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ABSTRACT

The growing demand for sustainable construction materials has intensified interest
in recycled cement paste (RCP) as a supplementary cementitious material (SCM).
Derived from demolished or waste concrete, RCP contains unreacted clinker phases and
hydration products, thereby presenting potential as a low-carbon alternative to
conventional SCMs. This study provides a comprehensive overview of the incorporation
of RCP into cementitious systems, with particular emphasis on its microstructural
characteristics and the properties of both calcined and carbonated RCP in literature.
Calcination and carbonation are reported as viable strategies to enhance the reactivity
of RCP, which remains limited in its untreated form. In addition, a preliminary
thermodynamic modeling analysis is conducted by the authors to elucidate and compare
the roles of carbonated RCP and limestone as constituents in Portland cement systems,
with a focus on their reactive influences on phase assemblages.

1. INTRODUCTION

The cement industry accounts for approximately 5-8% of global CO2 emissions,
mainly attributable to the calcination of raw materials during clinker production (UN
Environment 2018). To mitigate this environmental burden, partial replacement of clinker
with supplementary cementitious materials (SCMs) such as fly ash, ground granulated
blast furnace slag, silica fume, and calcined clay has been widely adopted (Lothenbach
2011). However, the supply of conventional SCMs is increasingly constrained by the
decline of coal-fired power generation and steel industry output, necessitating the
exploration of alternative materials (Snellings 2023). Recycled cement paste (RCP),
obtained from processed demolished or waste concrete, has emerged as a promising
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candidate SCM (Bogas 2022). RCP contains a mixture of unreacted clinker, C-S-H gel,
portlandite, and other hydration products (Bogas 2022). Although untreated RCP exhibits
limited reactivity due to the stability of its hydration products, various activation strategies
- including thermal treatment and accelerated carbonation — can exert significant
improvements in its pozzolanic or hydraulic activity (Carrico 2020; Xu 2022). Therefore,
characterizing the properties of RCP and understanding its interactions within
cementitious systems are needed for its practical application.

In this context, this paper presents a comprehensive review of the current state of
knowledge on RCP incorporation into cementitious systems, including the microstructural
characteristics of RCP and the utilization of calcined and carbonated RCP. In addition, a
preliminary thermodynamic modeling analysis is conducted to compare cementitious
systems containing carbonated RCP and limestone, providing insight into the potential
of substituting conventional fillers with recycled materials (Kim, 2026).

2. LITERATURE REVIEW

2.1. Microstructural characteristics of recycled cement paste

The microstructure of RCP is inherently complex, comprising a heterogeneous
mixture of unreacted clinker phases (CsS, C2S, C3A, and C4AF), C-S-H gel, portlandite,
ettringite, and calcium carbonate (Bogas 2022, Gastaldi 2015). The relative proportions
of these phases depend on the original cement type, water-to-cement ratio, degree of
hydration, and age of the source concrete (Gastaldi 2015). The microstructural
morphology of RCP is porous and heterogenous, leading to elevated water demand
when incorporated into Portland cement (Gastaldi 2015). Real (2021) reported that this
increased water demand may mitigate the workability and mechanical strength of RCP-
blended cementitious systems at high replacement levels. In specific, Carrico (2020)
reported that replacing up to 15-20% of Portland cement with untreated RCP has a
negligible or slightly detrimental effect on compressive strength, while higher
replacement levels cause more pronounced strength reductions. The portlandite content
of RCP is typically lower than that of freshly hydrated cement paste, reflecting its partial
carbonation during service and after demolition (Bogas 2022). The residual anhydrous
phases, although present in small quantities, contribute to the latent hydraulic reactivity
of RCP upon reactivation (Bogas 2022). In addition, Gastaldi (2015) reported that the C-
S-H in RCP is more porous and has a lower Ca/Si ratio compared to freshly hydrated C-
S-H, reflecting long-term carbonation and decalcification in service.

2.2. Calcined recycled cement paste

Thermoactivation of RCP involves heating the material to temperatures between
400 and 800 °C to decompose hydration products and restore latent hydraulic reactivity
[5, 6]. Xu (2022) reported that at approximately 450-550 °C, dehydration of C-S-H and
decomposition of portlandite yield amorphous calcium silicate and CaO, respectively,
which exhibit pozzolanic or hydraulic activity upon exposure to water. Carrico (2020)
demonstrated that thermoactivated RCP at 600 °C exhibits reactivity comparable to low-
grade natural pozzolans when used as a partial cement replacement. Specifically, Xu
(2022) reported that higher calcination temperatures yielded greater reactivity up to
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750 °C, beyond which sintering reduces the available reactive surface. Comparing with
the untreated RCP, the incorporation of thermoactivated RCP can enhance the
compressive strength of cementitious systems, attributed to the higher reactivity and
pozzolanic reaction from the calcium silicate and CaO (Carrico 2020). In addition, the
interaction of calcined RCP with calcium aluminate phases in Portland cement has been
reported to promote the formation of additional ettringite and monosulfate at early ages,
influencing setting time and early-age shrinkage (Xu 2022). Meanwhile, from a practical
standpoint, thermoactivation is energy-intensive and requires careful temperature control
to balance reactivity gain against CO2 emissions (Xu 2023). In detail, Xu (2023) claimed
that heating above 600 °C may initiate the decarbonation of CaCOs, releasing CO2 and
adversely affecting the environmental benefit of recycling.

2.3. Carbonated recycled cement paste

Accelerated carbonation of RCP is an alternative activation pathway that can
combine CO2 sequestration with microstructural densification (Mao 2024). During
carbonation, portlandite and C-S-H in RCP react with CO2 to form calcium carbonate
(CaCOs3) polymorphs along with amorphous silica gel (Mao 2024; Zajac 2022). The silica
gel formed from C-S-H decalcification during carbonation can exhibit pozzolanic activity,
enabling carbonated RCP to contribute to secondary hydration reactions when
incorporated to cementitious systems (Zajac 2022). Zajac (2022) reported that
accelerated carbonation of RCP achieved high degrees of CO2 sequestration, along with
pozzolanic reactivity comparable to that of fly ash. In specific, the carbonation degree of
RCP depends on particle size of RCP, relative humidity, CO2 concentration, and
carbonation duration (Zajac 2022). According to Zajac (2022), carbonated RCP can
densify the microstructure of cementitious systems through two principal mechanisms:
the filler effect of CaCOs particles, which accelerates early clinker hydration through
nucleation, and the pozzolanic reaction of amorphous silica gel with portlandite to form
C-S-H. The combined effects of carbonated RCP can yield compressive strengths
comparable to systems with natural limestone at equivalent replacement levels (Mao
2024).

3. A PRELIMINARY STUDY

A preliminary thermodynamic modeling study was conducted to compare the
incorporation of carbonated RCP and limestone in Portland cement systems. The
mineralogical composition of carbonated RCP was adopted from Kim (2024), and the
phase evolution of the Portland cement system with the addition of carbonated RCP and
limestone was investigated. The thermodynamic modeling results included phase
assemblages and porosity of the systems as a function of the replacement level. Further
details on the modeling methodology and results will be presented in Kim (2026).
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4. CONCLUDING REMAKRS

The present study reviewed recent advancements in literature regarding the
integration of RCP into cementitious systems, with emphasis on its microstructural
characteristics and the properties of calcined and carbonated RCP. Untreated RCP
exhibits limited reactivity due to the stability of its hydration products and porous
microstructure, which can adversely affect workability and mechanical performance at
high replacement levels (Real 2021). Calcination and carbonation can improve the
reactivity of RCP by refining the hydration products and inducing reactions in Portland
cement systems (Xu 2023; Mao 2024). The preliminary thermodynamic modeling
analysis conducted by the authors implied the applicability of carbonated RCP as an
additive in Portland cement systems, elucidating its influences on phase assemblage
(Kim 2026).
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