and SF. They reported that,
as the amount of WCRP content increased, the initial setting time of pastes initially increased
and later decreased, whereas the final setting time of pastes increased but the addition of
FA and SF to the WCRP paste resulted in a significant decrease in the setting time.

Regarding the effect of chemical activation on he setting time, Yao et al. [325] stated
that the setting time of the paste decreased substantially with the increased amount of alkali
activator. They explained that within an alkaline environment, the amorphous structure
present in GGBS will gradually undergo destruction and decomposition. Conversely,
Zhang et al. [97] yielded contrasting outcomes. They reported that the setting time was
marginally prolonged as the alkali modulus (Na,O/SiO;) increased. They explained that
the solubility of silicate decreased proportionally with an increase in modulus, resulting in
a longer duration needed for the dissolution of enough silica to facilitate alkali activation.

Regarding the effect of the thermal activation of RP on the setting time, Wu et al. [8]
stated that the setting time of the mixture decreases as the temperature of the thermally
modified WCP increases up to 900 °C, but it increases when WCP-1200C is incorporated,
because the nucleation effect of WCP-1200C is weakened and the setting time is prolonged
due to its smooth microstructure. Nevertheless, Xu et al. [326] warn that this could be
attributed to a misleading condition caused by the quick interaction between free lime and
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water, which results in the formation of portlandite in the absence of gypsum. Figure 31
presents the setting time (initial and final) of thermally activated RP.

600
500
S d
= 400 - 5 5
S Oo—__ S -0 Tokareva, 2023 (20% RP - Paste)
b ] = O————" pae S o) [J- Tokareva, 2023 (20% RP - Paste)
(0] 0 ~O-Wu, 2021 (30% RP - Paste)
Wu, 2021 (30% RP - Paste)
.g 300 92 A A "5~ Zhang, 2023 (20% RP - Paste)
A /\- Zhang, 2023 (20% RP - Paste)
g A —— Initial setting time
— 10 ] a a Final setting time
=
7} O— o
o 200 g o ———R—— A A—— A
A
100
0 1 T T I 1
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 31. Setting time (min) of thermally activated RP versus temperature (°C) [8,179,211].

Regarding the effect of the carbonation of RP on the setting time, Wu et al. [91] stated
that except for the 100 °C CRCEF case, all other CRCF samples caused an increase in the
setting time when compared to the pure cement paste, mainly due to the lower content of
anhydrous phases of C,S and C3S available for the hydration reaction. Peng et al. [130] also
reported the same results by using CRCF. Figure 32 presents the setting time (initial and
final) of carbonized RP.
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Figure 32. Setting time (min) of CO, activated RP versus RP percentage (%) [130,262].
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6.3. Air Content

The air-void parameters obtained by defined techniques include the air content, spe-
cific surface, and spacing factor. These indicators offer insight into the composition and
distribution of the air spaces in the mixture [12]. The incorporation of RP leads to an
increase in air content [12] due to the higher level of the porosity of the adhering mortar
and to a more irregular form compared to the PC particles [12,210].

6.4. Water Demand

In the literature, the assessment of water of normal consistency was carried out by a
Vicat apparatus as described in BS EN 196-3:2005 [322], GB/T 1346-2011 [310], GB/T 1596-
2017 [240], GB 175-2007 [319], and 1S:4031-Part 4:2005 [189]. Water demand values reported
in the literature are presented in Figure 33.
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Figure 33. Water demand (%) of mechanically grinded RP versus RP percentage (%) [35,98,179,203,
213,293,323].

As the incorporation of RP increases, water demand increases due to the irregular
shape, rough surface, micro pores and the fineness of RP [8,59,61,65,98,118,127,137,147,179,
180,201,203,235,255,296,297,305]. The multi-edged and rough morphology of RP can lead
to an increase in friction between the powder particles. As a result, the water demand for
the mixture including PC and RP also increased [98,179,255,297]. In addition, the particle
size distribution analysis revealed that the proportion of fine particles was higher in RPs
compared to PC. These small particles have a greater capacity to absorb water, resulting
in an increased need for water in the paste to produce the desired consistency [65,98,179,
255,297]. Superplasticizers could be involved to decrease the water requirement in the
mixtures [44,132,147,201,298].

Chen et al. [147] reported that the water demand for cement pastes to achieve standard
consistency increases as the content of WCRP increases. However, when FA and SF were
added to the cement pastes with WCRP, the presence of FA caused the balling effect,
resulting in better fluidity of the pastes and reduced water requirements. Joshi et al. [282]
observed that the inclusion of steel slag (SS) did not have any impact on the water demand



Appl. Sci. 2024, 14, 9775

47 of 63

results, which remained comparable to the reference sample. Zheng et al. [254] stated that
the addition of nano-silica (NS) to cement results in an increase in water demand.

Regarding the effect of thermal treatment on the water demand, Florea et al. [247]
reported that both untreated and thermally treated RCF have a greater water requirement
compared to cement. They observed that when substituting 10% of OPC by mass, RCF-
20 primarily functions as a filler, creating nucleation sites for the formation of cement
hydration products. However, when the replacement level increases to 20%, the higher
water demand of RCF-20 becomes noticeable and has an impact on the development of
strength. The RCF-500, which includes dehydrated cement paste including CaO produced
during thermal treatment, exhibits a significantly higher water requirement that surpasses
the compensatory effects of rehydration reactions.

Regarding the effect of carbonization treatment on the water demand, Zhang et al. [263]
reported that the water demand of cement paste typically increases as the replacement
level of CRCF increases from 0% to 15%, but no notable variations are observed when the
CRCEF concentration exceeds 15%. They noted that the inclusion of CRCF typically alters
the packing mode of cement particles, potentially affecting the amount of water needed
in the pastes. Vashistha et al. [249] reported that the carbonation of the WCP results in a
significant reduction in the porosity of the microstructure of the cement paste, accompanied
by the development of calcite crystals. Concurrently, the need for water to produce the
appropriate workability decreased as the particle size increased. They recommended
utilizing WCP in concrete applications where there is a higher concentration of plasticizer
to address the increased water requirement. Furthermore, they recommended employing
WCP with GGBS to reduce water demand, as GGBS also imparts a superplasticizer effect
in concrete.

6.5. Viscosity

The viscosity of a material is an important aspect of rheology, as it indicates the
interparticle interactions that take place during material flow. These interactions are affected
by factors such as the particle size distribution, concentration, and form of the particles [59,
168]. In the literature, the assessment of viscosity was carried out by a rheometer as
described in ASTM C1749-17a [327] and ASTM C1874-20 [328].

The inclusion of RP results in a significant increase in viscosity [129-131,168]. The
rough and irregular morphology of the particles, in conjunction with high water absorption,
lead to an increase in viscosity in RP with low levels of fineness [130,141]. The viscosity
variation (%) in mechanically grinded RP is presented in Figure 34.

Yao et al. [325] stated that by combining RP with GGBS to create a binary solid waste
system, it is possible to produce a matrix with an appropriate viscosity. They concluded
that excessive alkali content leads to the accelerated activation of slag and RP due to the
presence of a strong alkaline solution, resulting in a significant increase in paste viscosity.
Liu etal. [140] and Zheng et al. [254] reported that the addition of NS to cement results in an
increase in water requirement, mostly because of the higher yield stress and plastic viscosity
it provides. Wan et al. [201] used RCP in an alkali-activation system. They reported that the
addition of RCP reduces the plastic viscosity of the paste. They reported that, as the RCP
concentration increased, the amount of hydration products, the cohesiveness of the slurry,
and the plastic viscosity all decreased. Peng et al. [130] stated that an increased CRCF
replacement ratio results in increased yield stress and plastic viscosity. The fundamental
reason for this is the smaller size of the particles and the larger surface area of CRCF, which
allows it to quickly absorb significant quantities of free water. The viscosity variation (%)
in carbonated RP studied by Peng et al. [130] is presented in Figure 35.
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Figure 35. Viscosity variation (%) in carbonated RP versus RP percentage (%) [130].

6.6. Fresh Density

Fresh density is the measurement of mass per unit volume of a mixture before it
sets and hardens. It is a crucial new characteristic as it significantly impacts the solid
characteristics of the mixture. An increased fresh density of the mixture leads to improved
mechanical and durability properties due to reduced porosity and air content.

Research has found several parameters that affect the fresh density, including the
quality of the aggregate, the content of recycled aggregate (RA), and the use of SCM. The
aggregate’s shape, size, porosity, and texture have a significant impact on the quantity of
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air trapped in fresh mixtures, thus affecting the fresh density of the mixture [329-332]. In
literature, the most used standard for this purpose is EN 1015-6 [312]. As the substitution
rate of RP increased, fresh density decreased as presented in Figure 36 [72,208,227,301].
The decrease in fresh density is due to the irregular nature, porosity, and low density of RP,
including a lower cement content leading to less hydration products [72,208,301].
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Figure 36. Fresh density (kg/m?) versus RP percentage (%) [72,210].

7. Conclusions

The utilization of RP as a partial substitute for cement introduces a novel range of
possibilities for repurposing WC, thereby making a substantial contribution to the recycling
of one of the primary CDW streams. Moreover, using RP in real-world scenarios could
potentially offer an alternative and additional resource to tackle the current issue of limited
access to local sources, high levels of energy consumption, and substantial pollution.

This paper provides an overview of the application of RP in cementitious matrices.
A comprehensive analysis has been provided on the characteristics, benefits, and constraints
of using RP, specifically focusing on fundamental and micro-properties.

RP possesses an uneven microstructure, fine particle size, and large specific surface
area, with RP particles in paste enveloped by C-5-H gel, hence enhancing its filler efficacy.
RP comprises a mass of siliceous oxide and calcareous oxide, along with certain hydrated
components and unhydrated cement particles. Eventually, the mineral composition of
RP closely resembles that of FA, therefore allowing for the partial substitution of RP for
cement in cement-based material production. The characteristics and mineral composition
of RP in the literature are inconsistent due to the multitude of sources of concrete waste.
The blended RP reduces the quantity of cement and its resultant CH and C-S-H gel in
novel cement-based products. Consequently, the blended RP results in a reduction in
hydration products and negatively impacts the pore structure of cement-based materials.
Replacing fine RP with cement reduces the fluidity of the resulting cement-based products.
The viscosity of the paste increases with an increase in RP particle size at a constant RP
replacement ratio. The setup time is extended with the substitution of RP. When the RP
type and replacement ratio are identical, the setting time is extended as the particle size of
RP increases.

The review provided above allows for the following inferences to be made.
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10.

11.

12.

13.

14.

When utilizing RP as an SCM, it is advisable to ensure it has a high reactivity and has
a small particle size, comparable to or smaller than cement.

RP reactivity has been shown to increase with higher SSA and fineness, grinding time,
and grinding type. Enhancing the RP’s fineness can elevate the SSA of the RP, trans-
form the stable SiO, into amorphous SiO,, and therefore enhance the RP’s activity.
Mechanical grinding can decrease the particle diameter and enhance the SSA of RP.
However, the process of grinding to achieve fine RP requires a significant amount
of energy, resulting in adverse environmental impacts and increased costs for RP.
Furthermore, excessive grinding duration leads to an agglomeration of the material
and reduces the strength of the specimen. Based on the analysis, 20 to 30 min is an
appropriate duration for dry-grinding, whereas 60 to 80 min is ideal for wet grinding
and the smallest RP particle sizes were produced by wet grinding.

RP is a dry powder which has an off-white, grey color, and its look is comparable to
that of cement, FA, SE and LP. On the other hand, RP particles exhibit non-uniform
shapes and uneven edges with sharp angles unlike cement, FA, SE, and LP particles.
The primary chemical constituents of the RP are SiO,, CaO, Al,O3, and Fe;O3, whose
contents vary according to waste origin. These chemical constituents closely resemble
the composition of regular cement, FA, and GGBS which indicates an optimal distribu-
tion of oxides and an efficient source to be utilized as SCM in cement-based materials.
5i0; and Al,Oj3 are produced from sand and residues of coarse aggregate. CaO is
formed through the hydration of cement particles, as well as from unhydrated cement
particles and CaCQOs.

RP fulfills the necessary criteria to be classified as a pozzolanic material, with a
composition of Fe;O3+Al,03+5i0, above 70%. On the other hand, the maximum LOI
requirement, 6%, is not met for most of the cases.

The mineralogical composition of RP is complex because of the various mineral
phases found in cement-based materials, transitioning between crystalline and amor-
phous states.

As the RP replacement ratio increases, the activity index of the RP decreases. Further-
more, extending the grinding period enhances the fineness and specific surface area
of RP, hence enhancing the activity index of RP. In general, the Al of RP fulfills the
standard requirement.

Thermal activation effectively improves the hydration rate and maximizes the poten-
tial activity of RP. In general, an increase in temperature during the thermal treatment
of RP results in a noticeable alteration in the size of the particles and on the minerology.
To achieve a feasible thermal activation, it is recommended to maintain a temperature
range of 600-900 °C. This temperature range will facilitate the generation of active
components that can actively engage in the new hydration reaction. Regarding the
effect of thermal treatment on the Al of RP, thermal activation increases the SAI up to
800 °C.

The gas—solid and liquid-solid procedures of the direct carbonation method can
effectively generate a suitable level of carbonation in RP by enhancing the microstruc-
ture of RP, resulting in reduced porosity because of the production of CaCO3; which
also enhances the formation of stable CAHC, CAMC, and AFt, hence enhancing the
microstructure of the cement matrix.

Liquid-solid carbonation was found to be more effective in completing the carbona-
tion process within a shorter timeframe (6 h), when the carbonation time for gas—solid
carbonation was 24 h.

Direct carbonation has several key benefits, including reduced costs and environmen-
tal consequences due to its straightforward nature and decreased use of chemicals
compared to indirect carbonation.

In general, direct carbonation increases the particle size and SSA of RP due to the par-
ticle agglomeration and chemical reaction of hydration products, and the carbonated
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

RP exhibits a denser and smoother surface topology due to the carbonation of the
hydration products which fills the micropores and voids with CaCO3 and silica gel.
Al demonstrates a substantial enhancement while utilizing carbonated RP and RP
treated with biomineralization in comparison to untreated RP.

Biomineralization, chemical activation, TA activation, and the joint application of
activation methods have been found to have positive results for different properties.
RP addition decreases the alkalinity of the mixture, while the inclusion of an alkali
exciter enhances the effectiveness of the RP. The use of an alkali activator can enhance
the development of C-S5-H, resulting in a more compact microstructure.

The incorporation of mineral admixtures, and nano materialsis helpful to improve the
performance of RP.

The inclusion of the RP leads to a decrease in the peak time of the heat of hydration
curves, suggesting that the addition of RP enhances the rate at which the paste
hydrates due to its dilution effect. When the percentage of RP is below 30% and the
fineness (D50) is below 20 pm, it enhances the early hydration of cement, leading
to an increased rate of heat generation and a shorter induction duration. Similar to
mechanical activation, thermal activation and CO, activation have also a positive
impact on enhancing the rate at which the RP hydrates.

Typically, the microstructure of cementitious matrices including RP is less dense, more
porous, and has more cracks compared to the reference mix. Increased looseness,
more pores, and cracks can be observed when the RP ratio increases. However, when
the RP content is below 30%, it does not have the ability to change the cement matrix.
Instead, it forms a dense microstructure that is influenced by physical filling.

The concentration of SiO, and CaCOj in the cementitious matrices increase, and CH
and C-5-H decrease as the rate of RP replacement increases. The thermal activa-
tion and CO; activation of RP have a limited impact on the mineral composition of
the mixtures.

As RP is involved and RP content increases, porosity increases. The presence of more
RP content results in a proportional increase in the pore size and pore volume and
an increase in the percentage of larger pores. High fineness of RP can enhance the
hydration reaction of cement paste and increase the density of concrete by filling
the pores.

Thermal activation (up to 800 °C), CO, activation, mineral admixtures, SCMs and
nano material incorporation, and alkaline environment enhance the pore structure of
the RP blended cementitious matrices.

The addition of RP, the addition of nano materials, and thermal activation (up to
900 °C) result in a substantial decrease in workability, due to porous and uneven
microstructure, the high specific surface area of fine particles, elevated initial hydration
heat in the mixture because of the increased RP content, and the elevated water
absorption of RP.

Using an optimal combination of SCMs and CO, activation enhances the workability
of the mix.

The inclusion of RP has a dual effect on the setting time. On one side, the inclusion
of RP reduces the quantity of hydration products in the mix, thereby prolonging
the setting time. Conversely, RP particles function as nuclei for crystallization, thus
facilitating the formation of hydration products and reducing the time it takes for the
material to crystallize.

Chemical activation and thermal activation (up to 900 °C) reduce the setting time
(initial and final). On the other hand, CO, activation causes an increase in the set-
ting time.

The incorporation of RP leads to an increase in air content due to the higher level of
the porosity of the adhering mortar and to a more irregular form compared to the
PC particles.
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29. As the incorporation of untreated RP or thermally activated RP increases, water
demand increases due to the irregular shape, rough surface, micro pores, and the
fineness of RP.

30. The incorporation of SCMs and CO, activation reduces the water demand.

31. The inclusion of RP results in a significant increase in viscosity due to the rough and
irregular morphology of the particles. The incorporation of SCMs also increases viscosity.

32. As the substitution rate of RP increases, fresh density decreases marginally, due to the
irregular nature, porosity, and low density of RP.
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