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ARTICLE INFO ABSTRACT
Keywords: Concrete is the predominant construction material worldwide, but cement production generates
Recycled cement paste significant CO, emissions. Furthermore, large amounts of concrete waste are difficult to recycle

Thermal activation
Carbonation activation
Microstructure

and are therefore mostly landfilled. Using recycled concrete fines (RCF) as a supplementary
cementitious material (SCM) through activation offers a promising strategy to reduce clinker
Mortar strength consumption while valorizing this waste stream. This study provides comprehensive insights
Activation index into the effectiveness of two activation methods, thermal activation and carbonation activation,
Impact index through systematic quantitative evaluation based on published literature. Thermal activation
dehydrates the material, forming a modified calcium silicate phase (C,S) with hydraulic
reactivity. Carbonation activation produces CaCO; and an amorphous alumina-silica gel with
pozzolanic activity. Both methods substantially improve the performance of recycled cement
paste (RCP) relative to untreated RCP, although neither matches OPC performance. Thermal
activation demonstrates greater potential than carbonation activation. However, limited data
and substantial variations in starting material, replacement level, particle size, and activation
conditions impede direct comparison and prevent their individual effects from being reliably
isolated.

1. Introduction

Cement production is a major source, contributing around 8% of the global total CO, emissions. This substantial impact is
primarily driven by the enormous volume of cement consumed worldwide, even though the specific emissions associated with
concrete itself are comparatively lower. This significant environmental impact underscores the need for sustainable practices in the
construction industry [1-5]. Furthermore, the amount of construction and demolition waste (C&DW) is steadily growing. Recycling
C&DW converts a waste product into an important resource [6]. Recycled concrete waste (RCW) can be broadly categorized into
coarse (4 mm to 40 mm) and fine (< 4 mm) aggregates [3,7-9]. Typically, separation of concrete waste yields approximately 60 wt.%
to 80wt.% coarse and 20wt.% to 40wt.% fine recycled aggregates, depending on processing objectives and parameters [10,11].
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Table 1
Definition of RCP, RCF and RCW.
Abbreviation Name Mixture Production
RCP Recycled Cement Paste Binder + Water Laboratory Mixtures
RCF Recycled Concrete Fines Binder + Water + Sand Laboratory Mixtures
RCW Recycled Concrete Waste Binder + Water + Fine Aggregates Crushed/Milled Concrete Waste

Furthermore, processes are currently being developed that increasingly focus on separating sands and aggregates from the fine
particles in order to increase the proportion of cement paste in the fine fractions [12]. Activating these fine particles, including
high volume of cement paste for use as a supplementary cementitious material (SCM), offers an effective way to reduce both
the consumption of natural resources and the associated CO, emissions. Based on the current literature, this paper provides a
comparative quantitative analysis of two promising activation methods for recycled concrete fines (RCFs). Since the largest data
set is based on laboratory-prepared RCFs and the sand fraction is generally considered inert, this study focuses on the cementitious
portion, referred to as recycled cement paste (RCP), which is also the most frequently examined material in the compiled data set.
The activation methods discussed include thermal and carbonation activation, both of which are often combined with mechanical
processing, an approach that is also addressed in this comparison. The examined key aspects include the influence of these activation
methods on the hydration behaviour, microstructure, and hardened concrete properties.

Despite the fact that a considerable number of experimental studies exist on these activation methods, they are mostly conducted
on individual materials under specific boundary conditions, making it difficult to determine which method is more effective and for
which practical applications these approaches are suitable. Therefore, the novelty of this paper lies in the comparative approach
that has been adopted. It synthesizes literature on two distinct activation methods for RCP, evaluates trends, and identifies research
gaps. In addition, the study examines the extent to which findings obtained from research on model materials (RCPs/RCFs) can be
applied to the practical use of the fine fraction of RCW, guiding both experimental and industrial applications.

2. Methodology

In this work, RCW refers to concrete debris obtained from demolished structures, while RCF and RCP are prepared as controlled
laboratory mixtures. RCF contains both fine aggregate, namely sand, and residual cement paste, whereas RCP consists exclusively
of hydrated cement paste without aggregates (Table 1).

The collected papers were screened based on three criteria:

1. Activation method employed (only carbonation and thermal activation are accepted).
2. Type of precursor material (only RCP is accepted).
3. Reference system used (only binary cement paste or mortar systems with OPC are accepted).

For the literature search in Scopus and Google Scholar, the following keywords were used: Activation Method (Concrete), Thermal
Activation, Carbonation Activation, Comparison of Activation Methods (Concrete), Recycled Concrete, Concrete Waste, Concrete
Fines, and Concrete Paste.

For inclusion, studies had to explicitly define activation parameters and report results in graphical or tabular form. The evaluation
of the literature was performed qualitatively as well as quantitatively through a defined methodology presented in the following
subsections.

A total of 200 studies were considered for this work, of which 57 met the three criteria for inclusion in the quantitative analysis.
The qualitative comparison presented in this paper is based on 57 studies on unactivated material, 15 studies on thermal activation,
21 studies on carbonation activation, and two studies that directly compare both activation methods. Only studies employing RCP
were included as data points in the dataset used for the subsequent analysis. The remaining studies were primarily used to support
the quantitative analysis and to provide a broader understanding of transferability to RCW.

2.1. Quantitative comparison

The methodology for quantitative comparison was formalized based on approaches presented in some key literature examples [1,
3,9,13-23] to derive specific trends or insights. Performance is assessed using two key indices, which are described in Sections 2.1.1
and 2.1.2. Therefore, each study had to include at least one of the following reference measurements:

+ A test without substituting OPC with activated RCP, or
+ A test with substitution performed using unactivated RCP.

2.1.1. Activity Index (AD
The Activity Index (AI) compares a selected property P of a mixture containing activated RCP with a pure OPC reference:

P,

sample

P,

ref

Al = 1)

Al is most commonly used for compressive strength, but requires identical substitution rates to ensure a valid comparison.
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Table 2
Quantitative comparison using Al and II methods.
Property Pample P, Prep Al I
Mass loss 4m Amyjepep - Amgep - Am —11
295i MAS NMR (all Q") NMR,cgcp - NMRgcp - NMR — IT
N,-BET BET, pcp - BETgep - BET -1
True Density p Pi/crCP - PreP - p=1
Particle size ds, dso./crep - dsorep - dsg— 11
Cumulative heat release (at Qn3d./cRCP Qp3d ret Qp34.rCP H-AI H-IT
approx. 20°C after 3d) Q34
Heat flow - second peak W3, Wi 3d./erep Whidret. Wh3arep P-Al P-II
Mortar strength (28d) fig Sasar/erep Fosaret. fasarep S-Al S-II
Table 3
Thermal activation of RCP and resulting phase transformations.
Temp. range Mineral phases Reaction process Effect on reactivity Source
<110°C Free water Physical evaporation of - [3,25]
pore water
<200°C Gypsum, Ettringite Dehydration of sulphate - [30-32]
(AFt) phases
<250°C Monosulfate (AFm) Gradual dehydration - [33,34]
phases
260°C to 400°C Tricalcium aluminate Dehydration and partial Increased surface area; reactive [35]
hydrate (C3AHy) decomposition product
110°C to 500°C Calcium silicate Dehydration and Increased surface area; reactive [3,25,33,36]
hydrates (C-S-H) structural breakdown product
400°C to 500°C Portlandite (CH) Dehydration and Enhanced reactivity due to CaO [3,25,33,36-38]
transformation to CaO formation
600°C to 900°C CaCOj, Decarbonation, CO, Formation of reactive CaO; high [22,25,28,36,39]
release activation potential

2.1.2. Impact Index (II)
Impact Index (II) replaces the OPC reference in Eq. (1) with a reference using the analogous substitution of unactivated RCP,
isolating the effect of activation:
11 [_] _ Psample (2)
Prep
II can also evaluate the effects of “pure” materials, such as particle size, specific surface area, or reactivity. All properties used are
listed in Table 2.

2.2. Qualitative comparison

For the qualitative comparison, all collected data are visualized in figures, allowing an overview of trends across the entire
dataset. When data are insufficient to apply Al and/or II for detailed comparison, the evaluation is based on absolute values from
the general dataset rather than a direct comparison of materials from the same precursor.

3. Activation methods for RCPs

Activated RCP can be used as SCM to reduce clinker content. Two main approaches, namely thermal and carbonation activation,
have been extensively studied so far in the literature [3]. Mechanical activation (grinding/milling) might improve reactivity.
However, it is often combined with thermal or carbonation activation. Hence, in this study, it is considered primarily as a
preconditioning for thermal and carbonation activation. Recently, the feasibility of mechano-chemical activation of RCF has been
demonstrated [24]. However, due to a lack of extensive data, this activation technique has been further excluded from the study.

3.1. Thermal activation

Thermal activation results in the disintegration of various mineral phases in the RCP depending on the temperature range. The
dehydration and decomposition of these phases lead to the formation of partially hydraulic products, thereby activating the RCP
and enabling its use as a latent-hydraulic SCM [18,22,25-27]. The first paper to establish the basis for the reactivation of hardened
cement paste was published by Schneider in 1982 [28]. The concept of thermal activation was later introduced and explained,
firstly by the dissertation of Dora in 2001 [29]. Table 3 shows the different dehydration, decomposition, and activation processes
occurring at various temperature ranges.
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At around 110 °C, both physically and chemically bound water started to be released due to the decomposition of hydrated phases
such as calcium silicate hydrate (C—S—H), ettringite, and AFm phases. At temperatures above approximately 400 °C, portlandite (CH)
decomposes, followed by the thermal breakdown of calcium carbonate (CaCO3) at 600 °C. These processes promote the formation
of reactive solid phases, which can significantly enhance the overall reactivity of the thermally activated material, provided that
appropriate thermal activation conditions are maintained [3,22].

At temperatures between 390°C and 490°C, the chemical composition of dehydrated C—S—H gradually leads to formation
of belite-like phase (C,S). Depending on the specific thermal regime, this transformation can lead to the formation of reactive
polymorphs similar to a}I—Czs or a’L—Czs, both of which exhibit hydraulic reactivity [15,16,18,22,40-43]. However, when the
temperature exceeds roughly 800 °C, these reactive forms tend to convert into the thermodynamically stable but less reactive f—C,S
phase [16,18,44]. This transition is also associated with the release of CO,, resulting from the decarbonation of carbonate-containing
phases [18,40,41,45]. Even at activation temperatures below 800°C, a rapid cooling process can induce the transformation of
a; —CyS to f-C,S, since o} —C,S is fully stable only down to about 600°C [44]. As a result of the formation of reactive phases
(mixture of a—C,S and p-C,S), thermal activation of RCP (tRCP) leads to significant changes in its chemical composition and
phase assemblage. These transformations contribute not only to the development of hydraulic reactivity but also to improving the
mechanical strength properties compared to mixtures containing unactivated RCP.

3.2. Carbonation activation

Carbonation activation can be performed under dry, moist, or wet carbonation conditions [19,46]. The extent of carbonation can
be quantified, for example, using thermogravimetric analysis (TGA) [47], by comparing carbonate contents determined before and
after the reaction. This paper focuses primarily on wet carbonation, as it enables a high degree of carbonation (DoC) within a few
hours [20,21,23,48-50]. This efficiency is attributed to the enhanced accessibility of dissolved CO, within the pore structure to the
reactants. Notably, such high carbonation levels can be achieved under ambient temperature and pressure, whereas dry carbonation
typically requires elevated temperatures and/or pressures to reach comparable results, and moist carbonation is difficult to perform
on a laboratory scale. The reactions involved have been described in detail [1,19,51-55]. However, to broaden the dataset for
analysing governing effects, the specific carbonation pathway is largely disregarded. Instead, the emphasis is placed on achieving a
high DoC. Consequently, RCPs exhibiting high carbonation extents are considered.

Wet carbonation of RCP involves the continuous injection of CO, as fine bubbles into a reactor containing an aqueous suspension
of the material, thereby enhancing gas-liquid mass transfer and enabling efficient contact between dissolved CO, and the reactive
phases. The dissolution of CO, in the aqueous phase initiates a sequence of dissolution—precipitation reactions that transform phases
in RCP, such as portlandite (CH), C-(A)-S—H, AFm phases, ettringite (AFt), and residual clinker phases, into CaCO5; and an
amorphous Al-Si gel [23,56-60].

Aluminate is incorporated into the gel via carbonation of C-(A)-S—-H and aluminate-bearing hydrates such as ettringite [56,61].
The formation of the phase assemblage present in carbonated activated RCP (cRCP) can be conceptually simplified by the following
Egs. (3)-(5):

CH + CO, — CaCO; + H,0 (3)
C,—(A),—S,—H + CO, — amorphousAl-Sigel + H,0 + CaCO; 4
C,S + xCO, — amorphousSiO,gel + xCaCO4 5)

Several studies have shown that under current wet carbonation conditions, where DoC exceeding 90% can be achieved, not all phases
present in RCP carbonate or carbonate completely. Examples include hydration phases that carbonate only slowly under the given
conditions, such as hydrogarnets and AFm phases. Some phases are essentially inert to carbonation, such as quartz, and unreacted
clinker phases such as C3A, C4AF, or unreacted SCM [19,56,61-64]. Therefore, incomplete carbonation reduces the achievable CO,,
uptake relative to the theoretical maximum.

The Al-Si gel present in the cRCP is characterized by a high specific surface area, and is able to react with portlandite when
used as an SCM, forming additional cementitious hydrates in a manner analogous to conventional pozzolanic SCMs [59]. Compared
to traditional SCMs, the pozzolanic reaction of cRCP generally proceeds at a faster rate, as evidenced by the rapid early consumption
of portlandite and the associated accelerated early-age strength development reported in several studies [19,49,62,65]. While not
considerably reactive itself, the CaCO5 fraction present in cRCP can still affect hydration in cRCP-OPC blends. Physically, CaCO4
can act as a filler, exerting effects comparable to those observed in limestone-OPC systems, such as accelerating early hydration of
cement clinker phases [66-68]. Chemically, it can react with C3A (or in blended cements, also other sources of aluminium, such as
other SCMs or Al from Al-Si gel) to form hemi- or monocarbonate, thereby stabilizing ettringite and inhibiting its conversion to
monosulfate, which causes a slight increase in overall compressive strength [69-71].
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Fig. 1. Chemical composition of OPC [3,7,9,13,15-18,20-22,25,26,36,40,41,45,48,50-56,62,65,74-154], RCP [1,16-18,20-23,25,26,40,41,45,
50-57,61,62,72,73,75,83,90,93,95-97,102,105,109,112,116,117,123,126,129,150,155-165], RCF [9,14,17,26,48,49,79,86,89,101,104,108,110,
116,129,131,134,142,147,148,156,160,162,166,167] and RCW [7,11,13,15,20,36,72,81,82,88,94,106,107,109,113-115,118-121,124,125,127~
130,133,135,137-141,143,144,149,151-154,161,168-177].

4. Comparison of the thermal and carbonation activation method
4.1. Phase composition

The chemical phase composition of anhydrous OPC differs from that of RCP, as shown in Fig. 1. Both thermal and carbonation
activation modify the phase composition, depending on the temperature or the degree of carbonation, thereby enhancing the
reactivity of the recycled material. Replacing OPC with RCP notably alters the spread of the SiO, and CaO content. Thus, a SiO,
content ranging from 15wt.% to 38 wt.% and a CaO content ranging from 40 wt.% to 72 wt.% is now possible, as illustrated in Fig. 1,
which limits the potential for forming new C-S—H phases and portlandite [9,13].

During thermal activation of RCP, several chemical transformations occur (Section 3.1). A notable result is the formation of
both p-C,S and a—C,S, which typically emerge at activation temperatures between 600°C to 900°C [15,16,18,43,44,72]. X-ray
diffraction analysis also confirms the presence of C,S, as well as other calcium silicates, such as Ca3SiO5 and Ca,SiO,4, in RCP
activated at temperatures between 400 °C to 600 °C. At approximately 800 °C, CaCO5 in the RCP decomposes into CaO and CO,.

For the carbonation activation of RCP, Zhao et al. [21] investigated microstructural changes, confirming the phase transfor-
mations reported by Zajac et al. [19]. TG analysis shows a first mass loss peak around 100°C due to the dehydroxylation of
C-(A)-S-H, AFt, silica gels, and AFm. Peaks at 450 °C and 600 °C to 900 °C correspond to the decomposition of portlandite and
CaCOs, respectively [73]. Calcite, aragonite, vaterite, and amorphous CaCOj; start to decompose at temperatures around 600 °C to
700°C [21].

The mass loss impact index (4m —1II = Am,.pcp/Amgcp, Section 2.1.2) provides a measure of phase changes in RCP during
activation, reflecting variations in portlandite, C-S—H, and carbonation products such as CaCO;. Based on a data analysis of
the literature, cRCP consistently exhibits very high CaCO; content, with reported Am —II values ranging from 3.7 to 12.1,
indicating extensive conversion of portlandite and C—S-H into stable CaCO;3 (see Fig. 2(a)). In contrast, thermal activation of
RCP at temperatures between 550 °C to 650 °C decreases the portlandite content relative to unactivated RCP, with Am — II values
approximately between 0.3 and 0.5, while promoting the formation of calcium silicates and shifting the chemical composition
towards that of OPC. These results reveal a clear distinction between the two activation methods. Carbonation leads to the formation
of CaCOs3, whereas thermal activation decomposes portlandite and C—S-H, thereby enhancing the similarity of RCP to conventional
cement.

295§ MAS NMR spectroscopy classifies silicate species as Q" units according to the number of bridging oxygens: Q° represents
isolated silicates in unreacted clinker, Q' corresponds to chain ends, Q? to middle-chain units in C-S—H, Q3 to branching sites,
and Q* to fully polymerized silicates. Al-induced sub-environments (e.g., Q3(1Al)) are not resolved and are included within the
corresponding Q" signals. In tRCP, 2°Si MAS NMR analyses show a progressive reduction of the Q' and Q2 signals with increasing
activation temperature, reflecting the decomposition of silicate dimers and middle-chain C—S—H units. This trend indicates the
breakdown of the primary silicate network and the loss of gel-like C—S—H phases [22].

In cRCP, the microstructure, particularly the distribution of silica gel and CaCOj, strongly influences chemical reactivity [1].
Reactions between portlandite and silica gel generate additional C—S—-H, enhancing the mechanical properties of the material [20,
23]. 2°si MAS NMR shows a pronounced increase in the Q3 and Q* populations, indicating the formation of a more polymerized
silica network as C—S—H decalcifies and converts into silica gel.

The 2°Si MAS NMR Impact Index (Section 2.1.2, NMR-II = NMR, sercp/NMRgcp) provides a relative measure of silicate
network polymerization (Q°-Q* distribution) in activated RCP. For tRCP at an activation temperature of 750 °C, Q! and Q? signals,
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Fig. 2. Investigation of the phase composition based on literature data.

representing chain ends and middle-chain C-S-H units, are reduced, while Q°, corresponding to a modified form of C,S, is
increased. Calculated from the available literature, Q' and Q? decrease to approximately 0.0, and Q° increases to an NMR-II of
10 [22]. In cRCP, Q3 and Q* signals, corresponding to branching and fully polymerized silicates, are substantially higher, with
NMR-II for Q34 reaching 16.1 [157]. It should be noted that the deconvolution and quantification of 2°Si MAS NMR spectra can
vary significantly between studies due to differences in fitting procedures, including peak positions, Full Width at Half Maximum
(FWHM), and the assignment of Q" species. Consequently, Q" distributions are method-dependent and should be compared with
caution, particularly across materials with different compositions and measurement conditions. Although the data are insufficient
to establish continuous trends or to construct a complete NMR-II diagram, a summary figure of the calculated values highlights the
relative silicate abundances in tRCP and cRCP. It clearly indicates that thermal activation primarily leads to the depolymerization
of C-S—H chains, whereas carbonation promotes the formation of highly polymerized silica networks (Fig. 2(b)).

4.2. Microstructural characterization

Thermal activation significantly modifies the pore structure of RCP. In its untreated state, RCP exhibits a larger number of
pores, ranging from 50nm to 1 pm, compared to OPC. After thermal activation, the pore size distribution narrows, with most pores
in the 50 nm to 300 nm range [18,25]. The microstructure also evolves with temperature. Unactivated RCP consists of irregularly
shaped particles, whereas treatment at 400°C produces a denser material (Fig. 2(d)), despite the absence of C-S-H gel phases
and the slightly higher density of the product phase, a modified form of C,S [178-181]. At the same time, the BET surface area
increases (Fig. 2(c)), indicating a greater accessible internal surface [9,13,43]. This apparent contradiction could be explained by the
intrinsic microporosity of the modified C,S phase. The presence of numerous small internal pores increases the accessible surface
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area measured by BET, while having only a limited influence on the measured density, which is primarily affected by larger pores
and the overall packing of the particles. But this explanation requires further investigation.

Carbonation activation alters the pore structure of RCP differently, primarily through the formation of silica gel and CaCOg,
which influence chemical reactivity [20,51]. In cRCP, silica gel generates extensive gel pores while reducing macropores relative
to unactivated RCP. Consequently, the BET surface area increases, while the overall material density remains similar to that of
untreated RCP. Nevertheless, the porosity of cRCP remains higher than that of OPC [20,89,97].

Based on reported literature data, BET and density impact indices were calculated to compare activated and untreated RCP.
For tRCP, the calculated BET Impact Index (BET-II) decreases from 2.3 at 550°C to 0.8 at 600°C [45], and the corresponding
Density Impact Index (D —1II = p/rcp/Prep; See Section 2.1.2) ranges from 1.1 to 1.2. For cRCP, calculated indices indicate that
both material density (D-II appprox. 1.0) and cumulative porosity (Pore Volume II approx. 0.9, data based on [1,20,23,43]) remain
similar to untreated RCP (Fig. 2(d)). In contrast to that, the BET-II increased significantly with a BET-II of approx. 5.0 (Figs. 2(c)).

4.3. Particle size

The particle size of RCP is more variable and relatively large [170]. While the average particle size ds, of an OPC is approximately
dso = 17.3 pm with a standard deviation of 7.2 pm, the mean value of RCP is approximately ds, = 18.5 pm with a standard deviation
of 11.1 um, both based on the following literature data [1,9,13,17,21,23,25,40,41,45,48,50,79,81,88,92,95-97,99,100,109,110,112,
114,115,118,122-124,127-129,140,142,150,161,162,171]. Given that particle size significantly impacts reactivity, both activation
methods are preceded by a mechanical activation step to reduce particle size through crushing. In the following, the effect on the
particle size of thermal and carbonation activation is examined.

Thermal activation significantly influences the particle size distribution of RCP. Heat treatment, particularly at elevated temper-
atures, alters particle size, though the effect is initially minor. Zhang et al. [13] report that RCP shows at room temperature (20 °C,
dsy = 9.3 pm) only slight increases after treatment at 400 °C and 600 °C (ds, = 10.5 um and 10.2 pm, respectively), indicating minimal
agglomeration. In contrast, activation at 800 °C leads to a pronounced increase in average particle size (ds, = 22.6 um) [13,14,40].
Similarly, Sui et al. [15] and Baggio et al. [36] observe nonlinear behaviour, with dy, ranging from 3.1 um at 700°C to 17.9 pm at
600 °C. Considering ds,, both studies report an initial increase with temperature followed by a decrease at 900 °C, consistent with
coarsening and subsequent fragmentation of particles.

During the carbonation activation, portlandite (CH) is converted to CaCOj3, causing a volume expansion of approximately 11 %
to 14 % that refines pores and densifies the matrix. Carbonation of C—S—H gel can result in shrinkage due to its lower density
compared to its carbonation products. The particle size of CaCO5 in cRCP typically ranges from 0.1 pm to 2.0 pm, which corresponds
to capillary pore sizes in RCP, indicating that these fine particles may detach from the matrix, migrate within the cementitious
system, and form agglomerates [20,21,182]. However, the final particle size largely depends on the particle size distribution of the
starting material.

To quantitatively compare the impact of activation on particle size distribution, the Impact Index (II) method for the median
particle size ds, (dsy-1I = dsg/crcp/dso,rep) is used. Calculated ds)-II values from literature data show that thermal treatment of RCP
at 550°C to 650°C increases the median particle size by approximately 1.5, with reported ranges from 1.0 to 2.5 depending on
the source (Fig. 3). These changes are primarily attributed to structural transformations of calcium silicate hydrate (C—S—-H) and
concurrent modifications in surface area and porosity (Section 4.1). Carbonation, in contrast, can either refine the RCP through the
formation of fine CaCO5 and silica gel crystals, reducing the median particle size to a ds,-II of 0.3 to 0.6 [23,95,164], or increase
it up to 1.8 [1,21,54] due to crystal growth and partial agglomeration [3,52,82,89]. These differing results indicate a research gap
that should be investigated further. Possible influencing factors could include the carbonation procedure and the initial particle
size. Overall, these observations indicate that thermal activation leads to relatively consistent changes in particle size distribution,
whereas carbonation activation effects remain less well established, with inconsistent trends reported across studies.

4.4. Reactivity

4.4.1. Heat flow calorimetry

The incorporation of RCP modifies the early hydration behaviour of cement by shortening the induction period and reducing both
the heat release rate and the cumulative heat within the first 72 h compared to ordinary Portland cement [3,54,170]. Increasing RCP
content shifts the secondary hydration peak to earlier times, indicating accelerated hydration kinetics, particularly for fine particles
that act as nucleation sites [170]. Although RCP can intensify early hydration despite lower cumulative heat release [100], its overall
effect depends strongly on dosage, particle fineness, and pretreatment [3,170]. In addition, residual phases may remain reactive after
activation and contribute to the overall hydration behaviour when RCP is used as a supplementary cementitious material, similar
to partially unreacted slag [19,184-187].

Thermally activated RCP enhances heat release during the first 4 to 6 h of hydration compared to ordinary Portland cement, while
the subsequent heat evolution decreases more rapidly, indicating a reduced long-term hydration rate that depends on activation
temperature [14,27,90]. Although the total cumulative heat remains lower than that of pure cement, it exceeds that of untreated
RCP, demonstrating the beneficial effect of activation [3,101]. The highest initial heat flow peak and cumulative heat release are
observed for RCP activated at 600 °C, whereas at 800 °C, the heat flow peak occurs earlier and is reduced, reflecting the formation
of less reactive crystalline phases [14,16,18,40,43]. Systems composed entirely of tRCP retain distinct hydration stages but exhibit
an extended acceleration period and lower peak heat flow. These behaviours are primarily attributed to modifications of the phase



M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

3.0
O tRCP (n=9)
O CcRCP(n=11)
2.5
2.0
= 15+
3
1.0 ==
0.5 1 _L
0.0

tRCP cRCP

Fig. 3. Particle size ds, impact index (ds,-II) based on literature data of tRCP (550°C to 650°C) [40,41,45,96,183] and cRCP [1,21,23,50,95-97,
164,165].

composition induced by thermal activation (see Section 4.1), including full depolymerization of the C—S—H phase and maximal C,S
content at 600 °C, and the formation of polymorphs such as f—C,S and a—C,S at higher temperatures. In addition, when thermal
activation does not exceed high temperatures (over approx. 1000 °C), the number of nucleation sites remains comparable to that of
unactivated RCP, promoting early formation of hydration products and accelerating initial hydration [3,101].

Carbonation activation leads to a different hydration behaviour, characterized by increased early heat release within the first
12 h and reduced cumulative heat over longer periods [97]. The heat evolution resembles that of limestone blended cements and is
strongly influenced by the amount of carbonated material [49,51,62]. The initial heat peak increases due to rapid interactions
between CaCO; and clinker phases such as C3A and C3S, forming monocarbonate and calcium silicate hydrates, while CaCO5
particles also act as nucleation sites [19,51,89,164]. This so-called filler effect accelerates cement hydration and can generally
be divided into dilution, nucleation, and accelerated dissolution effects [187,188]. During the carbonation activation, however, the
nucleation effect appears to be the predominant mechanism governing the accelerated hydration kinetics. The early heat signal
associated with C3A hydration shows an earlier onset, suggesting this catalytic effect of the alumina silica gel formed during
carbonation. Despite this acceleration, the cumulative heat release remains lower after 48 h [51]. The hydration behaviour is further
governed by the surface chemistry of the products due to wet carbonation activation, as silica-rich and highly polymerized phases
formed during carbonation exhibit rapid early reactivity but contribute to a lower overall heat release [23,49,102].

In the following, a quantitative comparison based on literature data is conducted using calorimetric indicators. This quantitative
comparison uses the Al as well as the II for the cumulative heat release after 3 d and the second peak of the heat flow (Table 2).

The hydration behaviour of thermally activated RCP is strongly influenced by the activation temperature and the water-to-binder
(w/b) ratio, as reflected in the calorimetric results shown in Figs. 4(a) and 4(b). The cumulative heat release of systems incorporating
thermally activated RCP remains lower than that of OPC and higher than that of untreated RCP. This trend is expressed by the H-
Al which is approximately 0.6 at a full replacement level of 100 wt.% and increases to about 0.9 at a substitution level of 10 wt.%,
depending on the w/b ratio. In comparison with untreated RCP, the H-II reaches values around 1.2 and increases up to 3.0 at higher
w/b ratios and an activation temperature of 700 °C, corresponding to a threefold increase in cumulative heat release after 3 d [16].

The second heat flow peak is generally reduced by using thermally activated RCP in comparison with ordinary Portland cement,
with P-AI values ranging from 0.7 to 0.2 depending on w/b ratio and particle size for full replacement levels and activation
temperatures between 500°C to 800°C (Fig. 4(c)). In contrast, when compared to untreated RCP, the P-II is higher, with values
ranging from approximately 0.2 at an activation temperature of 800 °C [25] to 2.7 at 600°C [40], and around 1.7 at 700°C [16]
(Fig. 4(d)). These results indicate that thermal activation substantially enhances hydration compared to untreated RCP, although
the reactivity remains below that of ordinary Portland cement. Consequently, complete replacement of cement with untreated RCP
results in very low cumulative heat release, while thermally activated RCP in the temperature range between 550 °C to 650 °C shows
markedly higher reactivity, as illustrated in Fig. 4(a).

Carbonation activation, similar to thermal activation, can significantly enhance the reactivity (H-II ~ 1.2 [50]) of RCP materials,
leading to a marked increase in the early evolution of the heat of hydration, which is shown in Fig. 4(a). If, instead, the cumulative
heat release after 3 d is compared with an OPC (H-Al), very different results are obtained at a substitution rate of, for example,
20 wt.%, ranging from 1.5 [50] down to 0.8 [97], with the H-AI visibly increasing as the w/b ratio rises (shown in Fig. 4(a)). A
similar picture emerges when comparing the second heat peak from the literature when compared to OPC (P-Al) (Fig. 4(c)) and, in
comparison with untreated RCP (P-II) (Fig. 4(d)). However, since cRCP exhibits pozzolanic reactivity, the presence of Ca(OH), is
required to sustain the reaction. As shown in Fig. 4(a) (cumulative heat release) and Fig. 4(c) (second peak of the heat flow), the
literature does not report data for a 100 wt.% substitution of OPC with cRCP, as in the absence of any additional binder component,
there is no available Ca(OH), to drive the reaction.
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Fig. 4. H/P-AI and H/P-1I of the heat of hydration as a function of clinker substitution, based on literature data for RCP, cRCP, and tRCP across
varying w/b ratios.

4.4.2. R test

Another test method for assessing the reactivity, especially of pozzolanic or latent-hydraulic SCMs, is the R test [189-192]. This
test can also be applied to evaluate the reactivity of tRCP and cRCP [72,96,165,184,193,194]. Two ways can be used to determine
the reactivity of an SCM in the R3 test: on the one hand, the heat release and on the other hand the bound water content [191].
Several promising studies have explored the potential for chemically bound water as an indicator of hydraulic reactivity of activated
RCPs, which correlated well with the compressive strength of the corresponding mortar samples. Ilki et al. [193] reported that
RCP activated at 750°C binds significantly more water than material activated at 800°C, indicating higher hydraulic activity.
Comparative studies [96,165,194] support this trend. The precursor materials differ, with Hashmi et al. [194] using RCF and Ye
et al. and Shah [96,165] using RCP. Nevertheless, the water uptake of the unactivated materials is similar, around 3 g/100 g of dried
starting material. Thermal activation at 750 °C to 800 °C increases water uptake to approximately 5 g/100 g, approaching OPC values
of 6g/100¢g and indicating comparable hydraulic reactivity. The effect of carbonation activation has not been consistent among
different studies. Hashmi et al. [194] investigate a value of about 7 g/100 g, whereas Ye et al. and Shah observe approx. 4.5g/100 g.
These differences are likely caused by both the type of precursor and the carbonation method, with Ye et al. [96] employing wet
carbonation and Hashmi et al. [194] a moist process. In the case of wet activation, the material must subsequently be dried before
further processing. As a result, the initial water content can vary significantly between the samples. An alternative determination
parameter is the heat evolution in a modified R® test. Although cRCP exhibits rapid early reaction kinetics, cumulative heat release
values after 3 d of only approximately 140Jg~! SCM have been reported, which are lower than those of conventional SCMs such
as fly ash or slag [184]. This relatively low overall reactivity is attributed to the high CaCO5; content of cRCP, which can reach
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Fig. 5. S-Al and S-II of mortar at 28 d as a function of clinker substitution by tRCP at varying activation temperatures, compared with cRCP,
all evaluated at a w/b ratio of 0.50.

up to 65wt.% [184]. According to Biscotti et al. [72], thermally activated RCP at 600 °C exhibited a cumulative heat release of
approximately 157.4Jg~! after 3 d, whereas OPC reached 324.6J ¢! over the same period.

It should be emphasized that the available literature provides only limited data on the reactivity of both thermally and carbonated
RCP. This lack of comprehensive datasets restricts the possibility of performing a detailed quantitative comparison and prevents the
consistent application of the Activity Index (AI) and Impact Index (II) methods introduced in Sections 2.1.1 and 2.1.2.

4.5. Hardened mortar properties

The replacement of clinker with RCP in mortar has a significant impact on mechanical performance. As the proportion of
RCP increases, mechanical strength generally decreases, particularly at higher levels of substitution [9]. Mortars containing RCP
typically exhibit reduced 28 d compressive strengths compared with standard mortars, primarily due to the limited availability of
reactive phases acting mainly as filler material, leading to detrimental effects on the pore structure at higher substitution rates
(Section 4.1) [25,48,195].

Thermal activation improves the mechanical performance of mortars containing RCP and mitigates strength loss [9]. Increasing
the activation temperatures up to 600°C improves the mechanical properties [3,13]. The hydraulic reactivity is enhanced (Sec-
tion 4.4), and the porosity is reduced (Section 4.2), resulting in an improvement in mechanical properties compared with untreated
RCP [3,13]. In addition to chemical effects, tRCP activated at 700 °C increases packing density and accelerates hydration through its
finer particle size (Section 4.3), which provides additional nucleation sites on cement surfaces [15,92]. This combination of physical
and chemical mechanisms enhances mortar performance. Strength declines when activation exceeds 750 °C, as shown in Figs. 5(a)
and 5(b). At 1200 °C, tRCP softens, and hydration products disappear (Section 4.4), indicating a loss of hydraulic reactivity [3].
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Fig. 6. S-Al of mortar strength at various ages as a function of clinker substitution by RCP, tRCP (600°C to 650°C), and cRCP, evaluated at a
w/b ratio of 0.50.

Wu et al. [9] reported that the strength activity index reaches its maximum around 600 °C, with a value of 0.88 after 28 d at
30 wt.% replacement, while Sui et al. [15] observed 0.86 at 700 °C under comparable conditions, indicating only a minor difference.
Furthermore, Hoffgen et al. [17,27] report a k-value of 1.0, which corresponds to an S-Al of 1.0 and is therefore comparable to OPC at
an activation temperature of 600 °C with a replacement rate of 30 wt.%. From 600 °C onward, CaCO5 begins to decompose, releasing
CO,, which suggests that 600 °C represents a balance between mechanical performance and environmental impact [14,17,27].

Additionally, Bogas et al. [90] demonstrated that the w/b ratio strongly influences strength development in cement paste and
mortars containing RCP. When 100 wt.% of CEM I is replaced with tRCP activated at 700 °C and the w/b ratio is increased to maintain
equivalent workability, compressive strength decreases by approximately 75 %. Maintaining a constant w/b ratio limits the reduction
to 32 %, reflecting the combined effects of higher particle porosity, lower inherent strength of tRCP, and reduced formation of dense
hydration products at particle interfaces.

Carbonation activation can significantly enhance the mechanical performance of cementitious systems compared with unacti-
vated alternatives. The pozzolanic reaction of Al-Si gel in cRCP improves the strength of blended systems [1]. At low substitution
rates (10 wt.%), the filler effect of cRCP further contributes to a denser cement matrix [182] (Section 4.2), enhancing the mechanical
development of the composite [3]. The early hydration (Section 4.4) leads to rapid increases in compressive strength, particularly
compared with limestone-containing cements [19,62]. After 7d, once the Al-Si gel is fully consumed, strength gain plateaus,
emphasizing the importance of gel content and reactivity. A high DoC is essential for reactive gel formation, which enables pozzolanic
behaviour. The concentration of the carbonation solution also affects gel properties and, in turn, the mechanical performance of the
cementitious system [19,48,62]. Optimizing carbonation conditions can therefore significantly enhance performance. For example,
Zhu et al. [54] report a strength activity index of 0.76, while Kaliyavaradhan et al. [82] observed an index exceeding 0.75 at 28 d
in cement mortar containing 20 wt.% cRCP.

In the following quantitative comparison, the activation index (AI, Section 2.1.1) for mechanical properties is quantified using the
strength activity index (S-AI). For unactivated RCP, literature data indicate that S-AlI generally decreases with increasing substitution
rate. Nevertheless, both strength values and the resulting S-AI display considerable variability, as illustrated in Figs. 6(a) and 6(b).

Thermal activation of RCP mitigates strength loss, resulting in improved mechanical performance compared with unactivated
RCP. Consequently, the S-II is approximately 1.3 for several substitution rates, as illustrated in Figs. 5(c) and 5(d). Relative
to untreated RCP, thermally activated RCP exhibits reactivity, which enhances hydraulic activity and promotes more refined
microstructural development [9,16,156]. At lower replacement ratios (10 wt.%), the addition of thermally activated RCP can even
produce a slight increase in compressive strength, with S-Al values exceeding 1.0, as shown in Figs. 5(a) and 5(b), compared with
the reference mortar containing only OPC. This enhancement can be attributed to the nucleation and filler effects of finer particles
generated by thermal activation [9,18]. With increasing substitution rate, a slight decrease in strength can be observed. However,
at a replacement rate of 50 wt.% and an activation temperature of 600°C, an S-Al greater than 0.8 can be achieved (see Fig. 6(a)).
Nevertheless, there are too few comparable experimental data available to make a definitive statement. Furthermore, the benefits
of thermal activation are not uniform over time due to the rapid reactivity of the material (Section 4.4) [13]. Thermal activation
substantially increases the hydraulic reactivity of RCP, particularly within the temperature range of 600°C to 800°C. Figs. 6(a)
and 6(b) demonstrate that activation within 600 °C to 650 °C allows reaching an S-Al exceeding the 0.8 threshold, indicating good
hydraulic reactivity [13].

Carbonation activation of RCP enhances the compressive strength of cement pastes compared with those containing unactivated
RCP, with S-II around 1.1, as shown in Figs. 5(c) and 5(d). This improvement is primarily due to the pozzolanic reactivity of the
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Al-Si gel formed during carbonation (see Sections 3.2 and 4.1) [21,49,51,182]. Flexural strength generally evolves in parallel
with compressive strength over the curing period [97]. Despite these gains, the compressive and flexural strengths of cRCP cements
remain lower than those of OPC [97]. Cement pastes containing either unactivated RCP or cRCP consistently exhibit reduced strength
relative to pure OPC at all curing ages, as illustrated in Figs. 6(a) and 6(b). Depending on the literature data, S-AlI values range from
1.0 [96] to 0.6 [65]. A trend with increasing substitution rate at the same age is not discernible due to the limited data available
(see Fig. 6(a)).

5. RCP-to-RCW transferability: Challenges and limitations

Numerous studies have demonstrated the feasibility of using both activated and unactivated RCP as SCMs at laboratory scale
(see Sections 3 and 4). However, significant challenges remain for their transfer to real-world RCW and large-scale applications.

A key limitation arises from the heterogeneous nature of RCW. Complete separation of concrete constituents, including cement
paste, fine aggregates, and coarse aggregates, is difficult to achieve during recycling. As a result, RCW is not composed solely
of RCP but also contains residual aggregates that significantly influence its chemical and mineralogical composition. In addition to
hydration products such as calcium silicate hydrate (C-S-H), calcium hydroxide (CH), AFm, and AFt phases, and unhydrated cement,
RCW contains phases originating from aggregates, including quartz (SiO,), calcite (CaCO5), gismondine (Ca(Al,Si,Og)-4H,0), and
dolomite (CaMg(COs3),). Further CaCOj5 is formed through natural carbonation processes of CH [3,13,156,196].

As illustrated in Fig. 1, RCW typically exhibits higher SiO, and lower CaO contents than laboratory-produced RCP, particularly
when derived from concretes containing siliceous aggregates [170]. Recycled concrete fines (RCF) produced under laboratory
conditions are generally more comparable to RCW due to the presence of residual aggregates. The relative proportions of CaO and
SiO, are primarily governed by the origin of the material and the aggregate type [3]. Since chemical and mineralogical composition
strongly control material performance [7], these variations must be carefully considered when assessing suitability for construction
applications [196].

To enhance performance, additional processing steps are required. Mechanical separation techniques can be applied to concen-
trate the cementitious fraction, thereby shifting the composition of RCW closer to that of RCP and ultimately OPC or the initial SCM.
In combination, activation methods such as carbonation or thermal treatment can be employed for the finer fraction, especially for
the pure cement paste. The available data indicate a preliminary potential for improved performance. However, the presence of
largely inert aggregate phases as well as natural carbonated phases reduces the overall reactivity of both tRCP and cRCP when
applied as SCMs. This effect has been demonstrated in both laboratory-produced and industrial materials, including comparisons
with synthetic cement pastes subjected to identical treatments [49,86,197,198]. Furthermore, there is already a study by Hoffgen
et al. [17,27], which allows predictions as to whether RCW material is suitable for thermal activation, based on mass loss during
thermal treatment. However, regarding the potential for carbonation activation, there are currently no studies available, and so
further investigations are needed.

Beyond material-related aspects, the integration of activation technologies into existing recycling systems poses additional
challenges. These include plant integration, infrastructure requirements, process scalability, throughput, and transportation logis-
tics [199]. In addition, the facilities must be economically viable, meaning that the capital expenditures (CapEx) and operating
expenditures (OpEx) associated with the respective activation method must not exceed the generated revenue or overall profit.
Nevertheless, a limited data set of pilot-scale implementations exists for carbonation-based processes, including wet and moist
approaches, which demonstrate the technical feasibility of producing cRCP for SCM applications [200-204]. In contrast, thermal
activation has so far been investigated primarily at the laboratory scale. Existing studies suggest that preliminary trends observed for
tRCP can be qualitatively transferred to RCW, although performance is generally reduced due to dilution by inert constituents [15,
17,36,81,145]. The absence of pilot-scale implementations currently limits the validation of these findings under realistic conditions.
However, the industrial-scale application of thermal activation has already been established for other kinds of cementitious materials,
such as calcined clays, and can be adapted [205].

More generally, the comparability of activation methods across studies remains limited. The available literature is fragmented
and typically based on differing raw materials and experimental conditions. While mechanical performance exhibits some degree
of consistency, microstructural characteristics are strongly affected by the variability of the original concrete sources, thereby
hindering direct comparison. Consequently, the transferability of laboratory findings to practical applications remains uncertain.
Only a limited number of studies address real-world implementation, and these do not yet provide robust or generalizable conclusions
regarding the relative effectiveness of different activation methods. Current evidence suggests that carbonation activation results in
less pronounced strength improvements compared to thermal activation, indicating a higher effectiveness of the latter in terms
of mechanical performance. Nevertheless, carbonation activation provides the additional benefit of CO, sequestration, which
may enhance its overall environmental performance. Future research should therefore focus on systematic investigations using
identical source materials to enable direct comparison of activation methods. In addition, the influence of raw material variability
on activation efficiency should be explicitly quantified. A comprehensive evaluation framework is required that integrates both
performance-related metrics and environmental impacts, particularly process-related emissions. Such an approach is essential to
assess whether activation yields a net benefit or whether the direct use of unactivated RCW represents the more sustainable
alternative. Finally, further studies addressing durability and resistance to degradation mechanisms are necessary to evaluate
long-term performance.

However, a full life cycle assessment (LCA) of the entire carbonation activation process is not yet available, as the process itself
has not been fully optimized or clearly defined. With regard to thermal activation, there is already a study by Jing et al. [206]. In
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this work, an activation temperature of 600 °C for 2h is assumed, using RCW material. At a substitution rate of 10 wt.%, thermally
activated RCW (tRCW) shows a CO, reduction of nearly 10 % compared to ordinary Portland cement (OPC). This represents a better
performance than that of limestone powder (about 5 %) or fly ash (about 3.6 %), mainly due to the advantage of local availability.
For reference, pure OPC accounts for roughly 1000kg CO,,/ m?>. However, this calculation should be regarded as an initial indication
rather than being directly transferable to real-scale applications. Consequently, there remains a general research gap for both
activation methods with regard to comprehensive LCAs. It is therefore advisable to first address the previously identified gaps,
particularly the need for a systematic investigation of performance.

6. Conclusion

This paper compares the two most prominent activation methods for real recycled concrete waste (RCW). Since most studies to
date have been conducted on cement pastes, mortars, or concretes prepared in the laboratory, and the activation primarily affects the
cement paste rather than the inert components, the data collection is therefore limited to laboratory-prepared cement pastes (RCP).
Each activation method was introduced and evaluated in terms of its impact on microstructural and micromechanical properties,
hydration behaviour, and strength development, drawing on the current body of literature. The key findings can be summarized as
follows:

» Phase Composition: RCP differs from OPC in both chemical composition and hydration state, which limits its direct
applicability as an SCM; however, this can be partially compensated by activation. Thermal activation at approximately 600 °C
represents the optimal activation temperature, as it induces dehydration without direct material-related CO, emissions and
leads to the decomposition of portlandite, aluminate and C—S—H phases. This results in the formation of reactive aluminate and
calcium-silicate phases, such as a modified Al,05 and modified polymorph of C,S, which imparts latent-hydraulic reactivity
while refining the pore structure towards smaller pore sizes and maintaining a relatively high BET surface area. In contrast,
carbonation activation relies on the reaction of RCP with CO,, resulting in the formation of CaCO5; and, more importantly,
an amorphous alumina-silica gel that governs pozzolanic reactivity, alongside a densification of the microstructure through
reduced macroporosity and increased gel pore content, while simultaneously enabling CO, binding. Overall, both methods
enhance reactivity and densify the microstructure through different mechanisms, latent-hydraulic in the case of thermal
activation and pozzolanic in the case of carbonation, with current data suggesting a stronger increase in BET surface area
for carbonation and slightly higher densities for thermal activation, although these trends remain uncertain due to the limited
and partly inconsistent data basis.

Particle Size: Thermal activation generally increases particle size due to agglomeration and recrystallization, although partial
decomposition of these structures occurs at higher temperatures (700 °C to 800 °C). In contrast, carbonation activation appears
to have a comparatively minor effect on particle size. However, direct comparison between the two activation methods
remains challenging, as reported particle size distributions and decomposition behaviour vary significantly across studies due
to differences in material characteristics and experimental conditions. In particular, the type of RCP, prior processing history,
and initial particle size strongly influence the observed effects, making it difficult to draw general conclusions regarding the
impact of either activation method on particle size.

Reactivity: Thermal activation in the range of 400°C to 600°C generally enhances the heat of hydration, whereas higher
temperatures (e.g., 800°C) lead to a reduction due to structural degradation. Nevertheless, all thermally activated RCP
samples exhibit improved early hydration kinetics compared to untreated material, primarily due to increased surface area, the
presence of reactive dehydrated phases, higher calcium aluminate content, and the exothermic hydration of CaO. Carbonation
activation similarly enhances RCP reactivity, as reflected by increased initial and cumulative heat release, although the overall
performance remains below that of OPC. The initial heat evolution of carbonated RCP is largely governed by the rapid
interaction between C3A and CaCOg, resulting in behaviour comparable to limestone composite cements. A comparison of
literature data using the AI and II approach reveals considerable variability depending on material origin, processing, and
testing conditions. While cumulative heat release generally decreases with increasing OPC substitution (H-AI < 1.0), both
thermal and carbonation activation lead to higher reactivity compared to untreated RCP (H-II > 1.0). For thermal activation,
maximum reactivity is typically observed around 600 °C. However, reported values for carbonation activation vary widely,
with H-AI ranging from approximately 0.8 to 1.5 at 20 wt.% substitution, influenced in particular by the w/b ratio. A general
trend in the reactivity of both activated RCPs as a function of the substitution rate is currently difficult to determine, since
increasing the substitution rate also raises the w/b ratio, thereby introducing another influencing factor. Overall, despite the
variability and limited comparability of existing studies, both activation methods consistently increase hydration heat relative
to unactivated RCP, indicating enhanced reactivity. However, standardized testing conditions are required for a more reliable
assessment. Another test for assessing reactivity, particularly of pozzolanic and latent-hydraulic SCMs, is the R® test. This
method evaluates the potential for the uptake of chemically bound water as well as heat release, from which reactivity is
inferred. However, the current database is very limited and, especially regarding the reactivity of cRCP, shows inconsistent
results.

Strength development: Thermal and carbonation activation of RCP both enhance mechanical performance (S-II > 1.0)
by generating reactive phases and refining the microstructure, mitigating the typical strength loss associated with its use.
Carbonation activation increases strength through the formation of pozzolanic alumina-silica gel, although overall performance
remains below OPC (S-AlI < 1.0). Thermal activation at approximately 600 °C is generally optimal, producing reactive calcium-
silicate phases that improve hydraulic reactivity while avoiding significant CO, emissions, resulting in higher S-Al values
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compared to cRCP and untreated RCP, particularly at higher replacement levels. Strength development is influenced by
multiple factors, including replacement rate, precursor composition, particle size, activation parameters, w/b ratio, and mix
design. At low replacement levels, filler effects can slightly enhance strength, whereas at higher substitution rates, activation
helps mitigate strength loss, with tRCP at 600°C typically outperforming cRCP. Despite these observed trends, variability
across studies and interdependent influencing factors make it difficult to definitively compare the effectiveness of thermal
versus carbonation activation, highlighting the need for standardized testing and controlled comparative investigations.

For most of the studies considered in this work, several factors such as type of raw material, replacement level, particle size,
experimental boundary conditions, mortar composition, and water-to-binder (w/b) ratio used to produce RCP, which directly
influence the performance of RCP, are not consistent. Hence, a more detailed quantitative comparison of the two activation methods
at present remains difficult.

7. Future research directions

The present study demonstrates that it is neither possible to fully compare the two different activation methods and understand
their differences nor to scale up the laboratory investigations towards industrial application using real RCW and industrial-scale
dimensions. Therefore, further research is required. The identified research gaps, as well as the order in which they should be
addressed, are listed below:

Currently, there is insufficient data for a direct comparison of cRCP and tRCP systems, for example regarding the cRCP
values for SII and HII properties. Therefore, a side-by-side experimental investigation using the same starting materials and
experimental conditions is necessary for both activation methods, together with a reference material for comparison. In
particular, the reactivity, strength, and workability should be the main focus.

Regarding the need to reduce the clinker content to a minimum, the use of other SCMs, such as calcined clay, in combination
with activated RCP should be investigated, as recent studies have primarily focused on their individual application rather than
their combined use.

To increase the industrial relevance, the starting material should be changed from RCP to real-world RCW, in which the RCP
is not fully separated from the fine aggregate fractions. This would allow the transferability of the results to be assessed and
facilitate the application of findings from other investigations.

One of the biggest challenges in reusing RCW is its inhomogeneity. Therefore, it is necessary to establish a larger database
to estimate the scatter and variability in the performance of the different activated materials. In this case, two requirements
must be met: a consistent activation process and consistent performance of the activated material.

Durability has to be investigated comprehensively, as it is an essential prerequisite for assessing the long-term sustainability of
the material. Without sufficient durability and long-term performance, the potential sustainability benefits cannot be reliably
realized in practical applications.

Larger batch sizes should be investigated for both the activation process and the subsequent application of the activated
material in concrete to evaluate process consistency, variability, and the transferability of laboratory-scale results to larger
scales.

Beyond the technical performance and scalability, the environmental and economic feasibility of constructing and operating an
activation plant should be assessed.

» The environmental impact and sustainability of the activation process should be evaluated through a comprehensive life-
cycle assessment (LCA), with particular focus on energy consumption, CO, savings, resource consumption, and the overall
environmental benefits of reusing RCW.

» The economic feasibility of the activation process should be investigated, including the investment and operating costs (CAPEX,
OPEX) of an activation plant, energy requirements, material costs, and the overall costs associated with the production and
application of the activated material.

CRediT authorship contribution statement

Maureen Denu: Writing — original draft, Visualization, Methodology, Formal analysis, Data curation, Conceptualization. Jan P.
Hoffgen: Writing — review & editing, Validation, Supervision, Methodology, Formal analysis, Conceptualization. Fabian Niewo6hner:
Writing — original draft, Formal analysis. Maciej Zajac: Writing — review & editing, Validation. Ravi A. Patel: Writing — review
& editing, Validation, Supervision, Methodology, Formal analysis, Conceptualization. Alisa Machner: Writing — review & editing,
Validation, Supervision, Funding acquisition. Frank Dehn: Writing — review & editing, Validation, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

14



M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

Acknowledgements

The authors gratefully acknowledge financial support from the Deutsche Forschungsgemeinschaft (DFG) through the Priority
Programme SPP 2436 “Net-Zero Concrete”, project numbers 541766792 (KIT/IMB) and 542140618 (TUM).

Appendix A. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.cscm.2026.e06611.

Data availability

Data will be made available on request.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

(8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Xiaowei Ouyang, Xiaofeng Li, Jiaming Li, Yuwei Ma, Mingzhong Zhang, Zongjin Li, Jiyang Fu, Multiscale microstructure and reactivity evolution of
recycled concrete fines under gas-solid carbonation, Cem. Concr. Compos. (ISSN: 09589465) 157 (2025) http://dx.doi.org/10.1016/j.cemconcomp.2024.
105903, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946524004761.

M.B. Ali, R. Saidur, M.S. Hossain, A review on emission analysis in cement industries, Renew. Sustain. Energy Rev. (ISSN: 13640321) 15 (5) (2011)
2252-2261, http://dx.doi.org/10.1016/j.rser.2011.02.014, URL https://linkinghub.elsevier.com/retrieve/pii/S1364032111000566.

Joaquin Humberto Aquino Rocha, Romildo Dias Toledo Filho, The utilization of recycled concrete powder as supplementary cementitious material in
cement-based materials: A systematic literature review, J. Build. Eng. (ISSN: 23527102) 76 (2023) 107319, http://dx.doi.org/10.1016/j.jobe.2023.107319,
URL https://linkinghub.elsevier.com/retrieve/pii/$2352710223014997.

Emad Benhelal, Ezzatollah Shamsaei, Muhammad Imran Rashid, Challenges against CO2 abatement strategies in cement industry: A review, J.
Environ. Sci. (ISSN: 1001-0742) 104 (2021) 84-101, http://dx.doi.org/10.1016/j.jes.2020.11.020, URL https://linkinghub.elsevier.com/retrieve/pii/
$1001074220304769.

Tongyao Zhang, Mengshu Zhang, Ling Jin, Mao Xu, Jia Li, Advancing carbon capture in hard-to-abate industries: technology, cost, and policy
insights, Clean Technol. Environ. Policy 26 (7) (2024) 2077-2094, http://dx.doi.org/10.1007/510098-024-02810-5, (ISSN: 1618-954X, 1618-9558), URL
https://link.springer.com/10.1007/s10098-024-02810-5.

S. Marinkovic, V. Radonjanin, M. Malesev, I. Ignjatovic, Comparative environmental assessment of natural and recycled aggregate concrete, Waste Manage.
(30) (2010) http://dx.doi.org/10.1016/j.wasman.2010.04.012, URL https://www.sciencedirect.com/science/article/pii/S0956053X10002217.

Gabor Mucsi, Néra Halyag Papné, Carina Ulsen, Paula Oliveira Figueiredo, Ferenc Kristdly, Mechanical Activation of Construction and Demolition Waste
in Order to Improve Its Pozzolanic Reactivity, ACS Sustain. Chem. Eng. 9 (9) (2021) 3416-3427, http://dx.doi.org/10.1021/acssuschemeng.0c05838,
(ISSN: 2168-0485, 2168-0485), URL https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05838.

C. Miiller, K. Severins, G. Spanka, Brechsand als Zementhauptbestandteil - Leitlinien kiinftiger Anwendung im Zement und Beton, Cem. Int.
17 (2019) 39-61, URL https://www.vdz-online.de/wissensportal/publikationen/brechsand-als-zementhauptbestandteil-leitlinien-kuenftiger-anwendung-im-
zement-und-beton-1.

Huixia Wu, Dingyi Yang, Zhiming Ma, Micro-structure, mechanical and transport properties of cementitious materials with high-volume waste concrete
powder and thermal modification, Constr. Build. Mater. (ISSN: 09500618) 313 (2021) 125477, http://dx.doi.org/10.1016/j.conbuildmat.2021.125477,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821032153.

J.P. Hoffgen, M. Bauer, F. Dehn, THINKTANK, Industrielle Ressourcenstrategien Entwicklung einer Strategie zum Umgang mit Betonbrechsanden in Baden-
Wiirttemberg, ThinkTank, Karlsruher Institut fiir Technologie, 2022, URL https://www.thinktank-irs.de/wp-content/uploads/2024/04/RZ_THINKTANK_
Betonbrechsanden_A4_DE_Web.pdf.

Joris Schoon, Klaartje De Buysser, Isabel Van Driessche, Nele De Belie, Fines extracted from recycled concrete as alternative raw material for
Portland cement clinker production, Cem. Concr. Compos. (ISSN: 09589465) 58 (2015) 70-80, http://dx.doi.org/10.1016/j.cemconcomp.2015.01.003,
URL https://linkinghub.elsevier.com/retrieve/pii/S0958946515000074.

Ana Carrico, José Alexandre Bogas, Susana Hu, Sofia Real, Manuel Francisco Costa Pereira, Novel separation process for obtaining recycled cement and
high-quality recycled sand from waste hardened concrete, J. Clean. Prod. (ISSN: 09596526) 309 (2021) 127375, http://dx.doi.org/10.1016/j.jclepro.2021.
127375, URL https://linkinghub.elsevier.com/retrieve/pii/S0959652621015948.

Dongsheng Zhang, Shuxiang Zhang, Bowen Huang, Qiuning Yang, Jiabin Li, Comparison of mechanical, chemical, and thermal activation methods
on the utilisation of recycled concrete powder from construction and demolition waste, J. Build. Eng. (ISSN: 23527102) 61 (2022a) 105295, http:
//dx.doi.org/10.1016/j.jobe.2022.105295, URL https://linkinghub.elsevier.com/retrieve/pii/S2352710222013018.

J.P. Hoffgen, F. Dehn, Thermisch-mechanische Aufbereitung von Betonbrechsand zur Herstellung eines reaktiven Betonzusatzstoffs, Technical report,
Karlsruher Institut fiir Technologie, 2022.

Yuwu Sui, Chuping Ou, Shu Liu, Jinshuai Zhang, Qingbo Tian, Study on properties of waste concrete powder by thermal treatment and application in
mortar, Appl. Sci. (ISSN: 2076-3417) 10 (3) (2020) 998, http://dx.doi.org/10.3390/app10030998, URL https://www.mdpi.com/2076-3417/10/3/998.
José Alexandre Bogas, Sofia Real, Ana Carrico, J.C.C. Abrantes, Mafalda Guedes, Hydration and phase development of recycled cement, Cem. Concr.
Compos. (ISSN: 0958-9465) 127 (2022) 104405, http://dx.doi.org/10.1016/j.cemconcomp.2022.104405, URL https://linkinghub.elsevier.com/retrieve/
Ppii/S0958946522000014.

Jan P. Hoffgen, Sebastian Bruckschlogl, Bernhard Wetz, Frank Dehn, Influence of thermally activated industrial concrete fines of different origin on mortar
strength development, Case Stud. Constr. Mater. 23 (2025) http://dx.doi.org/10.1016/j.cscm.2025.e05427, URL https://papers.ssrn.com/sol3/papers.cfm?
abstract_id=5367455.

Ana Carrico, Sofia Real, José Alexandre Bogas, Manuel Francisco Costa Pereira, Mortars with thermo activated recycled cement: Fresh and mechanical
characterisation, Constr. Build. Mater. (ISSN: 0950-0618) 256 (2020a) 119502, http://dx.doi.org/10.1016/j.conbuildmat.2020.119502, URL https://
linkinghub.elsevier.com/retrieve/pii/S0950061820315075.

Maciej Zajac, Ippei Maruyama, Atsushi lizuka, Jorgen Skibsted, Enforced carbonation of cementitious materials, Cem. Concr. Res. (ISSN: 00088846) 174
(2023a) 107285, http://dx.doi.org/10.1016/j.cemconres.2023.107285, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884623001990.

Yi Jiang, Long Li, Jian xin Lu, Peiliang Shen, Tung-Chai Ling, Chi Sun Poon, Mechanism of carbonating recycled concrete fines in aqueous environment:
The particle size effect, Cem. Concr. Compos. (ISSN: 09589465) 133 (2022a) 104655, http://dx.doi.org/10.1016/j.cemconcomp.2022.104655, URL
https://linkinghub.elsevier.com/retrieve/pii/S0958946522002487.

15


https://doi.org/10.1016/j.cscm.2026.e06611
http://dx.doi.org/10.1016/j.cemconcomp.2024.105903
http://dx.doi.org/10.1016/j.cemconcomp.2024.105903
http://dx.doi.org/10.1016/j.cemconcomp.2024.105903
https://linkinghub.elsevier.com/retrieve/pii/S0958946524004761
http://dx.doi.org/10.1016/j.rser.2011.02.014
https://linkinghub.elsevier.com/retrieve/pii/S1364032111000566
http://dx.doi.org/10.1016/j.jobe.2023.107319
https://linkinghub.elsevier.com/retrieve/pii/S2352710223014997
http://dx.doi.org/10.1016/j.jes.2020.11.020
https://linkinghub.elsevier.com/retrieve/pii/S1001074220304769
https://linkinghub.elsevier.com/retrieve/pii/S1001074220304769
https://linkinghub.elsevier.com/retrieve/pii/S1001074220304769
http://dx.doi.org/10.1007/s10098-024-02810-5
https://link.springer.com/10.1007/s10098-024-02810-5
http://dx.doi.org/10.1016/j.wasman.2010.04.012
https://www.sciencedirect.com/science/article/pii/S0956053X10002217
http://dx.doi.org/10.1021/acssuschemeng.0c05838
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05838
https://www.vdz-online.de/wissensportal/publikationen/brechsand-als-zementhauptbestandteil-leitlinien-kuenftiger-anwendung-im-zement-und-beton-1
https://www.vdz-online.de/wissensportal/publikationen/brechsand-als-zementhauptbestandteil-leitlinien-kuenftiger-anwendung-im-zement-und-beton-1
https://www.vdz-online.de/wissensportal/publikationen/brechsand-als-zementhauptbestandteil-leitlinien-kuenftiger-anwendung-im-zement-und-beton-1
http://dx.doi.org/10.1016/j.conbuildmat.2021.125477
https://linkinghub.elsevier.com/retrieve/pii/S0950061821032153
https://www.thinktank-irs.de/wp-content/uploads/2024/04/RZ_THINKTANK_Betonbrechsanden_A4_DE_Web.pdf
https://www.thinktank-irs.de/wp-content/uploads/2024/04/RZ_THINKTANK_Betonbrechsanden_A4_DE_Web.pdf
https://www.thinktank-irs.de/wp-content/uploads/2024/04/RZ_THINKTANK_Betonbrechsanden_A4_DE_Web.pdf
http://dx.doi.org/10.1016/j.cemconcomp.2015.01.003
https://linkinghub.elsevier.com/retrieve/pii/S0958946515000074
http://dx.doi.org/10.1016/j.jclepro.2021.127375
http://dx.doi.org/10.1016/j.jclepro.2021.127375
http://dx.doi.org/10.1016/j.jclepro.2021.127375
https://linkinghub.elsevier.com/retrieve/pii/S0959652621015948
http://dx.doi.org/10.1016/j.jobe.2022.105295
http://dx.doi.org/10.1016/j.jobe.2022.105295
http://dx.doi.org/10.1016/j.jobe.2022.105295
https://linkinghub.elsevier.com/retrieve/pii/S2352710222013018
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb14
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb14
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb14
http://dx.doi.org/10.3390/app10030998
https://www.mdpi.com/2076-3417/10/3/998
http://dx.doi.org/10.1016/j.cemconcomp.2022.104405
https://linkinghub.elsevier.com/retrieve/pii/S0958946522000014
https://linkinghub.elsevier.com/retrieve/pii/S0958946522000014
https://linkinghub.elsevier.com/retrieve/pii/S0958946522000014
http://dx.doi.org/10.1016/j.cscm.2025.e05427
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5367455
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5367455
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=5367455
http://dx.doi.org/10.1016/j.conbuildmat.2020.119502
https://linkinghub.elsevier.com/retrieve/pii/S0950061820315075
https://linkinghub.elsevier.com/retrieve/pii/S0950061820315075
https://linkinghub.elsevier.com/retrieve/pii/S0950061820315075
http://dx.doi.org/10.1016/j.cemconres.2023.107285
https://linkinghub.elsevier.com/retrieve/pii/S0008884623001990
http://dx.doi.org/10.1016/j.cemconcomp.2022.104655
https://linkinghub.elsevier.com/retrieve/pii/S0958946522002487

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Yingliang Zhao, Kai Cui, Jionghuang He, Yong Zheng, Peiliang Shen, Chi Sun Poon, Guangmin Peng, Ruilai Guo, Daohui Xia, Highly reactive
carbonated recycled concrete fines prepared via mechanochemical carbonation: Influence on the early performance of cement composites, Cem. Concr.
Compos. (ISSN: 09589465) 152 (2024a) 105636, http://dx.doi.org/10.1016/j.cemconcomp.2024.105636, URL https://linkinghub.elsevier.com/retrieve/
Ppii/S0958946524002087.

C. Alonso, L. Fernandez, Dehydration and rehydration processes of cement paste exposed to high temperature environments, J. Mater. Sci. (ISSN: 0022-
2461) 39 (9) (2004) 3015-3024, http://dx.doi.org/10.1023/B:JMSC.0000025827.65956.18, URL http://link.springer.com/10.1023/B:JMSC.0000025827.
65956.18.

Zihan Ma, Yi Jiang, Jionghuang He, Peiliang Shen, Qinglong Qin, Zhenjiang Gu, Jiangshan Li, Chi Sun Poon, Revealing the connection between carbonation
regimes and early pozzolanic reactivity of recycled concrete powder: Impact of composition and microstructure, Cem. Concr. Res. (ISSN: 00088846) 186
(2024) 107697, http://dx.doi.org/10.1016/j.cemconres.2024.107697, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884624002783.

Ilda Tole, Ankit Kothari, Magdalena Rajczakowska, Andrzej Cwirzen, Mechanochemical activation of recycled concrete fines to produce supplementary
cementitious materials, Constr. Build. Mater. (ISSN: 09500618) 520 (2026) 146017, http://dx.doi.org/10.1016/j.conbuildmat.2026.146017, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0950061826009232.

Jan P. Hoffgen, Michael Vogel, Oliver Blask, Frank Dehn, Entwicklung thermisch-mechanisch aktivierter Betonbrechsande als Betonzusatzstoff —
Projektvorstellung und erste Ergebnisse, Beton- Stahlbetonbau 118 (4) (2023) 239-246, http://dx.doi.org/10.1002/best.202200127, (ISSN: 0005-9900,
1437-1006), URL https://onlinelibrary.wiley.com/doi/10.1002/best.202200127.

J.A. Bogas, A. Carrico, M.F.C. Pereira, Mechanical characterization of thermal activated low-carbon recycled cement mortars, J. Clean. Prod. (ISSN:
09596526) 218 (2019) 377-389, http://dx.doi.org/10.1016/j.jclepro.2019.01.325, URL https://linkinghub.elsevier.com/retrieve/pii/S0959652619303580.
Jan P. Hoffgen, Thermally Activated Concrete Fines as Supplementary Cementitious Materials (Dissertation), Karlsruher Institut fiir Technologie, Karlsruhe,
2026, URL https://publikationen.bibliothek kit.edu/1000193861.

U. Schneider, Verhalten von Beton bei hohen Temperaturen, in: Deutscher Auschuss FUr Stahlbeton (DAfStb)-Heft (337), 1982, URL http://pascal-
francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALBTP83X0095262.

Bernd Dora, Hydraulisch erhédrtende Baustoffe aus Betonbrechsand - Phasendnderungen durch Temperaturbehandlung und Einsatzmoglichkeiten (Dis-
sertation), TU Braunschweig, Braunschweig, 2001, URL https://www.tu-braunschweig.de/fileadmin/Redaktionsgruppen/Institute_Fakultaet_3/IBMB/FG_O/
Bibliothek/Schriftreihen/Heft_161.pdf.

Luis G. Baquerizo, Thomas Matschei, Karen L. Scrivener, Impact of water activity on the stability of ettringite, Cem. Concr. Res. (ISSN: 0008-8846) 79
(2016) 31-44, http://dx.doi.org/10.1016/j.cemconres.2015.07.008, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884615001970.

Q. Zhou, F.P. Glasser, Thermal stability and decomposition mechanisms of ettringite at <120°C, Cem. Concr. Res. (ISSN: 0008-8846) 31 (9) (2001)
1333-1339, http://dx.doi.org/10.1016/s0008-8846(01)00558-0, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884601005580.

Q. Zhou, E.E. Lachowski, F.P. Glasser, Metaettringite, a decomposition product of ettringite, Cem. Concr. Res. (ISSN: 0008-8846) 34 (4) (2004) 703-710,
http://dx.doi.org/10.1016/j.cemconres.2003.10.027, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884603003788.

R. Baldusco, T.R. Santos Nobre, S.C. Angulo, V.A. Quarcioni, M.A. Cincotto, Dehydration and rehydration of blast furnace slag cement, J. Mater. Civ.
Eng. 31 (8) (2019) URL https://ascelibrary.org/doi/abs/10.1061/(ASCE)MT.1943-5533.0002725.

Jin Wang, Laurie Lacarriére, Alain Sellier, Multicomponent modelling of cement paste dehydration under different heating rates, Mater. Struct. 52 (1)
(2019) http://dx.doi.org/10.1617/s11527-018-1306-9, (ISSN: 1359-5997, 1871-6873), URL http://link.springer.com/10.1617/s11527-018-1306-9.

1. Horvéth, I. Proks, I. Nerad, Activation energies of the thermal decompositions of C3AH6 and C3AD6 by the isothermal TG method, J. Therm. Anal.
(ISSN: 0368-4466) 12 (1) (1977) 105-110, http://dx.doi.org/10.1007/bf01909862, URL https://link.springer.com/10.1007/BF01909862.

Tamara Francisca Baggio, Edna Possan, Jairo José De Oliveira Andrade, Physical-chemical characterization of construction and demolition waste
powder with thermomechanical activation for use as supplementary cementitious material, Constr. Build. Mater. (ISSN: 09500618) 437 (2024) 136907,
http://dx.doi.org/10.1016/j.conbuildmat.2024.136907, URL https://linkinghub.elsevier.com/retrieve/pii/S095006182402049X.

Sergio C. Angulo, Mério S. Guilge, A. Quarcioni Valdecir, A. Cincotto Maria, Thiago R.S. Nobre, Herbert Péllmann, The role of calcium silicates and
quicklime on the reactivity of rehydrated cements, Constr. Build. Mater. (ISSN: 0950-0618) 340 (2022) 127625, http://dx.doi.org/10.1016/j.conbuildmat.
2022.127625, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061822013009.

Jelica Zeli, Leticija Ugrina, Jozic Drazan, Application of Thermal Methods in the Chemistry of Cement: Kinetic Analysis of Portlandite from Non-Isothermal
Thermogravimetric Data, Sinaia, Roménia, 2007, pp. 420-429, URL https://www.bib.irb.hr:8443/296803/download/296803.60_Zelic RDE_P_P0058.pdf.
Eike W. Klingsch, Explosive Spalling of Concrete in Fire, IBK-Bericht, ETH Zurich, 2014, URL http://hdl.handle.net/20.500.11850/89823, Artwork Size:
251 p. Medium: application/pdf.

Sofia Real, Ana Carrico, José Alexandre Bogas, Mafalda Guedes, Influence of the treatment, temperature on the microstructure and hydration
behavior of thermoactivated recycled cement, Mater. Sci. (ISSN: 1996-1944) 13 (18) (2021) 3937, http://dx.doi.org/10.3390/mal3183937, URL
https://www.mdpi.com/1996-1944/13/18/3937.

Neshable Noel, Tommy Mielke, Gustave Semugaza, Anne Zora Gierth, Susanne Helmich, Stefan Nawrath, Doru C. Lupascu, Chemical transformations
during the preparation and rehydration of reactivated virgin cements, Cement (ISSN: 2666-5492) 19 (2025) 100129, http://dx.doi.org/10.1016/j.cement.
2025.100129, URL https://linkinghub.elsevier.com/retrieve/pii/S2666549225000027.

Elena Tajuelo Rodriguez, Krassimir Garbev, Daniela Merz, Leon Black, Ian G. Richardson, Thermal stability of C-S-H phases and applicability of Richardson
and Groves’ and Richardson C-(A)-S-H(I) models to synthetic C-S-H, Cem. Concr. Res. (ISSN: 0008-8846) 93 (2017) 45-56, http://dx.doi.org/10.1016/j.
cemconres.2016.12.005, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884616306937.

Zhikang Xia, Jiefeng Liang, Zihua Zhang, H.U. Minjie, X.U. Weihong, Xiaoliang Fang, A low-carbon cementitious materials utilizing carbonated and
thermally activated recycled powder, Constr. Build. Mater. (ISSN: 09500618) 520 (2026) 145961, http://dx.doi.org/10.1016/j.conbuildmat.2026.145961,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061826008664.

K.-D. Grevel, F. Bellmann, J. Majzlan, E. Dachs, A. Benisek, H.-M. Ludwig, Thermodynamic data of belite polymorphs, Cem. Concr. Res. (ISSN: 00088846)
152 (2022) 106621, http://dx.doi.org/10.1016/j.cemconres.2021.106621, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884621002702.

Lei Xu, Junjie Wang, Kefei Li, Tingyu Hao, Zhe Li, Le Li, Bo Ran, Han Du, New insights on dehydration at elevated temperature and rehydration of
GGBS, blended cement, Cem. Concr. Compos. 139 (2023) 1-22, http://dx.doi.org/10.1016/j.cemconcomp.2023.105068, URL https://www.sciencedirect.
com/science/article/pii/S0958946523001427.

Ruben Snellings, Thomas Matschei, RILEM TC 309-MCP: recommendation on terminology for mineral carbonation construction products, Mater. Struct.
58 (2) (2025) 57, http://dx.doi.org/10.1617/s11527-024-02467-y, (ISSN: 1359-5997, 1871-6873), URL https://link.springer.com/10.1617/s11527-024-
02467-y.

Thomas Matschei, Sandrine Braymand, Nishant Garg, Bruno Huet, Daniel Jansen, Rupert J. Myers, Bruce Scruggs, Ellina Bernard, Julie Bertola,
Bogdan Cazacliu, Lucy Ellwood, Christian Felten, Giuseppe Ferrara, Edward Garboczi, Asghar Gholizadeh Vayghan, Hisham Hafez, Theodore Hanein,
Fragkoulis Kanavaris, Mehrdad Mahoutian, Ippei Maruyama, Sébastien Roux, Philippe Turcry, Jorgen Skibsted, Ruben Snellings, Sumit Srivastava,
Virginie Vial, Jinxin Wei, Maciej Zajac, Zhidong Zhang, Prannoy Suraneni, Test methods for CO2 mineralization in cement-based materials: A
review by RILEM TC 309-MCP, Mater. Struct. 59 (4) (2026) 175, http://dx.doi.org/10.1617/s11527-026-03064-x, (ISSN: 1359-5997, 1871-6873), URL
https://link.springer.com/10.1617/5s11527-026-03064-x.

16


http://dx.doi.org/10.1016/j.cemconcomp.2024.105636
https://linkinghub.elsevier.com/retrieve/pii/S0958946524002087
https://linkinghub.elsevier.com/retrieve/pii/S0958946524002087
https://linkinghub.elsevier.com/retrieve/pii/S0958946524002087
http://dx.doi.org/10.1023/B:JMSC.0000025827.65956.18
http://link.springer.com/10.1023/B:JMSC.0000025827.65956.18
http://link.springer.com/10.1023/B:JMSC.0000025827.65956.18
http://link.springer.com/10.1023/B:JMSC.0000025827.65956.18
http://dx.doi.org/10.1016/j.cemconres.2024.107697
https://linkinghub.elsevier.com/retrieve/pii/S0008884624002783
http://dx.doi.org/10.1016/j.conbuildmat.2026.146017
https://linkinghub.elsevier.com/retrieve/pii/S0950061826009232
https://linkinghub.elsevier.com/retrieve/pii/S0950061826009232
https://linkinghub.elsevier.com/retrieve/pii/S0950061826009232
http://dx.doi.org/10.1002/best.202200127
https://onlinelibrary.wiley.com/doi/10.1002/best.202200127
http://dx.doi.org/10.1016/j.jclepro.2019.01.325
https://linkinghub.elsevier.com/retrieve/pii/S0959652619303580
https://publikationen.bibliothek.kit.edu/1000193861
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALBTP83X0095262
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALBTP83X0095262
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALBTP83X0095262
https://www.tu-braunschweig.de/fileadmin/Redaktionsgruppen/Institute_Fakultaet_3/IBMB/FG_O/Bibliothek/Schriftreihen/Heft_161.pdf
https://www.tu-braunschweig.de/fileadmin/Redaktionsgruppen/Institute_Fakultaet_3/IBMB/FG_O/Bibliothek/Schriftreihen/Heft_161.pdf
https://www.tu-braunschweig.de/fileadmin/Redaktionsgruppen/Institute_Fakultaet_3/IBMB/FG_O/Bibliothek/Schriftreihen/Heft_161.pdf
http://dx.doi.org/10.1016/j.cemconres.2015.07.008
https://linkinghub.elsevier.com/retrieve/pii/S0008884615001970
http://dx.doi.org/10.1016/s0008-8846(01)00558-0
https://linkinghub.elsevier.com/retrieve/pii/S0008884601005580
http://dx.doi.org/10.1016/j.cemconres.2003.10.027
https://linkinghub.elsevier.com/retrieve/pii/S0008884603003788
https://ascelibrary.org/doi/abs/10.1061/(ASCE)MT.1943-5533.0002725
http://dx.doi.org/10.1617/s11527-018-1306-9
http://link.springer.com/10.1617/s11527-018-1306-9
http://dx.doi.org/10.1007/bf01909862
https://link.springer.com/10.1007/BF01909862
http://dx.doi.org/10.1016/j.conbuildmat.2024.136907
https://linkinghub.elsevier.com/retrieve/pii/S095006182402049X
http://dx.doi.org/10.1016/j.conbuildmat.2022.127625
http://dx.doi.org/10.1016/j.conbuildmat.2022.127625
http://dx.doi.org/10.1016/j.conbuildmat.2022.127625
https://linkinghub.elsevier.com/retrieve/pii/S0950061822013009
https://www.bib.irb.hr:8443/296803/download/296803.60_Zelic_RDE_P_P0058.pdf
http://hdl.handle.net/20.500.11850/89823
http://dx.doi.org/10.3390/ma13183937
https://www.mdpi.com/1996-1944/13/18/3937
http://dx.doi.org/10.1016/j.cement.2025.100129
http://dx.doi.org/10.1016/j.cement.2025.100129
http://dx.doi.org/10.1016/j.cement.2025.100129
https://linkinghub.elsevier.com/retrieve/pii/S2666549225000027
http://dx.doi.org/10.1016/j.cemconres.2016.12.005
http://dx.doi.org/10.1016/j.cemconres.2016.12.005
http://dx.doi.org/10.1016/j.cemconres.2016.12.005
https://linkinghub.elsevier.com/retrieve/pii/S0008884616306937
http://dx.doi.org/10.1016/j.conbuildmat.2026.145961
https://linkinghub.elsevier.com/retrieve/pii/S0950061826008664
http://dx.doi.org/10.1016/j.cemconres.2021.106621
https://linkinghub.elsevier.com/retrieve/pii/S0008884621002702
http://dx.doi.org/10.1016/j.cemconcomp.2023.105068
https://www.sciencedirect.com/science/article/pii/S0958946523001427
https://www.sciencedirect.com/science/article/pii/S0958946523001427
https://www.sciencedirect.com/science/article/pii/S0958946523001427
http://dx.doi.org/10.1617/s11527-024-02467-y
https://link.springer.com/10.1617/s11527-024-02467-y
https://link.springer.com/10.1617/s11527-024-02467-y
https://link.springer.com/10.1617/s11527-024-02467-y
http://dx.doi.org/10.1617/s11527-026-03064-x
https://link.springer.com/10.1617/s11527-026-03064-x

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Maciej Zajac, Raoul Bremeier, Jan Deja, Magdalena Krél, Mohsen Ben Haha, Carbonation hardening of Portland cement with recycled supplementary
cementitious materials, Cem. Concr. Compos. (ISSN: 09589465) 157 (2025) 105904, http://dx.doi.org/10.1016/j.cemconcomp.2024.105904, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0958946524004773.

Maciej Zajac, Jiayi Song, Jan Skocek, Mohsen Ben Haha, Jgrgen Skibsted, Composite cements with aqueous and semi-dry carbonated recycled concrete
pastes, Constr. Build. Mater. (ISSN: 09500618) 407 (2023) 133362, http://dx.doi.org/10.1016/j.conbuildmat.2023.133362, URL https://linkinghub.
elsevier.com/retrieve/pii/S0950061823030799.

Yuguang Mao, Sarra Drissi, Pingping He, Xiang Hu, Jian Zhang, Caijun Shi, Quantifying the effects of wet carbonated recycled cement paste powder
on the properties of cement paste, Cem. Concr. Res. (ISSN: 00088846) 175 (2024) 107381, http://dx.doi.org/10.1016/j.cemconres.2023.107381, URL
https://linkinghub.elsevier.com/retrieve/pii/S0008884623002958.

Jiake Zhang, Liupeng Zhang, Boyang Xu, Jie Yuan, Influences of carbonated recycled concrete fines on cement hydration, Buildings (ISSN: 2075-5309)
13 (4) (2023) 926, http://dx.doi.org/10.3390/buildings13040926, URL https://www.mdpi.com/2075-5309/13/4/926.

Huixia Wu, Chaofeng Liang, Jianzhuang Xiao, Zhiming Ma, Properties and CO2-curing enhancement of cement-based materials containing various
sources of waste hardened cement paste powder, J. Build. Eng. (ISSN: 23527102) 44 (2021) 102677, http://dx.doi.org/10.1016/j.jobe.2021.102677,
URL https://linkinghub.elsevier.com/retrieve/pii/$2352710221005350.

Bao Lu, Caijun Shi, Jiake Zhang, Jiyun Wang, Effects of carbonated hardened cement paste powder on hydration and microstructure of Portland cement,
Constr. Build. Mater. (ISSN: 09500618) 186 (2018) 699-708, http://dx.doi.org/10.1016/j.conbuildmat.2018.07.159, URL https://linkinghub.elsevier.com/
retrieve/pii/S0950061818318324.

Di Zhu, Qijun Yu, Cun Wang, Binggen Zhan, Peng Gao, Yu Fu, Activation effect and principle of recycled powder by carbonation and chemical co-
activation, Constr. Build. Mater. (ISSN: 09500618) 482 (2025) 141581, http://dx.doi.org/10.1016/j.conbuildmat.2025.141581, URL https://linkinghub.
elsevier.com/retrieve/pii/S0950061825017313.

Hamideh Mehdizadeh, Xiongfei Cheng, Kim Hung Mo, Tung-Chai Ling, Upcycling of waste hydrated cement paste containing high-volume supplementary
cementitious materials via CO2 pre-treatment, J. Build. Eng. (ISSN: 23527102) 52 (2022) 104396, http://dx.doi.org/10.1016/j.jobe.2022.104396, URL
https://linkinghub.elsevier.com/retrieve/pii/$2352710222004090.

Maciej Zajac, Jorgen Skibsted, Jan Skocek, Pawel Durdzinski, Frank Bullerjahn, Mohsen Ben Haha, Phase assemblage and microstructure of cement paste
subjected to enforced, wet carbonation, Cem. Concr. Res. (ISSN: 00088846) 130 (2020a) 105990, http://dx.doi.org/10.1016/j.cemconres.2020.105990,
URL https://linkinghub.elsevier.com/retrieve/pii/S0008884619309500.

Peiliang Shen, Yangyang Zhang, Yi Jiang, Baojian Zhan, Jianxin Lu, Shipeng Zhang, Dongxing Xuan, Chi Sun Poon, Phase assemblance evolution during
wet carbonation of recycled concrete fines, Cem. Concr. Res. (ISSN: 00088846) 154 (2022) 106733, http://dx.doi.org/10.1016/j.cemconres.2022.106733,
URL https://linkinghub.elsevier.com/retrieve/pii/S0008884622000242.

Martin Back, Markus Bauer, Helge Stanjek, Stefan Peiffer, Sequestration of CO2 after reaction with alkaline earth metal oxides CaO and MgO,
Appl. Geochem. (ISSN: 08832927) 26 (7) (2011) 1097-1107, http://dx.doi.org/10.1016/j.apgeochem.2011.03.125, URL https://linkinghub.elsevier.com/
retrieve/pii/S0883292711002101.

Maciej Zajac, Jan Skocek, Pawel Durdzinski, Frank Bullerjahn, Jgrgen Skibsted, Mohsen Ben Haha, Effect of carbonated cement paste on composite
cement hydration and performance, Cem. Concr. Res. (ISSN: 00088846) 134 (2020) 106090, http://dx.doi.org/10.1016/j.cemconres.2020.106090, URL
https://linkinghub.elsevier.com/retrieve/pii/S0008884619314413.

Zhiming Ma, Yuanhui Wu, Jiayi Guo, Dingyi Yang, Huixia Wu, Using CO2 mineralization for enhancing the performance of recycled concrete powder
and its cementitious materials: A critical review, Cem. Concr. Compos. (ISSN: 09589465) 173 (2026) 106723, http://dx.doi.org/10.1016/j.cemconcomp.
2026.106723, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946526002647.

Fébio Maia Neto, Ruben Snellings, Jorgen Skibsted, Aqueous carbonation of aged blended Portland cement pastes: Impact of the Al/Si ratio on the
structure of the alumina-silica gel, Cem. Concr. Res. (ISSN: 00088846) 177 (2024a) 107428, http://dx.doi.org/10.1016/j.cemconres.2024.107428, URL
https://linkinghub.elsevier.com/retrieve/pii/S0008884624000097.

Maciej Zajac, Jiayi Song, Patrick Ullrich, Jan Skocek, Mohsen Ben Haha, Jgrgen Skibsted, High early pozzolanic reactivity of alumina-silica gel: A
study of the hydration of composite cements with carbonated recycled concrete paste, Cem. Concr. Res. (ISSN: 00088846) 175 (2024a) 107345,
http://dx.doi.org/10.1016/j.cemconres.2023.107345, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884623002594.

Michat Cisifiski, Giada Biava, Frank Winnefeld, Lukasz Sadowski, Mohsen Ben Haha, Maciej Zajac, Carbonated calcium silicates as pozzolanic
supplementary cementitious materials, Constr. Build. Mater. (ISSN: 09500618) 443 (2024) 137764, http://dx.doi.org/10.1016/j.conbuildmat.2024.137764,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061824029064.

Sophia Villmow, Anika Mielkau, Friedlinde Goetz-Neunhoeffer, Jiirgen Neubauer, Wet carbonation of C3A and pre-hydrated C3A, Cem. Concr.
Res. (ISSN: 00088846) 173 (2023) 107259, http://dx.doi.org/10.1016/j.cemconres.2023.107259, URL https://linkinghub.elsevier.com/retrieve/pii/
S0008884623001734.

Maciej Zajac, Jan Skocek, Jorgen Skibsted, Mohsen Ben Haha, CO2 mineralization of demolished concrete wastes into a supplementary cementitious
material — a new CCU approach for the cement industry, RILEM Tech. Lett. (ISSN: 2518-0231) 6 (2021) 53-60, http://dx.doi.org/10.21809/rilemtechlett.
2021.141, URL http://letters.rilem.net/index.php/rilem/article/view/141.

Walter A. Gutteridge, John A. Dalziel, Filler cement: the effect of the secondary component on the hydration of Portland cement: Part I,
A fine non-hydraulic filler, 20, (5) 1990, http://dx.doi.org/10.1016/0008-8846(90)90011-L, URL https://www.sciencedirect.com/science/article/pii/
000888469090011L.

Walter A Gutteridge, John A Dalziel, Filler cement: the effect of the secondary component on the hydration of Portland cement: Part 2: Fine hydraulic
binders, 20, (6) 1990, http://dx.doi.org/10.1016,/0008-8846(90)90046-Z, URL https://www.sciencedirect.com/science/article/pii/000888469090046Z.
Kevin D. Ingram, Kenneth E. Daugherty, A review of limestone additions to Portland, cement and concrete, Cem. Concr. Compos. (ISSN: 09589465) 13
(3) (1991) 165-170, http://dx.doi.org/10.1016/0958-9465(91)90016-B, URL https://linkinghub.elsevier.com/retrieve/pii/095894659190016B.

T. Matschei, B. Lothenbach, F.P. Glasser, The role of calcium carbonate in cement hydration, Cem. Concr. Res. (ISSN: 00088846) 37 (4) (2007) 551-558,
http://dx.doi.org/10.1016/j.cemconres.2006.10.013, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884606002614.

Barbara Lothenbach, Gwenn Le Saout, Emmanuel Gallucci, Karen Scrivener, Influence of limestone on the hydration of Portland cements, Cem. Concr.
Res. (ISSN: 00088846) 38 (6) (2008) 848-860, http://dx.doi.org/10.1016/j.cemconres.2008.01.002, URL https://linkinghub.elsevier.com/retrieve/pii/
S0008884608000161.

M. Antoni, J. Rossen, F. Martirena, K. Scrivener, Cement substitution by a combination of metakaolin and limestone, Cem. Concr. Res. (ISSN: 00088846)
42 (12) (2012) 1579-1589, http://dx.doi.org/10.1016/j.cemconres.2012.09.006, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884612002074.
A. Bisciotti, S. Castellini, A. Neri, P. §ajna, S. Dolenec, A. Balbo, G. Cruciani, Under-calcination thermal reactivation of hydrated cement pastes and
construction and demolition waste: A comparison of different commercial products, Case Stud. Constr. Mater. (ISSN: 22145095) 24 (2026) e05978,
http://dx.doi.org/10.1016/j.cscm.2026.e05978, URL https://linkinghub.elsevier.com/retrieve/pii/$2214509526002263.

Yingliang Zhao, Yong Zheng, Zihan Ma, Peiliang Shen, Chi Sun Poon, Guangmin Peng, Ruilai Guo, Daohui Xia, Mechanochemical carbonation
of recycled concrete fines: Towards a high-efficiency recycling and CO2 sequestration, Cem. Concr. Res. (ISSN: 00088846) 185 (2024b) 107654,
http://dx.doi.org/10.1016/j.cemconres.2024.107654, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884624002357.

17


http://dx.doi.org/10.1016/j.cemconcomp.2024.105904
https://linkinghub.elsevier.com/retrieve/pii/S0958946524004773
https://linkinghub.elsevier.com/retrieve/pii/S0958946524004773
https://linkinghub.elsevier.com/retrieve/pii/S0958946524004773
http://dx.doi.org/10.1016/j.conbuildmat.2023.133362
https://linkinghub.elsevier.com/retrieve/pii/S0950061823030799
https://linkinghub.elsevier.com/retrieve/pii/S0950061823030799
https://linkinghub.elsevier.com/retrieve/pii/S0950061823030799
http://dx.doi.org/10.1016/j.cemconres.2023.107381
https://linkinghub.elsevier.com/retrieve/pii/S0008884623002958
http://dx.doi.org/10.3390/buildings13040926
https://www.mdpi.com/2075-5309/13/4/926
http://dx.doi.org/10.1016/j.jobe.2021.102677
https://linkinghub.elsevier.com/retrieve/pii/S2352710221005350
http://dx.doi.org/10.1016/j.conbuildmat.2018.07.159
https://linkinghub.elsevier.com/retrieve/pii/S0950061818318324
https://linkinghub.elsevier.com/retrieve/pii/S0950061818318324
https://linkinghub.elsevier.com/retrieve/pii/S0950061818318324
http://dx.doi.org/10.1016/j.conbuildmat.2025.141581
https://linkinghub.elsevier.com/retrieve/pii/S0950061825017313
https://linkinghub.elsevier.com/retrieve/pii/S0950061825017313
https://linkinghub.elsevier.com/retrieve/pii/S0950061825017313
http://dx.doi.org/10.1016/j.jobe.2022.104396
https://linkinghub.elsevier.com/retrieve/pii/S2352710222004090
http://dx.doi.org/10.1016/j.cemconres.2020.105990
https://linkinghub.elsevier.com/retrieve/pii/S0008884619309500
http://dx.doi.org/10.1016/j.cemconres.2022.106733
https://linkinghub.elsevier.com/retrieve/pii/S0008884622000242
http://dx.doi.org/10.1016/j.apgeochem.2011.03.125
https://linkinghub.elsevier.com/retrieve/pii/S0883292711002101
https://linkinghub.elsevier.com/retrieve/pii/S0883292711002101
https://linkinghub.elsevier.com/retrieve/pii/S0883292711002101
http://dx.doi.org/10.1016/j.cemconres.2020.106090
https://linkinghub.elsevier.com/retrieve/pii/S0008884619314413
http://dx.doi.org/10.1016/j.cemconcomp.2026.106723
http://dx.doi.org/10.1016/j.cemconcomp.2026.106723
http://dx.doi.org/10.1016/j.cemconcomp.2026.106723
https://linkinghub.elsevier.com/retrieve/pii/S0958946526002647
http://dx.doi.org/10.1016/j.cemconres.2024.107428
https://linkinghub.elsevier.com/retrieve/pii/S0008884624000097
http://dx.doi.org/10.1016/j.cemconres.2023.107345
https://linkinghub.elsevier.com/retrieve/pii/S0008884623002594
http://dx.doi.org/10.1016/j.conbuildmat.2024.137764
https://linkinghub.elsevier.com/retrieve/pii/S0950061824029064
http://dx.doi.org/10.1016/j.cemconres.2023.107259
https://linkinghub.elsevier.com/retrieve/pii/S0008884623001734
https://linkinghub.elsevier.com/retrieve/pii/S0008884623001734
https://linkinghub.elsevier.com/retrieve/pii/S0008884623001734
http://dx.doi.org/10.21809/rilemtechlett.2021.141
http://dx.doi.org/10.21809/rilemtechlett.2021.141
http://dx.doi.org/10.21809/rilemtechlett.2021.141
http://letters.rilem.net/index.php/rilem/article/view/141
http://dx.doi.org/10.1016/0008-%208846(90)90011-L
https://www.sciencedirect.com/science/article/pii/000888469090011L
https://www.sciencedirect.com/science/article/pii/000888469090011L
https://www.sciencedirect.com/science/article/pii/000888469090011L
http://dx.doi.org/10.1016/0008-%208846(90)90046-Z
https://www.sciencedirect.com/science/article/pii/000888469090046Z
http://dx.doi.org/10.1016/0958-9465(91)90016-B
https://linkinghub.elsevier.com/retrieve/pii/095894659190016B
http://dx.doi.org/10.1016/j.cemconres.2006.10.013
https://linkinghub.elsevier.com/retrieve/pii/S0008884606002614
http://dx.doi.org/10.1016/j.cemconres.2008.01.002
https://linkinghub.elsevier.com/retrieve/pii/S0008884608000161
https://linkinghub.elsevier.com/retrieve/pii/S0008884608000161
https://linkinghub.elsevier.com/retrieve/pii/S0008884608000161
http://dx.doi.org/10.1016/j.cemconres.2012.09.006
https://linkinghub.elsevier.com/retrieve/pii/S0008884612002074
http://dx.doi.org/10.1016/j.cscm.2026.e05978
https://linkinghub.elsevier.com/retrieve/pii/S2214509526002263
http://dx.doi.org/10.1016/j.cemconres.2024.107654
https://linkinghub.elsevier.com/retrieve/pii/S0008884624002357

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

J.S. Andrade Neto, I.C. Carvalho, P.J.M. Monteiro, P.R. De Matos, A.P. Kirchheim, Unveiling the key factors for clinker reactivity and cement
performance: A physic-chemical and performance investigation of 40 industrial clinkers, Cem. Concr. Res. (ISSN: 00088846) 187 (2025) 107717,
http://dx.doi.org/10.1016/j.cemconres.2024.107717, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884624002989.

Abdellatif Abidar, Rabah Hamzaoui, Othmane Bouchenafa, Sandrine Mansoutre, Céline Florence, Michael Paris, Laury Barnes-Davin, Claire Capra, Bruno
Classen, Restoration of hydraulic properties in recycled cement pastes via thermal treatment, Cem. Concr. Compos. (ISSN: 09589465) 164 (2025) 106265,
http://dx.doi.org/10.1016/j.cemconcomp.2025.106265, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946525003476.

Qiang Zeng, Kefei Li, Teddy Fen-Chong, Patrick Dangla, Effect of porosity on thermal expansion coefficient of cement pastes and mortars, Constr. Build.
Mater. (ISSN: 09500618) 28 (1) (2012) 468-475, http://dx.doi.org/10.1016/j.conbuildmat.2011.09.010, URL https://linkinghub.elsevier.com/retrieve/
pii/S0950061811005320.

Tomasz Tracz, Tomasz Zdeb, Effect of hydration and carbonation progress on the porosity and permeability of cement pastes, Materials (ISSN: 1996-1944)
12 (1) (2019) 192, http://dx.doi.org/10.3390/mal2010192, URL https://www.mdpi.com/1996-1944,/12/1/192.

Juha Komonen, Vesa Penttala, Effects of high temperature on the pore structure and strength of plain and polypropylene fiber reinforced cement pastes,
Fire Technol. 39 (2003) 23-34, http://dx.doi.org/10.1023/A:1021723126005, URL https://link.springer.com/article/10.1023/A:1021723126005.

M.V.A. Florea, Z. Ning, H.J.H. Brouwers, Activation of liberated concrete fines and their application in mortars, Constr. Build. Mater. (ISSN: 09500618)
50 (2014) 1-12, http://dx.doi.org/10.1016/j.conbuildmat.2013.09.012, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061813008520.

Maciej Zajac, Nicolas Pato, Frank Bullerjahn, Martina Dietermann, Carbonation hardening of Portland limestone cement: from laboratory testing
to industrial applications, J. Sustain. Cement-Based Mater. 14 (2025b) 1-15, http://dx.doi.org/10.1080/21650373.2025.2486695, (ISSN: 2165-0373,
2165-0381), URL https://www.tandfonline.com/doi/full/10.1080/21650373.2025.2486695.

Liuyi Chen, Muwang Wei, Nengzhong Lei, Huawei Li, Effect of chemical-thermal activation on the properties of recycled fine powder cementitious
materials, Case Stud. Constr. Mater. (ISSN: 22145095) 20 (2024) e02956, http://dx.doi.org/10.1016/j.cscm.2024.e02956, URL https://linkinghub.elsevier.
com/retrieve/pii/S2214509524001074.

Senthil Kumar Kaliyavaradhan, Lufan Li, Tung-Chai Ling, Response surface methodology for the optimization of CO2 uptake using waste concrete powder,
Constr. Build. Mater. (ISSN: 09500618) 340 (2022) 127758, http://dx.doi.org/10.1016/j.conbuildmat.2022.127758, URL https://linkinghub.elsevier.com/
retrieve/pii/S0950061822014337.

Yuguang Mao, Pingping He, Sarra Drissi, Jian Zhang, Xiang Hu, Caijun Shi, Effect of conditions on wet carbonation products of recycled cement paste
powder, Cem. Concr. Compos. (ISSN: 09589465) 144 (2023) 105307, http://dx.doi.org/10.1016/j.cemconcomp.2023.105307, URL https://linkinghub.
elsevier.com/retrieve/pii/S0958946523003815.

Luge Cheng, Ryo Kurihara, Zhenli Yang, Takahiro Ohkubo, Ryoma Kitagaki, Atsushi Teramoto, Yuya Suda, Ippei Maruyama, Accelerated carbonation
fronts in cement pastes: Mechanistic insights and simplified modeling, Cem. Concr. Res. (ISSN: 00088846) 199 (2026) 108050, http://dx.doi.org/10.
1016/j.cemconres.2025.108050, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884625002698.

Maciej Zajac, Linda Irbe, Frank Bullerjahn, Harald Hilbig, Mohsen Ben Haha, Mechanisms of carbonation hydration hardening in Portland cements, Cem.
Concr. Res. (ISSN: 00088846) 152 (2022) 106687, http://dx.doi.org/10.1016/j.cemconres.2021.106687, URL https://linkinghub.elsevier.com/retrieve/
pii/S0008884621003367.

Maciej Zajac, Jan Skocek, Mohsen Ben Haha, Wolfgang Dienemann, Performance and hydration of ternary cements based on Portland clinker, carbonated
recycled concrete paste (cRCP) and calcined clay, J. Sustain. Cement-Based Mater. 13 (2) (2024b) 338-350, http://dx.doi.org/10.1080/21650373.2023.
2278132, (ISSN: 2165-0373, 2165-0381), URL https://www.tandfonline.com/doi/full/10.1080,/21650373.2023.2278132.

Gombosuren Chinzorigt, Myung Kwan Lim, Myoungyoul Yu, Hyuk Lee, Odontuya Enkbold, Donguk Choi, Strength, shrinkage and creep and durability
aspects of concrete including CO2 treated recycled fine aggregate, Cem. Concr. Res. (ISSN: 00088846) 136 (2020) 106062, http://dx.doi.org/10.1016/].
cemconres.2020.106062, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884619311755.

Yong Jic Kim, Yun Wang Choi, Utilization of waste concrete powder as a substitution material for cement, Constr. Build. Mater. (ISSN: 09500618) 30
(2012) 500-504, http://dx.doi.org/10.1016/j.conbuildmat.2011.11.042, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061811006738.

Tang Wei, Wu Chunran, Mo Yuanyuan, Kou Shicong, Zhan Baojian, Xing Feng, Zhao Baojun, A comparative study of dry and wet carbonation treatment
on the recycled mortar powder: Material characteristics, hydration kinetics and sustainability, Constr. Build. Mater. (ISSN: 0950-0618) 490 (2025) 142505,
http://dx.doi.org/10.1016/j.conbuildmat.2025.142505, URL https://linkinghub.elsevier.com/retrieve/pii/S095006182502656X.

José Alexandre Bogas, Ana Carrico, Antonio José Tenza-Abril, Microstructure of thermoactivated recycled cement pastes, Cem. Concr.
Res. (ISSN: 00088846) 138 (2020) 106226, http://dx.doi.org/10.1016/j.cemconres.2020.106226, URL https://linkinghub.elsevier.com/retrieve/pii/
S0008884620304944.

Fabien Georget, Veronica Caprai, Alberto Belli, Arno Keulen, Thomas Matschei, Investigation of a supplementary cementitious material with three reactive
components: the example of a carbonated mineral composite, Cem. Concr. Compos. (ISSN: 0958-9465) 163 (2025) 106179, http://dx.doi.org/10.1016/j.
cemconcomp.2025.106179, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946525002616.

E. Berodier, K. Scrivener, Understanding the filler effect on the nucleation and growth of C-S-H, J. Am. Ceram. Soc. 97 (12) (2014) 3764-3773,
http://dx.doi.org/10.1111/jace.13177, (ISSN: 0002-7820, 1551-2916), URL https://ceramics.onlinelibrary.wiley.com/doi/10.1111/jace.13177.

Yuqing Wu, Hamideh Mehdizadeh, Kim Hung Mo, Tung-Chai Ling, High-temperature CO2 for accelerating the carbonation of recycled concrete fines,
J. Build. Eng. (ISSN: 23527102) 52 (2022a) 104526, http://dx.doi.org/10.1016/j.jobe.2022.104526, URL https://linkinghub.elsevier.com/retrieve/pii/
$2352710222005393.

Yang Deng, Li Wu, Effect of recycled concrete fine powder after calcination on the properties of autoclaved aerated concrete, Case Stud.
Constr. Mater. (ISSN: 22145095) 20 (2024) e02961, http://dx.doi.org/10.1016/j.cscm.2024.e02961, URL https://linkinghub.elsevier.com/retrieve/pii/
$2214509524001128.

Ligang Peng, Yi Jiang, Jiaxing Ban, Yuanyuan Shen, Zihan Ma, Yuxi Zhao, Peiliang Shen, Chi-Sun Poon, Mechanism underlying early hydration
kinetics of carbonated recycled concrete fines-ordinary portland cement (CRCF-OPC) paste, Cem. Concr. Compos. (ISSN: 09589465) 144 (2023) 105275,
http://dx.doi.org/10.1016/j.cemconcomp.2023.105275, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946523003499.

Taohua Ye, Jianzhuang Xiao, Zihan Zhou, Tongbo Sui, Quantifying reactivity of secondary materials as cement substitutes: Modifications to strength
activity index methodology, Cem. Concr. Res. (ISSN: 00088846) 199 (2026) 108055, http://dx.doi.org/10.1016/j.cemconres.2025.108055, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0008884625002741.

Tong Zhang, Jiaze Cui, Meng Chen, Xiaowei Ouyang, Zhiguo Yan, Effect of carbonated recycled concrete fines on early-age engineering properties,
hydration and microstructure of cement paste under high substitution level and low water-to-binder ratio, J. Build. Eng. (ISSN: 23527102) 96 (2024b)
110376, http://dx.doi.org/10.1016/j.jobe.2024.110376, URL https://linkinghub.elsevier.com/retrieve/pii/S2352710224019442.

L. Lam, Y.L. Wong, C.S. Poon, Degree of hydration and gel/space ratio of high-volume fly ash/cement systems, Cem. Concr. Res. (ISSN: 00088846) 30
(5) (2000) 747-756, http://dx.doi.org/10.1016/50008-8846(00)00213-1, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884600002131.

Farzad Moghaddam, Vute Sirivivatnanon, Kirk Vessalas, The effect of fly ash fineness on heat of hydration, microstructure, flow and compressive
strength of blended cement pastes, Case Stud. Constr. Mater. (ISSN: 22145095) 10 (2019) e00218, http://dx.doi.org/10.1016/j.cscm.2019.e00218, URL
https://linkinghub.elsevier.com/retrieve/pii/$2214509518301931.

Dongbing Jiang, Xiangguo Li, Yang Lv, Mingkai Zhou, Chenhao He, Wenguang Jiang, Zhuolin Liu, Changjiao Li, Utilization of limestone powder
and fly ash in blended cement: Rheology, strength and hydration characteristics, Constr. Build. Mater. (ISSN: 09500618) 232 (2020) 117228, http:
//dx.doi.org/10.1016/j.conbuildmat.2019.117228, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061819326807.

18


http://dx.doi.org/10.1016/j.cemconres.2024.107717
https://linkinghub.elsevier.com/retrieve/pii/S0008884624002989
http://dx.doi.org/10.1016/j.cemconcomp.2025.106265
https://linkinghub.elsevier.com/retrieve/pii/S0958946525003476
http://dx.doi.org/10.1016/j.conbuildmat.2011.09.010
https://linkinghub.elsevier.com/retrieve/pii/S0950061811005320
https://linkinghub.elsevier.com/retrieve/pii/S0950061811005320
https://linkinghub.elsevier.com/retrieve/pii/S0950061811005320
http://dx.doi.org/10.3390/ma12010192
https://www.mdpi.com/1996-1944/12/1/192
http://dx.doi.org/10.1023/A:1021723126005
https://link.springer.com/article/10.1023/A:1021723126005
http://dx.doi.org/10.1016/j.conbuildmat.2013.09.012
https://linkinghub.elsevier.com/retrieve/pii/S0950061813008520
http://dx.doi.org/10.1080/21650373.2025.2486695
https://www.tandfonline.com/doi/full/10.1080/21650373.2025.2486695
http://dx.doi.org/10.1016/j.cscm.2024.e02956
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001074
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001074
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001074
http://dx.doi.org/10.1016/j.conbuildmat.2022.127758
https://linkinghub.elsevier.com/retrieve/pii/S0950061822014337
https://linkinghub.elsevier.com/retrieve/pii/S0950061822014337
https://linkinghub.elsevier.com/retrieve/pii/S0950061822014337
http://dx.doi.org/10.1016/j.cemconcomp.2023.105307
https://linkinghub.elsevier.com/retrieve/pii/S0958946523003815
https://linkinghub.elsevier.com/retrieve/pii/S0958946523003815
https://linkinghub.elsevier.com/retrieve/pii/S0958946523003815
http://dx.doi.org/10.1016/j.cemconres.2025.108050
http://dx.doi.org/10.1016/j.cemconres.2025.108050
http://dx.doi.org/10.1016/j.cemconres.2025.108050
https://linkinghub.elsevier.com/retrieve/pii/S0008884625002698
http://dx.doi.org/10.1016/j.cemconres.2021.106687
https://linkinghub.elsevier.com/retrieve/pii/S0008884621003367
https://linkinghub.elsevier.com/retrieve/pii/S0008884621003367
https://linkinghub.elsevier.com/retrieve/pii/S0008884621003367
http://dx.doi.org/10.1080/21650373.2023.2278132
http://dx.doi.org/10.1080/21650373.2023.2278132
http://dx.doi.org/10.1080/21650373.2023.2278132
https://www.tandfonline.com/doi/full/10.1080/21650373.2023.2278132
http://dx.doi.org/10.1016/j.cemconres.2020.106062
http://dx.doi.org/10.1016/j.cemconres.2020.106062
http://dx.doi.org/10.1016/j.cemconres.2020.106062
https://linkinghub.elsevier.com/retrieve/pii/S0008884619311755
http://dx.doi.org/10.1016/j.conbuildmat.2011.11.042
https://linkinghub.elsevier.com/retrieve/pii/S0950061811006738
http://dx.doi.org/10.1016/j.conbuildmat.2025.142505
https://linkinghub.elsevier.com/retrieve/pii/S095006182502656X
http://dx.doi.org/10.1016/j.cemconres.2020.106226
https://linkinghub.elsevier.com/retrieve/pii/S0008884620304944
https://linkinghub.elsevier.com/retrieve/pii/S0008884620304944
https://linkinghub.elsevier.com/retrieve/pii/S0008884620304944
http://dx.doi.org/10.1016/j.cemconcomp.2025.106179
http://dx.doi.org/10.1016/j.cemconcomp.2025.106179
http://dx.doi.org/10.1016/j.cemconcomp.2025.106179
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002616
http://dx.doi.org/10.1111/jace.13177
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/jace.13177
http://dx.doi.org/10.1016/j.jobe.2022.104526
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005393
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005393
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005393
http://dx.doi.org/10.1016/j.cscm.2024.e02961
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001128
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001128
https://linkinghub.elsevier.com/retrieve/pii/S2214509524001128
http://dx.doi.org/10.1016/j.cemconcomp.2023.105275
https://linkinghub.elsevier.com/retrieve/pii/S0958946523003499
http://dx.doi.org/10.1016/j.cemconres.2025.108055
https://linkinghub.elsevier.com/retrieve/pii/S0008884625002741
https://linkinghub.elsevier.com/retrieve/pii/S0008884625002741
https://linkinghub.elsevier.com/retrieve/pii/S0008884625002741
http://dx.doi.org/10.1016/j.jobe.2024.110376
https://linkinghub.elsevier.com/retrieve/pii/S2352710224019442
http://dx.doi.org/10.1016/S0008-8846(00)00213-1
https://linkinghub.elsevier.com/retrieve/pii/S0008884600002131
http://dx.doi.org/10.1016/j.cscm.2019.e00218
https://linkinghub.elsevier.com/retrieve/pii/S2214509518301931
http://dx.doi.org/10.1016/j.conbuildmat.2019.117228
http://dx.doi.org/10.1016/j.conbuildmat.2019.117228
http://dx.doi.org/10.1016/j.conbuildmat.2019.117228
https://linkinghub.elsevier.com/retrieve/pii/S0950061819326807

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Katarzyna Kalinowska-Wichrowska, Marta Kosior-Kazberuk, Edyta Pawluczuk, The properties of composites with recycled cement mortar used as a
supplementary cementitious material, Materials (ISSN: 1996-1944) 13 (1) (2019) 64, http://dx.doi.org/10.3390/mal13010064, URL https://www.mdpi.
com/1996-1944/13/1/64.

Wenwen Lian, Jiefeng Liang, Bo Li, Xiaoliang Fang, Transforming waste powder into two types of supplementary cementitious materials through
a wet carbonation process, Constr. Build. Mater. (ISSN: 09500618) 470 (2025) 140644, http://dx.doi.org/10.1016/j.conbuildmat.2025.140644, URL
https://linkinghub.elsevier.com/retrieve/pii/S0950061825007925.

Erfan Najaf, Hassan Abbasi, Using recycled concrete powder, waste glass powder, and plastic powder to improve the mechanical properties of
compacted concrete: Cement elimination approach, Adv. Civ. Eng. 2022 (1) (2022) 9481466, http://dx.doi.org/10.1155/2022/9481466, (ISSN: 1687-8086,
1687-8094), URL https://onlinelibrary.wiley.com/doi/10.1155/2022/9481466.

B. Cantero, M. Bravo, J. De Brito, I.F. Sdez Del Bosque, C. Medina, Mechanical behaviour of structural concrete with ground recycled concrete
cement and mixed recycled aggregate, J. Clean. Prod. (ISSN: 09596526) 275 (2020a) 122913, http://dx.doi.org/10.1016/j.jclepro.2020.122913, URL
https://linkinghub.elsevier.com/retrieve/pii/S0959652620329589.

Xiaoliang Fang, Dongxing Xuan, Baojian Zhan, Weifeng Li, Chi Sun Poon, Characterization and optimization of a two-step carbonation process for
valorization of recycled cement paste fine powder, Constr. Build. Mater. (ISSN: 09500618) 278 (2021) 122343, http://dx.doi.org/10.1016/j.conbuildmat.
2021.122343, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821001033.

Xingyang He, Zhengqi Zheng, Jin Yang, Ying Su, Tingwei Wang, Bohumir Strnadel, Feasibility of incorporating autoclaved aerated concrete waste for
cement replacement in sustainable building materials, J. Clean. Prod. (ISSN: 09596526) 250 (2020) 119455, http://dx.doi.org/10.1016/j.jclepro.2019.
119455, URL https://linkinghub.elsevier.com/retrieve/pii/S0959652619343252.

Hanghua Zhang, Jianzhuang Xiao, Yuxiang Tang, Zhenhua Duan, Chi sun Poon, Long-term shrinkage and mechanical properties of fully recycled aggregate
concrete: Testing and modelling, Cem. Concr. Compos. (ISSN: 09589465) 130 (2022b) 104527, http://dx.doi.org/10.1016/j.cemconcomp.2022.104527,
URL https://linkinghub.elsevier.com/retrieve/pii/S0958946522001202.

Huixia Wu, Jianguang Xu, Dingyi Yang, Zhiming Ma, Utilizing thermal activation treatment to improve the properties of waste cementitious powder
and its newmade cementitious materials, J. Clean. Prod. (ISSN: 09596526) 322 (2021) 129074, http://dx.doi.org/10.1016/j.jclepro.2021.129074, URL
https://linkinghub.elsevier.com/retrieve/pii/S0959652621032637.

Huixia Wu, Chaofeng Liang, Jianzhuang Xiao, Jianguang Xu, Zhiming Ma, Early-age behavior and mechanical properties of cement-based materials with
various types and fineness of recycled powder, Struct. Concr. 23 (2) (2022) 1253-1272, http://dx.doi.org/10.1002/suc0.202000834, (ISSN: 1464-4177,
1751-7648), URL https://onlinelibrary.wiley.com/doi/10.1002/suc0.202000834.

Huixia Wu, Changqing Wang, Zhiming Ma, Drying shrinkage, mechanical and transport properties of sustainable mortar with both recycled aggregate
and powder from concrete waste, J. Build. Eng. (ISSN: 23527102) 49 (2022) 104048, http://dx.doi.org/10.1016/j.jobe.2022.104048, URL https:
//linkinghub.elsevier.com/retrieve/pii/$2352710222000614.

Jeonghyun Kim, Haneol Jang, Closed-loop recycling of C&D waste: Mechanical properties of concrete with the repeatedly recycled C&D powder
as partial cement replacement, J. Clean. Prod. (ISSN: 09596526) 343 (2022) 130977, http://dx.doi.org/10.1016/j.jclepro.2022.130977, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0959652622006126.

Blas Cantero, Miguel Bravo, Jorge De Brito, Isabel Fuencisla Sdez Del Bosque, César Medina, Assessment of the permeability, to aggressive agents of
concrete with recycled cement and mixed recycled aggregate, Appl. Sci. (ISSN: 2076-3417) 11 (9) (2021) 3856, http://dx.doi.org/10.3390/app11093856,
URL https://www.mdpi.com/2076-3417/11/9/3856.

Shujun Li, Jianming Gao, Qiuyi Li, Xiaolong Zhao, Investigation of using recycled powder from the preparation of recycled aggregate as a supplementary
cementitious material, Constr. Build. Mater. (ISSN: 09500618) 267 (2021) 120976, http://dx.doi.org/10.1016/j.conbuildmat.2020.120976, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0950061820329810.

Yueqing Gao, Xinzhong Cui, Na Lu, Shaodan Hou, Zhihai He, Chaofeng Liang, Effect of recycled powders on the mechanical properties and durability
of fully recycled fiber-reinforced mortar, J. Build. Eng. (ISSN: 23527102) 45 (2022) 103574, http://dx.doi.org/10.1016/j.jobe.2021.103574, URL
https://linkinghub.elsevier.com/retrieve/pii/$2352710221014327.

Xiaoyan Liu, Li Liu, Kai Lyu, Tianyu Li, Pingzhong Zhao, Ruidan Liu, Junging Zuo, Feng Fu, Surendra P. Shah, Enhanced early hydration and mechanical
properties of cement-based materials with recycled concrete powder modified by nano-silica, J. Build. Eng. (ISSN: 23527102) 50 (2022a) 104175,
http://dx.doi.org/10.1016/j.jobe.2022.104175, URL https://linkinghub.elsevier.com/retrieve/pii/$2352710222001887.

Sofia Real, José Alexandre Bogas, Ana Carrico, Susana Hu, Mechanical characterisation and shrinkage of thermoactivated recycled cement concrete, Appl.
Sci. (ISSN: 2076-3417) 11 (6) (2021) 2454, http://dx.doi.org/10.3390/app11062454, URL https://www.mdpi.com/2076-3417/11/6/2454.

Zhiming Ma, Jiaxin Shen, Huixia Wu, Peng Zhang, Properties and activation modification of eco-friendly cementitious materials incorporating high-volume
hydrated cement powder from construction waste, Constr. Build. Mater. (ISSN: 09500618) 316 (2022) 125788, http://dx.doi.org/10.1016/j.conbuildmat.
2021.125788, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821035212.

Ling Qin, Xiaojian Gao, Recycling of waste autoclaved aerated concrete powder in Portland cement by accelerated carbonation, Waste Manage. (ISSN:
0956053X) 89 (2019) 254-264, http://dx.doi.org/10.1016/j.wasman.2019.04.018, URL https://linkinghub.elsevier.com/retrieve/pii/S0956053X19302314.
Xiufeng Deng, Huiyong Guo, Hongbo Tan, Xingyang He, Zhengqi Zheng, Ying Su, Jin Yang, An accelerator prepared from waste concrete recycled
powder and its effect on hydration of cement-based materials, Constr. Build. Mater. (ISSN: 09500618) 296 (2021) 123767, http://dx.doi.org/10.1016/].
conbuildmat.2021.123767, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821015270.

Jin Yang, Linghao Zeng, Zechun Su, Xingyang He, Ying Su, Rixu Zhao, Xiangchen Gan, Wet-milling disposal of autoclaved aerated concrete demolition
waste — A comparison with classical supplementary cementitious materials, Adv. Powder Technol. (ISSN: 09218831) 31 (9) (2020) 3736-3746,
http://dx.doi.org/10.1016/j.apt.2020.07.016, URL https://linkinghub.elsevier.com/retrieve/pii/S0921883120303526.

Tao Wang, Xingyang He, Jin Yang, Huang Zhao, Ying Su, Nano-treatment of autoclaved aerated concrete waste and its usage in cleaner building materials,
J. Wuhan Univ. Technol.-Mater. Sci. Ed. 35 (4) (2020) 786-793, http://dx.doi.org/10.1007/511595-020-2321-6, (ISSN: 1000-2413, 1993-0437), URL
https://link.springer.com/10.1007/s11595-020-2321-6.

Xuerun Li, Ruben Snellings, Karen L. Scrivener, Quantification of amorphous siliceous fly ash in hydrated blended cement pastes by X-ray powder
diffraction, J. Appl. Crystallogr. (ISSN: 1600-5767) 52 (6) (2019) 1358-1370, http://dx.doi.org/10.1107/51600576719013955, URL https://journals.iucr.
org/paper?S1600576719013955.

Junjie Zhang, Hongbo Tan, Xingyang He, Rixu Zhao, Jin Yang, Ying Su, Nano particles prepared from hardened cement paste by wet grinding and its
utilization as an accelerator in Portland cement, J. Clean. Prod. (ISSN: 09596526) 283 (2021) 124632, http://dx.doi.org/10.1016/j.jclepro.2020.124632,
URL https://linkinghub.elsevier.com/retrieve/pii/S095965262034676X.

J. Moreno-Juez, Iiigo J. Vegas, M. Fri as Rojas, R. Vigil De La Villa, E. Guede-Vazquez, Laboratory-scale study and semi-industrial validation of viability
of inorganic CDW fine fractions as SCMs in blended cements, Constr. Build. Mater. (ISSN: 09500618) 271 (2021) 121823, http://dx.doi.org/10.1016/j.
conbuildmat.2020.121823, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061820338277.

Zhilin Dun, Mengqi Wang, Lianwei Ren, Zhiyuan Dun, Tests research on grouting materials of waste-concrete-powder cement for goaf ground
improvement, Adv. Mater. Sci. Eng. 2021 (1) (2021) 9598418, http://dx.doi.org/10.1155/2021,/9598418, (ISSN: 1687-8434, 1687-8442), URL https:
//onlinelibrary.wiley.com/doi/10.1155/2021/9598418.

19


http://dx.doi.org/10.3390/ma13010064
https://www.mdpi.com/1996-1944/13/1/64
https://www.mdpi.com/1996-1944/13/1/64
https://www.mdpi.com/1996-1944/13/1/64
http://dx.doi.org/10.1016/j.conbuildmat.2025.140644
https://linkinghub.elsevier.com/retrieve/pii/S0950061825007925
http://dx.doi.org/10.1155/2022/9481466
https://onlinelibrary.wiley.com/doi/10.1155/2022/9481466
http://dx.doi.org/10.1016/j.jclepro.2020.122913
https://linkinghub.elsevier.com/retrieve/pii/S0959652620329589
http://dx.doi.org/10.1016/j.conbuildmat.2021.122343
http://dx.doi.org/10.1016/j.conbuildmat.2021.122343
http://dx.doi.org/10.1016/j.conbuildmat.2021.122343
https://linkinghub.elsevier.com/retrieve/pii/S0950061821001033
http://dx.doi.org/10.1016/j.jclepro.2019.119455
http://dx.doi.org/10.1016/j.jclepro.2019.119455
http://dx.doi.org/10.1016/j.jclepro.2019.119455
https://linkinghub.elsevier.com/retrieve/pii/S0959652619343252
http://dx.doi.org/10.1016/j.cemconcomp.2022.104527
https://linkinghub.elsevier.com/retrieve/pii/S0958946522001202
http://dx.doi.org/10.1016/j.jclepro.2021.129074
https://linkinghub.elsevier.com/retrieve/pii/S0959652621032637
http://dx.doi.org/10.1002/suco.202000834
https://onlinelibrary.wiley.com/doi/10.1002/suco.202000834
http://dx.doi.org/10.1016/j.jobe.2022.104048
https://linkinghub.elsevier.com/retrieve/pii/S2352710222000614
https://linkinghub.elsevier.com/retrieve/pii/S2352710222000614
https://linkinghub.elsevier.com/retrieve/pii/S2352710222000614
http://dx.doi.org/10.1016/j.jclepro.2022.130977
https://linkinghub.elsevier.com/retrieve/pii/S0959652622006126
https://linkinghub.elsevier.com/retrieve/pii/S0959652622006126
https://linkinghub.elsevier.com/retrieve/pii/S0959652622006126
http://dx.doi.org/10.3390/app11093856
https://www.mdpi.com/2076-3417/11/9/3856
http://dx.doi.org/10.1016/j.conbuildmat.2020.120976
https://linkinghub.elsevier.com/retrieve/pii/S0950061820329810
https://linkinghub.elsevier.com/retrieve/pii/S0950061820329810
https://linkinghub.elsevier.com/retrieve/pii/S0950061820329810
http://dx.doi.org/10.1016/j.jobe.2021.103574
https://linkinghub.elsevier.com/retrieve/pii/S2352710221014327
http://dx.doi.org/10.1016/j.jobe.2022.104175
https://linkinghub.elsevier.com/retrieve/pii/S2352710222001887
http://dx.doi.org/10.3390/app11062454
https://www.mdpi.com/2076-3417/11/6/2454
http://dx.doi.org/10.1016/j.conbuildmat.2021.125788
http://dx.doi.org/10.1016/j.conbuildmat.2021.125788
http://dx.doi.org/10.1016/j.conbuildmat.2021.125788
https://linkinghub.elsevier.com/retrieve/pii/S0950061821035212
http://dx.doi.org/10.1016/j.wasman.2019.04.018
https://linkinghub.elsevier.com/retrieve/pii/S0956053X19302314
http://dx.doi.org/10.1016/j.conbuildmat.2021.123767
http://dx.doi.org/10.1016/j.conbuildmat.2021.123767
http://dx.doi.org/10.1016/j.conbuildmat.2021.123767
https://linkinghub.elsevier.com/retrieve/pii/S0950061821015270
http://dx.doi.org/10.1016/j.apt.2020.07.016
https://linkinghub.elsevier.com/retrieve/pii/S0921883120303526
http://dx.doi.org/10.1007/s11595-020-2321-6
https://link.springer.com/10.1007/s11595-020-2321-6
http://dx.doi.org/10.1107/S1600576719013955
https://journals.iucr.org/paper?S1600576719013955
https://journals.iucr.org/paper?S1600576719013955
https://journals.iucr.org/paper?S1600576719013955
http://dx.doi.org/10.1016/j.jclepro.2020.124632
https://linkinghub.elsevier.com/retrieve/pii/S095965262034676X
http://dx.doi.org/10.1016/j.conbuildmat.2020.121823
http://dx.doi.org/10.1016/j.conbuildmat.2020.121823
http://dx.doi.org/10.1016/j.conbuildmat.2020.121823
https://linkinghub.elsevier.com/retrieve/pii/S0950061820338277
http://dx.doi.org/10.1155/2021/9598418
https://onlinelibrary.wiley.com/doi/10.1155/2021/9598418
https://onlinelibrary.wiley.com/doi/10.1155/2021/9598418
https://onlinelibrary.wiley.com/doi/10.1155/2021/9598418

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Ngoc Kien Bui, Ryo Kurihara, Takafumi Noguchi, Ippei Maruyama, Microstructural evolution of cement pastes under long-term carbonation: new
insights in nanopores from water vapor sorption and 1H-NMR relaxometry, Cem. Concr. Compos. (ISSN: 09589465) 166 (2025) 106392, http:
//dx.doi.org/10.1016/j.cemconcomp.2025.106392, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946525004743.

Laura Caneda-Martinez, Manuel Monasterio, Jaime Moreno-Juez, Sagrario Martinez-Ramirez, Rosario Garcia, Moisés Frias, Behaviour and properties of
eco-cement pastes elaborated with recycled concrete powder from construction and demolition wastes, Materials (ISSN: 1996-1944) 14 (5) (2021) 1299,
http://dx.doi.org/10.3390/mal4051299, URL https://www.mdpi.com/1996-1944,/14/5/1299.

Veera Horsakulthai, Effect of recycled concrete powder on strength, electrical resistivity, and water absorption of self-compacting mortars, Case Stud.
Constr. Mater. (ISSN: 22145095) 15 (2021) e00725, http://dx.doi.org/10.1016/j.cscm.2021.e00725, URL https://linkinghub.elsevier.com/retrieve/pii/
§$2214509521002400.

Chaofeng Liang, Yuming Zhang, Ruixue Wu, Dingyi Yang, Zhiming Ma, The utilization of active recycled powder from various construction wastes
in preparing ductile fiber-reinforced cementitious composites: A case study, Case Stud. Constr. Mater. (ISSN: 22145095) 15 (2021) e00650, http:
//dx.doi.org/10.1016/j.cscm.2021.e00650, URL https://linkinghub.elsevier.com/retrieve/pii/S2214509521001650.

Z. Prosek, J. Trejbal, V. NeZerka, V. Golias, M. Faltus, P. Tesarek, Recovery of residual anhydrous clinker in finely ground recycled concrete, Resour.
Conserv. Recycl. (ISSN: 09213449) 155 (2020) 104640, http://dx.doi.org/10.1016/j.resconrec.2019.104640, URL https://linkinghub.elsevier.com/retrieve/
pii/S0921344919305464.

Xiuling Li, Xiangrong Lv, Xintao Zhou, Weina Meng, Yi Bao, Upcycling of waste concrete in eco-friendly strain-hardening cementitious composites:
Mixture design, structural performance, and life-cycle assessment, J. Clean. Prod. (ISSN: 09596526) 330 (2022a) 129911, http://dx.doi.org/10.1016/j.
jclepro.2021.129911, URL https://linkinghub.elsevier.com/retrieve/pii/S0959652621040816.

Martin Keppert, Vendula Davidova, Barbora Dousovd, Lenka Scheinherrovd, Pavel Reiterman, Recycling of fresh concrete slurry waste as supplementary
cementing material: Characterization, application and leaching of selected elements, Constr. Build. Mater. (ISSN: 09500618) 300 (2021) 124061,
http://dx.doi.org/10.1016/j.conbuildmat.2021.124061, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821018213.

Ke-Quan Yu, Wen-Jun Zhu, Yao Ding, Zhou-Dao Lu, Jiang tao Yu, Jian-Zhuang Xiao, Micro-structural and mechanical properties of ultra-high performance
engineered cementitious composites (UHP-ECC) incorporation of recycled fine powder (RFP), Cem. Concr. Res. (ISSN: 00088846) 124 (2019) 105813,
http://dx.doi.org/10.1016/j.cemconres.2019.105813, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884618305362.

Chang Sun, Lulu Chen, Jianzhuang Xiao, Qiong Liu, Junqing Zuo, Low-carbon and fundamental properties of eco-efficient mortar with recycled powders,
Materials (ISSN: 1996-1944) 14 (24) (2021) 7503, http://dx.doi.org/10.3390/ma14247503, URL https://www.mdpi.com/1996-1944/14/24/7503.

Chao Liu, Huawei Liu, Jian Wu, Effect of recycled mixed powder on the mechanical properties and microstructure of concrete, J. Renew. Mater. (ISSN:
2164-6341) 10 (5) (2022) 1397-1414, http://dx.doi.org/10.32604/jrm.2022.018386, URL https://www.techscience.com/jrm/v10n5/46054.

Yong Zheng, Xiong Qian, Yingliang Zhao, Kai Cui, DongXing Xuan, Peiliang Shen, Guangqi Xiong, Chi Sun Poon, Characterization the carbonation
behavior of recycled brick-concrete fines and its pozzolanic reactivity enhancement: The role of red brick fines, Constr. Build. Mater. (ISSN: 09500618)
502 (2025) 144434, http://dx.doi.org/10.1016/j.conbuildmat.2025.144434, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061825045866.
Chang Sun, Lulu Chen, Jianzhuang Xiao, Amardeep Singh, Jiahao Zeng, Compound utilization of construction and industrial waste as cementitious
recycled powder in mortar, Resour. Conserv. Recycl. (ISSN: 09213449) 170 (2021) 105561, http://dx.doi.org/10.1016/j.resconrec.2021.105561, URL
https://linkinghub.elsevier.com/retrieve/pii/S0921344921001683.

Yiwen Wu, Chao Liu, Huawei Liu, Huimin Hu, Chunhui He, Lin Song, Wei Huang, Pore structure and durability of green concrete containing
recycled powder and recycled coarse aggregate, J. Build. Eng. (ISSN: 23527102) 53 (2022) 104584, http://dx.doi.org/10.1016/j.jobe.2022.104584, URL
https://linkinghub.elsevier.com/retrieve/pii/$2352710222005976.

Zhi hai He, Xu dong Han, Meng yuan Zhang, Qiang Yuan, Jin yan Shi, Pei min Zhan, A novel development of green UHPC containing waste concrete
powder derived from construction and demolition waste, Powder Technol. (ISSN: 00325910) 398 (2022a) 117075, http://dx.doi.org/10.1016/j.powtec.
2021.117075, URL https://linkinghub.elsevier.com/retrieve/pii/S0032591021010937.

Zhong Li, Yadong Bian, Jihui Zhao, Yiren Wang, Zhenxia Yuan, Recycled concrete fine powder (RFP) as cement partial replacement: Influences
on the physical properties, hydration characteristics, and microstructure of blended cement, J. Build. Eng. (ISSN: 23527102) 62 (2022b) 105326,
http://dx.doi.org/10.1016/j.jobe.2022.105326, URL https://linkinghub.elsevier.com/retrieve/pii/$2352710222013328.

Zhenhua Duan, Shaodan Hou, Jianzhuang Xiao, Bo Li, Study on the essential properties of recycled powders from construction and demolition waste, J.
Clean. Prod. (ISSN: 09596526) 253 (2020) 119865, http://dx.doi.org/10.1016/j.jclepro.2019.119865, URL https://linkinghub.elsevier.com/retrieve/pii/
50959652619347353.

Blas Cantero, Miguel Bravo, Jorge De Brito, Isabel Fuencisla Sdez Del Bosque, César Medina, The influence of fly ash on the mechanical performance of
cementitious materials produced with recycled cement, Appl. Sci. (ISSN: 2076-3417) 12 (4) (2022) 2257, http://dx.doi.org/10.3390/app12042257, URL
https://www.mdpi.com/2076-3417/12/4/2257.

Qiong Liu, Jianzhuang Xiao, Amardeep Singh, Quantification of plastic shrinkage and cracking in mortars containing different recycled powders using
digital image correlation technique, Constr. Build. Mater. (ISSN: 09500618) 293 (2021) 123509, http://dx.doi.org/10.1016/j.conbuildmat.2021.123509,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821012691.

Xuefeng Yuan, Gang Liao, In situ characterization of early-age hydration process of recycled powder blended cement paste using low-field NMR, Fullerenes,
Nanotub. Carbon Nanostructures 29 (11) (2021) 929-936, http://dx.doi.org/10.1080/1536383X.2021.1917554, (ISSN: 1536-383X, 1536-4046)URL
https://www.tandfonline.com/doi/full/10.1080/1536383X.2021.1917554.

Viviana Letelier, Ester Tarela, Pedro Muifioz, Giacomo Moriconi, Combined effects of recycled hydrated cement and recycled aggregates on the
mechanical properties of concrete, Constr. Build. Mater. (ISSN: 09500618) 132 (2017) 365-375, http://dx.doi.org/10.1016/j.conbuildmat.2016.12.010,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061816319171.

Cécile Diliberto, André Lecomte, Chahinez Aissaoui, Jean-Michel Mechling, Laurent Izoret, The incorporation of fine recycled concrete aggregates as
a main constituent of cement, Mater. Struct. 54 (5) (2021) 197, http://dx.doi.org/10.1617/s11527-021-01796-6, (ISSN: 1359-5997, 1871-6873), URL
https://link.springer.com/10.1617/s11527-021-01796-6.

Blas Cantero, Miguel Bravo, Jorge De Brito, Isabel Fuencisla Sidez Del Bosque, César Medina, Thermal performance of concrete with recycled concrete
powder as partial cement replacement and recycled CDW aggregate, Appl. Sci. (ISSN: 2076-3417) 10 (13) (2020) 4540, http://dx.doi.org/10.3390/
app10134540, URL https://www.mdpi.com/2076-3417/10/13/4540.

Jianzhuang Xiao, Lucen Hao, Wanzhi Cao, Taohua Ye, Influence of recycled powder derived from waste concrete on mechanical and thermal properties
of foam concrete, J. Build. Eng. (ISSN: 23527102) 61 (2022) 105203, http://dx.doi.org/10.1016/j.jobe.2022.105203, URL https://linkinghub.elsevier.
com/retrieve/pii/S2352710222012098.

Z. ProSek, V. NeZerka, R. HlGzek, J. Trejbal, P. Tesarek, G. Karra’a, Role of lime, fly ash, and slag in cement pastes containing recycled concrete fines,
Constr. Build. Mater. (ISSN: 09500618) 201 (2019) 702-714, http://dx.doi.org/10.1016/j.conbuildmat.2018.12.227, URL https://linkinghub.elsevier.com/
retrieve/pii/S0950061818332227.

Xiaoliang Fang, Dongxing Xuan, Baojian Zhan, Weifeng Li, Chi Sun Poon, A novel upcycling technique of recycled cement paste powder by a
two-step carbonation process, J. Clean. Prod. (ISSN: 09596526) 290 (2021) 125192, http://dx.doi.org/10.1016/j.jclepro.2020.125192, URL https:
//linkinghub.elsevier.com/retrieve/pii/$0959652620352367.

20


http://dx.doi.org/10.1016/j.cemconcomp.2025.106392
http://dx.doi.org/10.1016/j.cemconcomp.2025.106392
http://dx.doi.org/10.1016/j.cemconcomp.2025.106392
https://linkinghub.elsevier.com/retrieve/pii/S0958946525004743
http://dx.doi.org/10.3390/ma14051299
https://www.mdpi.com/1996-1944/14/5/1299
http://dx.doi.org/10.1016/j.cscm.2021.e00725
https://linkinghub.elsevier.com/retrieve/pii/S2214509521002400
https://linkinghub.elsevier.com/retrieve/pii/S2214509521002400
https://linkinghub.elsevier.com/retrieve/pii/S2214509521002400
http://dx.doi.org/10.1016/j.cscm.2021.e00650
http://dx.doi.org/10.1016/j.cscm.2021.e00650
http://dx.doi.org/10.1016/j.cscm.2021.e00650
https://linkinghub.elsevier.com/retrieve/pii/S2214509521001650
http://dx.doi.org/10.1016/j.resconrec.2019.104640
https://linkinghub.elsevier.com/retrieve/pii/S0921344919305464
https://linkinghub.elsevier.com/retrieve/pii/S0921344919305464
https://linkinghub.elsevier.com/retrieve/pii/S0921344919305464
http://dx.doi.org/10.1016/j.jclepro.2021.129911
http://dx.doi.org/10.1016/j.jclepro.2021.129911
http://dx.doi.org/10.1016/j.jclepro.2021.129911
https://linkinghub.elsevier.com/retrieve/pii/S0959652621040816
http://dx.doi.org/10.1016/j.conbuildmat.2021.124061
https://linkinghub.elsevier.com/retrieve/pii/S0950061821018213
http://dx.doi.org/10.1016/j.cemconres.2019.105813
https://linkinghub.elsevier.com/retrieve/pii/S0008884618305362
http://dx.doi.org/10.3390/ma14247503
https://www.mdpi.com/1996-1944/14/24/7503
http://dx.doi.org/10.32604/jrm.2022.018386
https://www.techscience.com/jrm/v10n5/46054
http://dx.doi.org/10.1016/j.conbuildmat.2025.144434
https://linkinghub.elsevier.com/retrieve/pii/S0950061825045866
http://dx.doi.org/10.1016/j.resconrec.2021.105561
https://linkinghub.elsevier.com/retrieve/pii/S0921344921001683
http://dx.doi.org/10.1016/j.jobe.2022.104584
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005976
http://dx.doi.org/10.1016/j.powtec.2021.117075
http://dx.doi.org/10.1016/j.powtec.2021.117075
http://dx.doi.org/10.1016/j.powtec.2021.117075
https://linkinghub.elsevier.com/retrieve/pii/S0032591021010937
http://dx.doi.org/10.1016/j.jobe.2022.105326
https://linkinghub.elsevier.com/retrieve/pii/S2352710222013328
http://dx.doi.org/10.1016/j.jclepro.2019.119865
https://linkinghub.elsevier.com/retrieve/pii/S0959652619347353
https://linkinghub.elsevier.com/retrieve/pii/S0959652619347353
https://linkinghub.elsevier.com/retrieve/pii/S0959652619347353
http://dx.doi.org/10.3390/app12042257
https://www.mdpi.com/2076-3417/12/4/2257
http://dx.doi.org/10.1016/j.conbuildmat.2021.123509
https://linkinghub.elsevier.com/retrieve/pii/S0950061821012691
http://dx.doi.org/10.1080/1536383X.2021.1917554
https://www.tandfonline.com/doi/full/10.1080/1536383X.2021.1917554
http://dx.doi.org/10.1016/j.conbuildmat.2016.12.010
https://linkinghub.elsevier.com/retrieve/pii/S0950061816319171
http://dx.doi.org/10.1617/s11527-021-01796-6
https://link.springer.com/10.1617/s11527-021-01796-6
http://dx.doi.org/10.3390/app10134540
http://dx.doi.org/10.3390/app10134540
http://dx.doi.org/10.3390/app10134540
https://www.mdpi.com/2076-3417/10/13/4540
http://dx.doi.org/10.1016/j.jobe.2022.105203
https://linkinghub.elsevier.com/retrieve/pii/S2352710222012098
https://linkinghub.elsevier.com/retrieve/pii/S2352710222012098
https://linkinghub.elsevier.com/retrieve/pii/S2352710222012098
http://dx.doi.org/10.1016/j.conbuildmat.2018.12.227
https://linkinghub.elsevier.com/retrieve/pii/S0950061818332227
https://linkinghub.elsevier.com/retrieve/pii/S0950061818332227
https://linkinghub.elsevier.com/retrieve/pii/S0950061818332227
http://dx.doi.org/10.1016/j.jclepro.2020.125192
https://linkinghub.elsevier.com/retrieve/pii/S0959652620352367
https://linkinghub.elsevier.com/retrieve/pii/S0959652620352367
https://linkinghub.elsevier.com/retrieve/pii/S0959652620352367

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Jaroslav Topi¢, Zdenek Prosek, Properties and microstructure of cement paste including recycled concrete powder, Acta Polytech. 57 (1) (2017) 49-57,
http://dx.doi.org/10.14311/AP.2017.57.0049, (ISSN: 1805-2363, 1210-2709), URL https://ojs.cvut.cz/ojs/index.php/ap/article/view/3559.

Chang Sun, Qiuyi Chen, Jianzhuang Xiao, Weidong Liu, Utilization of waste concrete recycling materials in self-compacting concrete, Resour. Conserv.
Recycl. (ISSN: 09213449) 161 (2020) 104930, http://dx.doi.org/10.1016/j.resconrec.2020.104930, URL https://linkinghub.elsevier.com/retrieve/pii/
S50921344920302482.

Oksana Larsen, Svetlana Samchenko, Vitali Naruts, Blended binder based on Portland cement and recycled concrete powder, Mag. Civ. Eng. 113 (5)
(2022) http://dx.doi.org/10.34910/MCE.113.6, URL http://engstroy.spbstu.ru/en/article/2022.113.06/, Medium: pdf.

Liang Wang, Yubiao Wei, Hao Wang, Zhigiang Liu, Lei Sun, Fan Yang, Influence of recycled concrete fines content on the dynamic mechanical properties
of coal mine roadway support mortar, KSCE J. Civ. Eng. (ISSN: 12267988) 26 (11) (2022) 4644-4652, http://dx.doi.org/10.1007/s12205-022-1868-5,
URL https://linkinghub.elsevier.com/retrieve/pii/S1226798824014077.

Ye Li, Dongsheng Han, Haodong Wang, Hanxiong Lyu, Dujian Zou, Tiejun Liu, Carbonation curing of mortars produced with reactivated cementitious
materials for CO2 sequestration, J. Clean. Prod. (ISSN: 09596526) 383 (2023) 135501, http://dx.doi.org/10.1016/j.jclepro.2022.135501, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0959652622050752.

Jan P. Hoffgen, Frank Dehn, Influence of thermally activated artificial concrete fines composition on mortar strength development, Dev.
Built Environ. (ISSN: 26661659) 24 (2025) 100775, http://dx.doi.org/10.1016/j.dibe.2025.100775, URL https://linkinghub.elsevier.com/retrieve/pii/
$2666165925001759.

Zhenjiang Gu, Long Jiang, Zihan Ma, Yi Jiang, Peiliang Shen, Chi Sun Poon, Achieving instantaneous activation of recycled concrete powder by
hyper-gravity carbonation, Cem. Concr. Compos. (ISSN: 0958-9465) 163 (2025) 106177, http://dx.doi.org/10.1016/j.cemconcomp.2025.106177, URL
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002598.

Hamideh Mehdizadeh, Kim Hung Mo, Tung-Chai Ling, CO2-fixing and recovery of high-purity vaterite CaCO3 from recycled concrete fines, Resour.
Conserv. Recycl. (ISSN: 09213449) 188 (2023) 106695, http://dx.doi.org/10.1016/j.resconrec.2022.106695, URL https://linkinghub.elsevier.com/retrieve/
pii/S0921344922005286.

Hamideh Mehdizadeh, Yuging Wu, Kim Hung Mo, Tung-Chai Ling, Evaluation of carbonation conversion of recycled concrete fines using high-
temperature CO2: Reaction kinetics and statistical method for parameters optimization, J. Environ. Chem. Eng. (ISSN: 22133437) 11 (3) (2023) 109796,
http://dx.doi.org/10.1016/j.jece.2023.109796, URL https://linkinghub.elsevier.com/retrieve/pii/S$2213343723005353.

Huixia Wu, Dingyi Yang, Jianguang Xu, Chaofeng Liang, Zhiming Ma, Water transport and resistance improvement for the cementitious composites with
eco-friendly powder from various concrete wastes, Constr. Build. Mater. (ISSN: 09500618) 290 (2021) 123247, http://dx.doi.org/10.1016/j.conbuildmat.
2021.123247, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821010072.

Miao Liu, Huixia Wu, Pengpeng Yao, Changqing Wang, Zhiming Ma, Microstructure and macro properties of sustainable alkali-activated fly ash
mortar with various construction waste fines as binder replacement up to 100%, Cem. Concr. Compos. (ISSN: 09589465) 134 (2022) 104733,
http://dx.doi.org/10.1016/j.cemconcomp.2022.104733, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946522003262.

Yuan Jiang, Bo Li, Shu Liu, Jun He, Alvaro Garcia Hernandez, Role of recycled concrete powder as sand replacement in the properties of cement mortar,
J. Clean. Prod. (ISSN: 09596526) 371 (2022b) 133424, http://dx.doi.org/10.1016/j.jclepro.2022.133424, URL https://linkinghub.elsevier.com/retrieve/
Ppii/S0959652622030062.

Xiaowei Ouyang, Liquan Wang, Shida Xu, Yuwei Ma, Guang Ye, Surface characterization of carbonated recycled concrete fines and its effect on the
rheology, hydration and strength development of cement paste, Cem. Concr. Compos. (ISSN: 09589465) 114 (2020) 103809, http://dx.doi.org/10.1016/
j.cemconcomp.2020.103809, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946520303152.

Marie Singer, Lukas Deffner, Marie Collin, Torben Gadt, Daniel Jansen, Chemical and physical influences of various carbonated hydrated cements on
the early hydration of a composite cement, Cem. Concr. Res. (ISSN: 00088846) 204 (2026) 108216, http://dx.doi.org/10.1016/j.cemconres.2026.108216,
URL https://linkinghub.elsevier.com/retrieve/pii/S0008884626000852.

Vineet Shah, Performance evaluation of carbonated cement paste derived from hydrated Portland cement based binders as supplementary cementitious
material, CEMENT (ISSN: 26665492) 15 (2024) 100091, http://dx.doi.org/10.1016/j.cement.2024.100091, URL https://linkinghub.elsevier.com/retrieve/
Ppii/S266654922400001X.

Wangwen Huo, Zhiduo Zhu, Wu Chen, Jie Zhang, Zhuanzhuan Kang, Shaoyun Pu, Yu Wan, Effect of synthesis parameters on the development of
unconfined compressive strength of recycled waste concrete powder-based geopolymers, Constr. Build. Mater. (ISSN: 09500618) 292 (2021) 123264,
http://dx.doi.org/10.1016/j.conbuildmat.2021.123264, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061821010242.

Hao Wang, Liang Wang, Wenfeng Shen, Ke Cao, Lei Sun, Pengju Wang, Liyun Cui, Compressive strength, hydration and pore structure of alkali-
activated slag mortars integrating with recycled concrete powder as binders, KSCE J. Civ. Eng. (ISSN: 12267988) 26 (2) (2022) 795-805, http:
//dx.doi.org/10.1007/s12205-021-0406-1, URL https://linkinghub.elsevier.com/retrieve/pii/S1226798824043058.

F.N. Costa, D.V. Ribeiro, Reduction in CO2 emissions during production of cement, with partial replacement of traditional raw materials by
civil construction waste (CCW,), J. Clean. Prod. (ISSN: 09596526) 276 (2020) 123302, http://dx.doi.org/10.1016/j.jclepro.2020.123302, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0959652620333473.

Leila Nobrega Sousa, J.C.O. Zepper, Katrin Schollbach, H.J.H. Brouwers, Improving the reactivity of industrial recycled concrete fines: Exploring mechanical
and hydrothermal activation, Constr. Build. Mater. (ISSN: 09500618) 442 (2024) 137594, http://dx.doi.org/10.1016/j.conbuildmat.2024.137594, URL
https://linkinghub.elsevier.com/retrieve/pii/S0950061824027363.

Xi Chen, Ying Li, Hualei Bai, Liyuan Ma, Utilization of recycled concrete powder in cement composite: Strength, microstructure and hydration
characteristics, J. Renew. Mater. (ISSN: 2164-6341) 9 (12) (2021) 2189-2208, http://dx.doi.org/10.32604/jrm.2021.015394, URL https://www.
techscience.com/jrm/v9n12/42988.

Liang Wang, Jialai Wang, Hao Wang, Yi Fang, Wenfeng Shen, Peiyuan Chen, Ying Xu, Eco-friendly treatment of recycled concrete fines as supplementary
cementitious materials, Constr. Build. Mater. (ISSN: 09500618) 322 (2022c) 126491, http://dx.doi.org/10.1016/j.conbuildmat.2022.126491, URL https:
//linkinghub.elsevier.com/retrieve/pii/S0950061822001830.

Xin Wang, Yurong Yan, Xiaofang Tong, Yongfan Gong, Investigation of mineral admixtures on mechanical properties of alkali-activated recycled concrete
powders cement, Buildings (ISSN: 2075-5309) 12 (8) (2022) 1234, http://dx.doi.org/10.3390/buildings12081234, URL https://www.mdpi.com/2075-
5309/12/8/1234.

Xi Chen, Ying Li, Zheyu Zhu, Liyuan Ma, Evaluation of waste concrete recycled powder (WCRP) on the preparation of low-exothermic cement,
J. Build. Eng. (ISSN: 23527102) 53 (2022) 104511, http://dx.doi.org/10.1016/j.jobe.2022.104511, URL https://linkinghub.elsevier.com/retrieve/pii/
$2352710222005241.

Guangwei Liang, Tiejun Liu, Haoxin Li, Kai Wu, Shrinkage mitigation, strength enhancement and microstructure improvement of alkali-activated slag/fly
ash binders by ultrafine waste concrete powder, Compos. Part B: Eng. (ISSN: 13598368) 231 (2022) 109570, http://dx.doi.org/10.1016/j.compositesb.
2021.109570, URL https://linkinghub.elsevier.com/retrieve/pii/S1359836821009367.

Xingyang He, Qinghong Ma, Ying Su, Zhengqi Zheng, Hongbo Tan, Kai Peng, Rixu Zhao, Humid hardened concrete waste treated by multiple wet-
grinding and its reuse in concrete, Constr. Build. Mater. (ISSN: 09500618) 350 (2022b) 128485, http://dx.doi.org/10.1016/j.conbuildmat.2022.128485,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061822021456.

21


http://dx.doi.org/10.14311/AP.2017.57.0049
https://ojs.cvut.cz/ojs/index.php/ap/article/view/3559
http://dx.doi.org/10.1016/j.resconrec.2020.104930
https://linkinghub.elsevier.com/retrieve/pii/S0921344920302482
https://linkinghub.elsevier.com/retrieve/pii/S0921344920302482
https://linkinghub.elsevier.com/retrieve/pii/S0921344920302482
http://dx.doi.org/10.34910/MCE.113.6
http://engstroy.spbstu.ru/en/article/2022.113.06/
http://dx.doi.org/10.1007/s12205-022-1868-5
https://linkinghub.elsevier.com/retrieve/pii/S1226798824014077
http://dx.doi.org/10.1016/j.jclepro.2022.135501
https://linkinghub.elsevier.com/retrieve/pii/S0959652622050752
https://linkinghub.elsevier.com/retrieve/pii/S0959652622050752
https://linkinghub.elsevier.com/retrieve/pii/S0959652622050752
http://dx.doi.org/10.1016/j.dibe.2025.100775
https://linkinghub.elsevier.com/retrieve/pii/S2666165925001759
https://linkinghub.elsevier.com/retrieve/pii/S2666165925001759
https://linkinghub.elsevier.com/retrieve/pii/S2666165925001759
http://dx.doi.org/10.1016/j.cemconcomp.2025.106177
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002598
http://dx.doi.org/10.1016/j.resconrec.2022.106695
https://linkinghub.elsevier.com/retrieve/pii/S0921344922005286
https://linkinghub.elsevier.com/retrieve/pii/S0921344922005286
https://linkinghub.elsevier.com/retrieve/pii/S0921344922005286
http://dx.doi.org/10.1016/j.jece.2023.109796
https://linkinghub.elsevier.com/retrieve/pii/S2213343723005353
http://dx.doi.org/10.1016/j.conbuildmat.2021.123247
http://dx.doi.org/10.1016/j.conbuildmat.2021.123247
http://dx.doi.org/10.1016/j.conbuildmat.2021.123247
https://linkinghub.elsevier.com/retrieve/pii/S0950061821010072
http://dx.doi.org/10.1016/j.cemconcomp.2022.104733
https://linkinghub.elsevier.com/retrieve/pii/S0958946522003262
http://dx.doi.org/10.1016/j.jclepro.2022.133424
https://linkinghub.elsevier.com/retrieve/pii/S0959652622030062
https://linkinghub.elsevier.com/retrieve/pii/S0959652622030062
https://linkinghub.elsevier.com/retrieve/pii/S0959652622030062
http://dx.doi.org/10.1016/j.cemconcomp.2020.103809
http://dx.doi.org/10.1016/j.cemconcomp.2020.103809
http://dx.doi.org/10.1016/j.cemconcomp.2020.103809
https://linkinghub.elsevier.com/retrieve/pii/S0958946520303152
http://dx.doi.org/10.1016/j.cemconres.2026.108216
https://linkinghub.elsevier.com/retrieve/pii/S0008884626000852
http://dx.doi.org/10.1016/j.cement.2024.100091
https://linkinghub.elsevier.com/retrieve/pii/S266654922400001X
https://linkinghub.elsevier.com/retrieve/pii/S266654922400001X
https://linkinghub.elsevier.com/retrieve/pii/S266654922400001X
http://dx.doi.org/10.1016/j.conbuildmat.2021.123264
https://linkinghub.elsevier.com/retrieve/pii/S0950061821010242
http://dx.doi.org/10.1007/s12205-021-0406-1
http://dx.doi.org/10.1007/s12205-021-0406-1
http://dx.doi.org/10.1007/s12205-021-0406-1
https://linkinghub.elsevier.com/retrieve/pii/S1226798824043058
http://dx.doi.org/10.1016/j.jclepro.2020.123302
https://linkinghub.elsevier.com/retrieve/pii/S0959652620333473
https://linkinghub.elsevier.com/retrieve/pii/S0959652620333473
https://linkinghub.elsevier.com/retrieve/pii/S0959652620333473
http://dx.doi.org/10.1016/j.conbuildmat.2024.137594
https://linkinghub.elsevier.com/retrieve/pii/S0950061824027363
http://dx.doi.org/10.32604/jrm.2021.015394
https://www.techscience.com/jrm/v9n12/42988
https://www.techscience.com/jrm/v9n12/42988
https://www.techscience.com/jrm/v9n12/42988
http://dx.doi.org/10.1016/j.conbuildmat.2022.126491
https://linkinghub.elsevier.com/retrieve/pii/S0950061822001830
https://linkinghub.elsevier.com/retrieve/pii/S0950061822001830
https://linkinghub.elsevier.com/retrieve/pii/S0950061822001830
http://dx.doi.org/10.3390/buildings12081234
https://www.mdpi.com/2075-5309/12/8/1234
https://www.mdpi.com/2075-5309/12/8/1234
https://www.mdpi.com/2075-5309/12/8/1234
http://dx.doi.org/10.1016/j.jobe.2022.104511
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005241
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005241
https://linkinghub.elsevier.com/retrieve/pii/S2352710222005241
http://dx.doi.org/10.1016/j.compositesb.2021.109570
http://dx.doi.org/10.1016/j.compositesb.2021.109570
http://dx.doi.org/10.1016/j.compositesb.2021.109570
https://linkinghub.elsevier.com/retrieve/pii/S1359836821009367
http://dx.doi.org/10.1016/j.conbuildmat.2022.128485
https://linkinghub.elsevier.com/retrieve/pii/S0950061822021456

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

Thays C.F. Oliveira, Bianca G.S. Dezen, Edna Possan, Use of concrete fine fraction waste as a replacement of Portland cement, J. Clean. Prod. (ISSN:
09596526) 273 (2020) 123126, http://dx.doi.org/10.1016/j.jclepro.2020.123126, URL https://linkinghub.elsevier.com/retrieve/pii/S0959652620331711.
Pengfei Ren, Bo Li, Jin-Guang Yu, Tung-Chai Ling, Utilization of recycled concrete fines and powders to produce alkali-activated slag concrete blocks, J.
Clean. Prod. (ISSN: 09596526) 267 (2020) 122115, http://dx.doi.org/10.1016/j.jclepro.2020.122115, URL https://linkinghub.elsevier.com/retrieve/pii/
50959652620321624.

Andrew J. Allen, Jeffrey J. Thomas, Hamlin M. Jennings, Composition and density of nanoscale calcium-silicate-hydrate in cement, Nat. Mater. 6 (4)
(2007) 311-316, http://dx.doi.org/10.1038/nmat1871, (ISSN: 1476-1122, 1476-4660), URL https://www.nature.com/articles/nmat1871.

Eduardo Duque-Redondo, Patrick A. Bonnaud, Hegoi Manzano, A comprehensive review of C-S-H empirical and computational models, their applications,
and practical aspects, Cem. Concr. Res. (ISSN: 00088846) 156 (2022) 106784, http://dx.doi.org/10.1016/j.cemconres.2022.106784, URL https://
linkinghub.elsevier.com/retrieve/pii/S0008884622000758.

1.G. Richardson, The calcium silicate hydrates, Cem. Concr. Res. (ISSN: 00088846) 38 (2) (2008) 137-158, http://dx.doi.org/10.1016/j.cemconres.2007.
11.005, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884607002876.

M. Balonis, F.P. Glasser, The density of cement phases, Cem. Concr. Res. (ISSN: 00088846) 39 (9) (2009) 733-739, http://dx.doi.org/10.1016/j.cemconres.
2009.06.005, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884609001343.

Yuguang Mao, Xiang Hu, Ubagaram Johnson Alengaram, Wei Chen, Caijun Shi, Use of carbonated recycled cement paste powder as a new supplementary
cementitious material: A critical review, Cem. Concr. Compos. (ISSN: 09589465) 154 (2024b) 105783, http://dx.doi.org/10.1016/j.cemconcomp.2024.
105783, URL https://linkinghub.elsevier.com/retrieve/pii/S0958946524003561.

Jan P. Hoffgen, Marius Schmitt, Frank Dehn, Influence of thermally activated artificial concrete fines composition on concrete long-term behavior,
J. Build. Eng. (ISSN: 23527102) 122 (2026) 115767, http://dx.doi.org/10.1016/j.jobe.2026.115767, URL https://linkinghub.elsevier.com/retrieve/pii/
$2352710226005887.

Fabio Maia Neto, Ruben Snellings, Jorgen Skibsted, Reactivity of aqueous carbonated cement pastes: Effect of chemical composition and carbonation
conditions, J. CO2 Util. (ISSN: 22129820) 89 (2024b) 102970, http://dx.doi.org/10.1016/j.jcou.2024.102970, URL https://linkinghub.elsevier.com/
retrieve/pii/$2212982024003056.

R. Taylor, I.G. Richardson, R.M.D. Brydson, Composition and microstructure of 20-year-old ordinary Portland cement-ground granulated blast-furnace
slag blends containing 0, to 100% slag, Cem. Concr. Res. (ISSN: 00088846) 40 (7) (2010) 971-983, http://dx.doi.org/10.1016/j.cemconres.2010.02.012,
URL https://linkinghub.elsevier.com/retrieve/pii/S0008884610000517.

Karen Luke, Eric Lachowski, Internal composition of 20-year-old fly ash and slag-blended ordinary portland cement pastes, J. Am. Ceram. Soc. 91 (12)
(2008) 4084-4092, http://dx.doi.org/10.1111/j.1551-2916.2008.02783.x, (ISSN: 0002-7820, 1551-2916), URL https://ceramics.onlinelibrary.wiley.com/
doi/10.1111/j.1551-2916.2008.02783.x.

Barbara Lothenbach, Karen Scrivener, R.D. Hooton, Supplementary cementitious materials, Cem. Concr. Res. (ISSN: 00088846) 41 (12) (2011) 1244-1256,
http://dx.doi.org/10.1016/j.cemconres.2010.12.001, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884610002632.

Matthias Maier, Ricarda Sposito, Nancy Beuntner, Karl-Christian Thienel, Particle characteristics of calcined clays and limestone and their impact on
early hydration and sulfate demand of blended cement, Cem. Concr. Res. (ISSN: 00088846) 154 (2022) 106736, http://dx.doi.org/10.1016/j.cemconres.
2022.106736, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884622000278.

Sangchul Shin, Ingyu Kang, Seungkyu Yang, Jinman Kim, Correlation-based evaluation of pozzolanic reactivity of supplementary cementitious materials
using R3, SAI, and chemical tests, Constr. Build. Mater. (ISSN: 09500618) 519 (2026) 145868, http://dx.doi.org/10.1016/j.conbuildmat.2026.145868,
URL https://linkinghub.elsevier.com/retrieve/pii/S0950061826007725.

Imane Koufany, Angeles G. De La Torre, Cinthya Redondo-Soto, Isabel Santacruz, Ana Cuesta, Daniela Gastaldi, Fulvio Canonico, Oliver Mazanec,
Miguel A.G. Aranda, General correlation between R3, test results and compressive strengths for five families of supplementary cementitious materials,
Cem. Concr. Compos. (ISSN: 09589465) 163 (2025) 106166, http://dx.doi.org/10.1016/j.cemconcomp.2025.106166, URL https://linkinghub.elsevier.com/
retrieve/pii/S0958946525002483.

Francois Avet, Ruben Snellings, Adrian Alujas Diaz, Mohsen Ben Haha, Karen Scrivener, Development of a new rapid, relevant and reliable (R3) test
method to evaluate the pozzolanic reactivity of calcined kaolinitic clays, Cem. Concr. Res. (ISSN: 00088846) 85 (2016) 1-11, http://dx.doi.org/10.1016/
j.cemconres.2016.02.015, URL https://linkinghub.elsevier.com/retrieve/pii/S0008884616302368.

Xuerun Li, Ruben Snellings, Mathieu Antoni, Mohsen Ben Haha Natalia Mariel Alderet and, Shashank Bishnoi, Ozlem Cizer, Martin Cyr, Klaartje De
Weerdt, Yuvaraj Dhandapani, Josée Duchesne, Johannes Haufe, Doug Hooton, Maria Juenger, Siham Kamali-Bernard, Sabina Kramar, Milena Marroccoli,
Aneeta Mary Joseph, Anuj Parashar, Cedric Patapy, John L. Provis, Sergio Sabio, Manu Santhanam, Laurent Steger, Tongbo Sui, Antonio Telesca, Anya
Vollpracht, Felipe Vargas, Brant Walkley, Frank Winnefeld, Guang Ye, Maciej Zajac, Shizhe Zhang, Karen L. Scrivener, Reactivity tests for supplementary
cementitious materials: RILEM TC 267-TRM phase 1, Mater. Struct. 51 (6) (2018) 151, http://dx.doi.org/10.1617/s11527-018-1269-x, (ISSN: 1359-5997,
1871-6873), URL http://link.springer.com/10.1617/s11527-018-1269-x.

Benjamin Wolf, Benedikt Zoels, Andrea Kustermann, Investigation of the influence of recycled concrete powder (rcp) on the setting behavior of cement
when used as supplementary cementitious material (SCM), in: Alper Ilki, Derya Cavunt, Yavuz Selim Cavunt (Eds.), in: Building for the Future:
Durable, Sustainable, Resilient, vol. 349, Springer Nature Switzerland, Cham, 2023, pp. 408-417, http://dx.doi.org/10.1007/978-3-031-32519-9_39, ISBN:
978-3-031-32518-2 978-3-031-32519-9, URL https://link.springer.com/10.1007/978-3-031-32519-9_39, Series Title: Lecture Notes in Civil Engineering.
Syed Roshan Zamir Hashmi, Helamini Sandagomika, Mehrdad Arashpour, Sudharshan N. Raman, Thermal and carbonation activation of recycled concrete
powder: Mechanistic characterisation and performance in mortar, Constr. Build. Mater. (ISSN: 09500618) 515 (2026) 145579, http://dx.doi.org/10.1016/
j.conbuildmat.2026.145579, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061826004794.

Ana Carrico, José Alexandre Bogas, Mafalda Guedes, Thermoactivated cementitious materials — A review, Constr. Build. Mater. (ISSN: 09500618) 250
(2020) 118873, http://dx.doi.org/10.1016/j.conbuildmat.2020.118873, URL https://linkinghub.elsevier.com/retrieve/pii/S0950061820308783.

Yuguang Mao, Sarra Drissi, Xiang Hu, Jian Zhang, Caijun Shi, Effect of wet carbonated recycled cement paste powder on the rheology of cement
paste, Cem. Concr. Res. (ISSN: 00088846) 181 (2024c) 107553, http://dx.doi.org/10.1016/j.cemconres.2024.107553, URL https://linkinghub.elsevier.
com/retrieve/pii/S0008884624001340.

Tim Schade, Maciej Zajac, Zhenguo Shi, Jan Skocek, Effect of carbonation technique on the performance properties of cRCP in composite cements,
ce/papers 6 (6) (2023) 1309-1315, http://dx.doi.org/10.1002/cepa.2923, (ISSN: 2509-7075, 2509-7075), URL https://onlinelibrary.wiley.com/doi/10.
1002/cepa.2923.

Carolin Hopfensitz, Untersuchungen Zu Den Rheologischen Eigenschaften Von Zementsuspensionen Mit Zusatzstoffen Auf Basis Thermomechanisch
Aufbereiteten Zementsteins Und Optimierung Ihrer Verarbeitbarkeit Durch Zusatzmittel, chsep=, midc=(Masterarbeit), Karlsruher Institut fiir Technologie,
2021.

Karen Scrivener, Mohsen Ben Haha, Patrick Juilland, Christophe Levy, Research needs for cementitious building materials with focus on Europe, RILEM
Tech. Lett. (ISSN: 2518-0231) 7 (2023) http://dx.doi.org/10.21809/rilemtechlett.2022.165, URL http://letters.rilem.net/index.php/rilem/article/view/165.
Ning Li, Cise Unluer, Towards a net zero built environment: decarbonisation of the UK cement industry, Npj Mater. Sustain. (ISSN: 2948-1775) 3 (1)
(2025) 10, http://dx.doi.org/10.1038/544296-025-00052-0, URL https://www.nature.com/articles/s44296-025-00052-0.

Heidelberg Materials, Another carbon capture breakthrough demonstrated, 2022, URL https://www.heidelbergmaterials.co.uk/en/news-and-events/carbon-
capture-breakthrough-at-ribblesdale-cement-works.

22


http://dx.doi.org/10.1016/j.jclepro.2020.123126
https://linkinghub.elsevier.com/retrieve/pii/S0959652620331711
http://dx.doi.org/10.1016/j.jclepro.2020.122115
https://linkinghub.elsevier.com/retrieve/pii/S0959652620321624
https://linkinghub.elsevier.com/retrieve/pii/S0959652620321624
https://linkinghub.elsevier.com/retrieve/pii/S0959652620321624
http://dx.doi.org/10.1038/nmat1871
https://www.nature.com/articles/nmat1871
http://dx.doi.org/10.1016/j.cemconres.2022.106784
https://linkinghub.elsevier.com/retrieve/pii/S0008884622000758
https://linkinghub.elsevier.com/retrieve/pii/S0008884622000758
https://linkinghub.elsevier.com/retrieve/pii/S0008884622000758
http://dx.doi.org/10.1016/j.cemconres.2007.11.005
http://dx.doi.org/10.1016/j.cemconres.2007.11.005
http://dx.doi.org/10.1016/j.cemconres.2007.11.005
https://linkinghub.elsevier.com/retrieve/pii/S0008884607002876
http://dx.doi.org/10.1016/j.cemconres.2009.06.005
http://dx.doi.org/10.1016/j.cemconres.2009.06.005
http://dx.doi.org/10.1016/j.cemconres.2009.06.005
https://linkinghub.elsevier.com/retrieve/pii/S0008884609001343
http://dx.doi.org/10.1016/j.cemconcomp.2024.105783
http://dx.doi.org/10.1016/j.cemconcomp.2024.105783
http://dx.doi.org/10.1016/j.cemconcomp.2024.105783
https://linkinghub.elsevier.com/retrieve/pii/S0958946524003561
http://dx.doi.org/10.1016/j.jobe.2026.115767
https://linkinghub.elsevier.com/retrieve/pii/S2352710226005887
https://linkinghub.elsevier.com/retrieve/pii/S2352710226005887
https://linkinghub.elsevier.com/retrieve/pii/S2352710226005887
http://dx.doi.org/10.1016/j.jcou.2024.102970
https://linkinghub.elsevier.com/retrieve/pii/S2212982024003056
https://linkinghub.elsevier.com/retrieve/pii/S2212982024003056
https://linkinghub.elsevier.com/retrieve/pii/S2212982024003056
http://dx.doi.org/10.1016/j.cemconres.2010.02.012
https://linkinghub.elsevier.com/retrieve/pii/S0008884610000517
http://dx.doi.org/10.1111/j.1551-2916.2008.02783.x
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2008.02783.x
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2008.02783.x
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2008.02783.x
http://dx.doi.org/10.1016/j.cemconres.2010.12.001
https://linkinghub.elsevier.com/retrieve/pii/S0008884610002632
http://dx.doi.org/10.1016/j.cemconres.2022.106736
http://dx.doi.org/10.1016/j.cemconres.2022.106736
http://dx.doi.org/10.1016/j.cemconres.2022.106736
https://linkinghub.elsevier.com/retrieve/pii/S0008884622000278
http://dx.doi.org/10.1016/j.conbuildmat.2026.145868
https://linkinghub.elsevier.com/retrieve/pii/S0950061826007725
http://dx.doi.org/10.1016/j.cemconcomp.2025.106166
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002483
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002483
https://linkinghub.elsevier.com/retrieve/pii/S0958946525002483
http://dx.doi.org/10.1016/j.cemconres.2016.02.015
http://dx.doi.org/10.1016/j.cemconres.2016.02.015
http://dx.doi.org/10.1016/j.cemconres.2016.02.015
https://linkinghub.elsevier.com/retrieve/pii/S0008884616302368
http://dx.doi.org/10.1617/s11527-018-1269-x
http://link.springer.com/10.1617/s11527-018-1269-x
http://dx.doi.org/10.1007/978-3-031-32519-9_39
https://link.springer.com/10.1007/978-3-031-32519-9_39
http://dx.doi.org/10.1016/j.conbuildmat.2026.145579
http://dx.doi.org/10.1016/j.conbuildmat.2026.145579
http://dx.doi.org/10.1016/j.conbuildmat.2026.145579
https://linkinghub.elsevier.com/retrieve/pii/S0950061826004794
http://dx.doi.org/10.1016/j.conbuildmat.2020.118873
https://linkinghub.elsevier.com/retrieve/pii/S0950061820308783
http://dx.doi.org/10.1016/j.cemconres.2024.107553
https://linkinghub.elsevier.com/retrieve/pii/S0008884624001340
https://linkinghub.elsevier.com/retrieve/pii/S0008884624001340
https://linkinghub.elsevier.com/retrieve/pii/S0008884624001340
http://dx.doi.org/10.1002/cepa.2923
https://onlinelibrary.wiley.com/doi/10.1002/cepa.2923
https://onlinelibrary.wiley.com/doi/10.1002/cepa.2923
https://onlinelibrary.wiley.com/doi/10.1002/cepa.2923
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb198
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb198
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb198
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb198
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb198
http://dx.doi.org/10.21809/rilemtechlett.2022.165
http://letters.rilem.net/index.php/rilem/article/view/165
http://dx.doi.org/10.1038/s44296-025-00052-0
https://www.nature.com/articles/s44296-025-00052-0
https://www.heidelbergmaterials.co.uk/en/news-and-events/carbon-capture-breakthrough-at-ribblesdale-cement-works
https://www.heidelbergmaterials.co.uk/en/news-and-events/carbon-capture-breakthrough-at-ribblesdale-cement-works
https://www.heidelbergmaterials.co.uk/en/news-and-events/carbon-capture-breakthrough-at-ribblesdale-cement-works

M. Denu et al. Case Studies in Construction Materials 25 (2026) e06611

[202]

[203]
[204]

[205]

[206]

Christoph Beumelburg, Advancing circularity: Heidelberg Materials launches first industrial scale facility for enforced carbonation in Poland, 2025, URL
https://www.heidelbergmaterials.com/en/pr-2025-07-09.

MPA The Concrete Centre, Recycled concrete paste, URL https://www.concretecentre.com/Specification/Innovative-concrete/Recycled-Concrete-Paste.aspx.
Patrick Juilland, Emmanuel Gallucci, Arnd Ebhardt, Retrieving aggregates and powdery mineral material from demolition waste, 2018, URL https:
//patents.google.com/patent/EP2978724A1 /en.

Jingwen Liu, Pieter Rauwoens, Ozlem Cizer, Transforming construction waste into low-carbon cementitious materials through co-calcination of recycled
concrete fines and kaolinite, Environ. Res. (ISSN: 00139351) 291 (2026) 123530, http://dx.doi.org/10.1016/j.envres.2025.123530, URL https://linkinghub.
elsevier.com/retrieve/pii/S0013935125027835.

Rui Jing, Jian Li Hao, Han-Mei Chen, Engui Liu, Thermal treatment of recycled concrete fines for sustainable cement: Linking physicochemical
transformations, reactivity, and life cycle assessment, ACS Omega (2026).

23


https://www.heidelbergmaterials.com/en/pr-2025-07-09
https://www.concretecentre.com/Specification/Innovative-concrete/Recycled-Concrete-Paste.aspx
https://patents.google.com/patent/EP2978724A1/en
https://patents.google.com/patent/EP2978724A1/en
https://patents.google.com/patent/EP2978724A1/en
http://dx.doi.org/10.1016/j.envres.2025.123530
https://linkinghub.elsevier.com/retrieve/pii/S0013935125027835
https://linkinghub.elsevier.com/retrieve/pii/S0013935125027835
https://linkinghub.elsevier.com/retrieve/pii/S0013935125027835
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb206
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb206
http://refhub.elsevier.com/S2214-5095(26)00863-6/sb206

	Thermal and carbonation activation of recycled cement paste: A comparative data analysis and future research directions
	Introduction
	Methodology
	Quantitative Comparison
	Activity Index (AI)
	Impact Index (II)

	Qualitative Comparison

	Activation Methods for RCPs
	Thermal Activation
	Carbonation Activation

	Comparison of the Thermal and Carbonation Activation Method
	Phase Composition
	Microstructural Characterization
	Particle Size
	Reactivity
	Heat Flow Calorimetry
	R3 Test

	Hardened Mortar Properties

	RCP-to-RCW Transferability: Challenges and Limitations
	Conclusion
	Future Research Directions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	Data availability
	References


