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 This study examines the properties of cement-based materials incorporating 

Recycled Concrete Powder (RCP) and Metakaolin (MK). It assesses their impact on 

hydration, physical-mechanical properties, and durability, including a detailed analysis of 

particle size distribution. A mix design strategy was developed for normal- and high-

strength concretes, followed by a Life Cycle Assessment (LCA) to evaluate 

environmental implications. The results show that ternary mixtures with RCP and MK 

can match or exceed the performance of conventional materials, demonstrating their 

technical and sustainable viability for the construction industry. 
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Chapter 1 

Introduction  

 

1.1 Contextualization 

The construction industry is responsible for generating a large quantity of C&DW each 

year, approximately 10 billion tons [1]. China is the leading producer, followed by the 

European Union and the United States, with 2300, 800, and 700 million tons, respectively 

[2,3]. Brazil contributes 45 million tons of this waste annually [4], however, it is difficult 

to determine an accurate amount of C&DW due to the lack of records [5]. 

Generally, C&DW has been distinguished by two particular features: a) the merging of 

various resources, such as concrete, brick, wood, plaster, and ceramics, among others [6], 

and b) a substantial capability for reuse, recovery, and recycling [7]. However, only a 

minor quantity of C&DW is recycled [8], while the remainder is disposed directly in 

dumps and/or sanitary landfills without supporting handling, leading to negative 

environmental effects [5,9,10]. As a result, a need to reduce, recycle, and reuse C&DW 

in a sustainable way must be addressed [11]. 

Despite C&DW having a heterogeneous composition, numerous studies have reported 

that waste products from concrete such as Recycled Concrete Aggregates (RCA) may be 

used successfully in construction, with various specifications existing to regulate its use 

[12,13,14-16]. Macro and micro concrete properties for both coarse (CRCA) and fine 

(FRCA) have been exhaustively studied, with FRCA in particular having been established 

as reducing the mechanical properties and durability of concrete. The latter is due to the 

presence of two interfacial transition zones (ITZs; comprising natural aggregate and old 

mortar) and increasing concrete porosity which, in turn, leads to a decrease in mechanical 

properties and a heightened susceptibility to aggressive agents [6,13,17-19]. 

The production of Recycled Concrete Powder (RCP), a very fine fraction with a particle 

size less than 150 µm, is obtained during RCA production, and is estimated to be around 

3% of the total amount [20]. RCP has been reported to contain CaCO3, SiO2, AFt, AFm, 

CH, C-S-H and unhydrated cement particles, making it a suitable Supplementary 

Cementitious Material (SCM) [21-23]. However, its use is limited due to having a 

relatively large mean particle size (D50>75 µm) and reduced reactivity [24]. 

Nevertheless, research has shown that using RCP at lower percentages (<20%) and a 

smaller particle size, comparable to Portland cement, have positive effects on the 

mechanical properties of cement-based materials [10,25,26]. 

Alternatively, Portland cement (PC) production has been observed to account for 7-8% 

of global greenhouse gas emissions [27-29], making it one of the materials with the 

greatest environmental impact within the construction industry [30]. To reduce the 

associated carbon dioxide emissions, various strategies including energy efficiency, fuel 

substitution, carbon capture and storage technologies, effective cement usage and 

substitution with SCMs have been explored [28,31]. However, it has been suggested that 

the cost of modernizing equipment for cement production may outweigh the benefits from 

certain strategies [32,33]. By comparison, substitution with SCMs is economically 

advantageous due to the availability of locally sourced materials, potential for large-scale 
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production and cost savings, as well as environmentally beneficial due to waste reusage 

and substantial reduction in CO2 emissions [34]. Additionally, SCMs have several 

technical benefits, including a substantial scientific body of work concerning long-term 

behavior and suitability for use in construction. 

There is an increasing demand for SCMs including Fly Ash (FA), Silica Fume (SF), 

Ground Granulated Blast Furnace Slag (GGBFS) and natural pozzolans [35,36], which 

has led to search for alternative materials in order to reduce CO2 emissions [37]. In this 

sense, RCP has been identified as an alternative due to its abundant local and global 

supply [38], as well as the physical effects it brings, such as filling and nucleation within 

cement matrices [39]. Despite this, the high-water demand and irregular microstructure 

of its particles result in the reduction of rheological properties in cement-based materials 

whilst using a particle size larger than CP can reduce mechanical strength and durability 

[40,41]. 

In order to improve the performance of RCP in cement-based matrices, various treatment 

methods have been proposed, such as thermal, carbonation, and alkaline activation, as 

well as mechanical (grinding) [24,42]. However, RCP particle treatments imply an 

increase in costs, additional environmental impacts, and difficulty in their use on an 

industrial scale, thus limiting their sustainability. Therefore, a technically and 

environmentally viable strategy is the use of ternary mixtures, which allow for a 

synergistic effect between the materials, thus improving the performance of cement-based 

materials. 

Therefore, the current work aims to evaluate the use of RCP with other SCMs, in this case 

metakaolin (MK), as a partial replacement for Portland cement. MK is a commercially 

available material and is established as a SCM, so it can be used on a large scale. For the 

evaluation of cement Portland, RCP, and MK mixtures, it will be considered from 

hydration (micro level) to its applicability in concrete (macro level), in addition to an 

environmental impact analysis using the Life Cycle Assessment (LCA) methodology. 

However, for the current work only the first stage of the investigation will be presented, 

which corresponds to the study of hydration in cement pastes and the physical-mechanical 

assessment in mortars, both for ternary mixtures of Portland cement, RCP, and MK. 

It is hypothesized that the incorporation of RCP and MK in ternary mixtures with Portland 

cement can enhance the physical and mechanical properties of cementitious materials. 

This improvement is expected due to the combined effects of RCP, which acts as a filler 

material and provides certain cementitious compounds, and MK, which is highly reactive 

and contributes to improved hydration and matrix densification. The anticipated reduction 

in porosity and the enhanced distribution of phases within the materialôs microstructure 

are expected to lead to improved mechanical performance and greater durability. 

The combination of RCP and MK in ternary mixtures with Portland cement is expected 

to significantly enhance material performance, particularly in terms of hydration 

reactivity, mechanical strength, and durability. The reduction in RCP particle size is 

anticipated to improve its reactivity, while MK, due to its high pozzolanic activity, is 

expected to further enhance the hydration process and contribute to matrix densification. 

Additionally, MKôs ability to refine the pore structure may mitigate the adverse effects 

of RCP, particularly its high-water demand and irregular microstructure, thereby 
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improving the workability, compactness, and long-term performance of the cementitious 

system. From an environmental perspective, this research may contribute to reducing the 

reliance on Portland cement, leading to lower CO  emissions and fostering a more 

sustainable approach to construction and demolition waste management. 

 

1.2 Objetives 

The primary objective of this study is to assess the feasibility of producing cementitious 

materials using ternary mixtures of Portland cement, Recycled Concrete Powder (RCP), 

and metakaolin (MK). 

In order to achieve the main objective, the following specific objectives were defined:  

 

¶ To analyze Recycled Concrete Powder (RCP) from three different sources 

(construction, demolition, and laboratory) and assess its reactivity in pastes, 

mortars, and concretes. 

¶ To investigate the hydration mechanisms of Portland cement, RCP, and MK in 

cement pastes. 

¶ To evaluate the physical, mechanical, and durability properties of mortars 

incorporating Portland cement, RCP, and MK. 

¶ To develop a scientifically-based dosage methodology for concrete, optimizing 

the cementitious matrix to enable a reduction in CO  emissions during production. 

¶ To assess the long-term mechanical, physical, and durability performance of 

concrete containing RCP and MK. 

¶ To determine the environmental impact of these concretes through a 

methodological Life Cycle Assessment (LCA) analysis. 

 

1.3 Text organization 

This study is structured into eleven chapters, each addressing different aspects of the 

research: 

 

¶ Chapter 1: Introduction ï This chapter provides an overview of the significance 

of utilizing RCP in the construction industry, emphasizing its potential as a 

supplementary cementitious material (SCM). Additionally, it defines the 

objectives of the study and outlines its scope. 

¶ Chapter 2: General methodology ï This chapter presents the overall research 

approach adopted in the study, including the experimental design, selection and 

characterization of materials, and performance evaluation methods. It also 

describes the structure and interrelation of the subsequent experimental chapters. 

¶ Chapter 3: Systematic literature review ï A systematic review of the literature 

on the use of RCP as an SCM is presented in this chapter, focusing on its reuse in 

ternary mixtures, particularly in combination with MK. The chapter explores 

existing research on the reactivity, hydration mechanisms, and mechanical 

performance of RCP in cementitious matrices. 
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¶ Chapter 4: Hydration of cement pastes ï This chapter provides a 

comprehensive characterization of the materials used in the study, namely 

Portland cement, RCP, and MK. The hydration process is evaluated through 

isothermal calorimetry, thermogravimetric analysis (TGA), and X-ray diffraction 

(XRD) at different curing ages. Additionally, the mechanical performance of the 

pastes is assessed via compressive strength and elastic modulus tests, while their 

microstructure is analyzed using scanning electron microscopy (SEM). 

¶ Chapter 5: Physical-mechanical assessment of mortars ï This chapter presents 

an evaluation of the physical properties (water absorption, capillary absorption, 

density, and void index) and mechanical properties (compressive strength, tensile 

strength, and elastic modulus) of mortars incorporating Portland cement, RCP, 

and MK. 

¶ Chapter 6: Influence of particle size on the properties of mortars with binary 

and ternary blends ï This chapter examines the effect of two different RCP 

particle sizes on the performance of binary and ternary mortar mixtures with MK. 

The mortars are analyzed in both fresh and hardened states, focusing on key 

properties such as workability, compressive strength, splitting tensile strength, 

elastic modulus, water absorption, density, void index, and capillary absorption. 

¶ Chapter 7: Mechanical and durability performance of mortars under 

accelerated carbonation conditions ï This chapter investigates the behavior of 

Portland cementïRCPïMK mortars subjected to accelerated carbonation for 180 

days. The physical properties and mechanical properties are assessed. The 

carbonation depth is also determined to evaluate the long-term durability of these 

mortars. 

¶ Chapter 8: Proportioning and evaluation of normal- and high-strength 

concretes ï This chapter assesses the properties of ternary blends of Portland 

cement, RCP, and MK in the production of normal-strength and high-strength 

concretes, with target compressive strengths of 30 MPa and 60 MPa, respectively. 

The CPM is applied to optimize the mix proportions, aiming to enhance the 

physical and mechanical performance of the concretes. 

¶ Chapter 9: Life Cycle Assessment ï This chapter conducts LCA of the concretes 

developed in Chapter 8, considering the main environmental impact categories 

and proposing eco-efficiency indicators to evaluate the sustainability of the 

mixtures. 

¶ Chapter 10: General discussion ï This chapter provides an integrated analysis 

of the results presented in Chapters 4 to 9. It discusses the combined effects of 

RCP and MK on hydration, microstructure, mechanical performance, durability, 

and environmental impact, confirming their synergistic potential as partial cement 

replacements. The chapter also reflects on the broader implications for sustainable 

construction practices. 

¶ Chapter 11: Conclusions ï This chapter summarizes the main findings of the 

study, discussing their implications for material performance, sustainability, and 
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potential applications in construction. Additionally, it highlights limitations and 

future research directions. 

Article -based format 

This thesis follows an article-based format, with Chapters 3 through 9 presented as 

independent research articles. Each chapter has its own methodology and discussion of 

results, with the exception of subsections 4.2.1 and 4.3.1 of Chapter 4, which share the 

materials characterization necessary for the study. 
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Chapter 2 

General methodology 

 

2. General methodology 

2.1 General research approach 

The methodological approach adopted in this research is based on a comprehensive and 

staged strategy that combines experimental, analytical, and environmental assessment 

methods to investigate the behavior of ternary blends composed of Portland cement, RCP, 

and MK. The study was structured across three complementary levels of analysisðmicro 

(pastes), meso (mortars), and macro (concretes)ðwith the objective of progressively 

understanding the performance of these materials, from hydration mechanisms to their 

application in structural concrete. 

The research is based on the hypothesis that the incorporation of RCP and MK, in 

controlled proportions and with appropriate physicochemical characteristics, can enhance 

the physical, mechanical, and durability properties of cementitious materials while 

contributing to the sustainability of the construction sector. In this context, it is proposed 

that the combined use of these two materials may generate a synergistic effect: RCP acts 

as a filler and a secondary source of cementitious materials, whereas MK, due to its high 

pozzolanic reactivity, contributes to the additional formation of hydration products, 

densification of the matrix, and refinement of the microstructure. To validate this 

hypothesis, an experimental program was designed and divided into several stages, each 

with specific but interrelated objectives. 

First, a detailed characterization of the materials was carried out, with particular attention 

to the RCP obtained from three different sources (construction waste, demolition debris, 

and laboratory-generated waste), considering their potential reactivity. Subsequently, the 

rheological, hydration, and mechanical properties of cement pastes were evaluated. In the 

second stage, the physical and mechanical behavior of mortars was investigated in both 

fresh and hardened states, including mechanical testing and measurements of absorption, 

density, and void index. A later stage involved exposing specimens to accelerated CO  

conditions to assess durability against carbonation. Finally, ordinary and high-strength 

concrete were designed and evaluated using a rational mix design approach based on the  

CPM, followed by a LCA to determine the environmental impact of the proposed mixes. 

 

2.2 Selection and characterization of materials 

The selection of materials used in this research was based on criteria of 

representativeness, availability, and potential reactivity. Three main components were 

considered for the formulation of the ternary blends: Portland cement, RCP, and MK. 

Each of these materials underwent detailed physicochemical and mineralogical 

characterization to understand their individual behavior and their influence on the 

cementitious system. 

A commercially available Portland cement type CP II F-32 was used, selected for its lower 

clinker content and associated environmental impact compared to other cement types. 

The RCP used in this study was obtained from concrete waste of different origins: (i) 
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construction waste (RCP-C), (ii) demolition waste (RCP-D), and (iii) samples produced 

in the laboratory under controlled conditions (RCP-LAB). This differentiation allowed 

the evaluation of the influence of waste origin on the properties of the recycled powder. 

The materials were subjected to crushing and grinding processes to obtain particles 

smaller than 150 ɛm, followed by additional milling to achieve particle sizes comparable 

to or finer than those of Portland cement. The MK used was commercially available as a 

calcined product derived from the thermal activation of pure kaolinite. It was selected due 

to its high pozzolanic activity, fine particle size, and high purity, being a widely studied 

and recommended mineral addition for cementitious matrices. 

The characterization of these materials included physical properties such as particle size 

distribution, specific surface area (Blaine), and density. Chemical composition was 

determined by X-ray fluorescence (XRF), while thermal behavior was assessed through 

thermogravimetric analysis (TG/DTG). Mineralogical composition was analyzed using 

X-ray diffraction (XRD), and particle morphology was examined by scanning electron 

microscopy (SEM). 

 

2.3 Experimental design 

The experimental design adopted in this research was structured in a progressive manner, 

ranging from the scale of cement pastes to their application in normal- and high-strength 

concretes. This strategy allowed for the identification of clear relationships between 

microstructure, hydration processes, and the physicalïmechanical properties of the 

materials, as well as the evaluation of their durability and environmental performance. 

The study was divided into five main experimental stages: 

 

2.3.1 Evaluation of cement pastes 

This stage focused on analyzing the hydration process and the initial microstructure of 

binary (Portland cement+RCP, PC+MK) and ternary (Portland cement+RCP+MK) 

systems. Various levels of cement replacement with RCP (10ï30%) and MK (10ï30%) 

were used, maintaining a constant water-to-binder ratio. The evaluated properties 

included rheology, heat of hydration, formation of hydration products, bound water 

content, microstructure, and early-age mechanical strength. 

 

2.3.2 Performance of mortars under standard conditions 

Mortars with binary and ternary blends were evaluated, considering different proportions 

of RCP and MK. The tests included fresh-state properties (consistency) and hardened-

state properties (compressive strength, indirect tensile strength, elastic modulus, water 

absorption, density, void index, capillary absorption, and microstructure). 

 

2.3.3 Influence of RCP particle size 

Different grinding durations of RCP (15 and 30 minutes) were analyzed to observe the 

effect of particle size on the rheological, physical, and mechanical behavior of the 

mortars. Various replacement levels (up to 30%) were considered, and the efficiency in 

cement use was evaluated, along with a preliminary analysis of CO  emissions. 
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2.3.4 Performance under accelerated carbonation conditions 

Mortars were subjected to controlled exposure to carbon dioxide (CO ) for 180 days, 

assessing the evolution of mechanical strength, elastic modulus, physical properties, and 

carbonation depth. This stage enabled the identification of potential improvements in 

the durability of the ternary system. 

 

2.3.5 Rational mix design and concrete evaluation 

Normal-strength (30 MPa) and high-strength (60 MPa) concretes were designed using the 

CPM, optimizing the combination of binders and aggregates. Physical, mechanical, and 

durability-related properties were evaluated (capillary absorption, chloride penetration, 

drying shrinkage, and mass loss), in addition to an assessment of environmental impact 

through LCA. 

Table 2.1 provides a summary of the experimental program, detailing the levels of 

analysis, the materials evaluated, the main variables considered, and the properties 

assessed at each stage. This structured approach allowed for a comprehensive 

understanding of the effects of RCP and MK on the performance of cementitious systems 

across different scales. 

 

Table 2.1. Overview of the experimental program 

Level 
Material 

evaluated 
Main variables Properties evaluated 

Micro Pastes 
% RCP, % MK, type 

of RCP 

Rheology, calorimetry, XRD, 

TG/DTG, SEM, compressive 

strength, elastic modulus 

Meso Mortars 
% RCP, % MK, RCP 

particle size 

Consistency, mechanical strength, 

elastic modulus, absorption, 

density, voids, microstructure 

Meso 

(Durability) 

Carbonated 

mortars 

% RCP, % MK, CO  

exposure 

Compressive strength, elastic 

modulus, physical properties, 

carbonation depth, SEM 

Macro 
C30 and C60 

concretes 

% RCP, % MK, mix 

design using CPM 

Strength, capillary absorption, 

chloride penetration, shrinkage, 

durability, SEM 

Environmental 
Concretes 

(LCA) 
Environmental impact 

Various environmental impact 

categories, with emphasis on CO  

emissions 

 

2.4 Performance evaluation 

The performance of the binary and ternary blends was evaluated through a series of 

experimental tests focused on hydration behavior, mechanical performance, physical 

properties, and durability. These assessments were conducted across different material 

scalesðpastes, mortars, and concretesðto establish correlations between microstructural 

development and macroscopic behavior. 

To understand the hydration process, several complementary techniques were employed. 

Isothermal calorimetry was used to monitor the heat flow during the first seven days of 

hydration, providing insights into the kinetics of the reaction. X-ray diffraction (XRD) 
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allowed the identification of crystalline phases, such as portlandite (CH) and calcite, at 

different ages. Thermogravimetric analysis (TG/DTG) enabled quantification of key 

hydration products, including bound water, portlandite, and calcium carbonate. SEM was 

also used to observe particle morphology and the evolution of the microstructure over 

time. 

Mechanical performance was assessed by measuring compressive strength at various 

curing ages for all material typesðpastes, mortars, and concretes. Additionally, splitting 

tensile strength was applied to mortars and concretes. The elastic modulus was 

determined using LVDT instruments, following relevant technical standards. To 

complement these tests, cement efficiency indices were calculated, relating the 

mechanical strength achieved to the amount of binder used. 

Physical testing focused on evaluating the compactness and integrity of the cementitious 

matrix in mortars and concretes. The tests included water absorption, capillary absorption, 

void index, and density. These physical properties were correlated with mechanical 

strength and microstructural development, taking into account the influence of RCP 

content and particle size. 

The durability of the ternary mixtures was analyzed under various exposure conditions. 

Accelerated carbonation testing was carried out for 180 days in a controlled CO  chamber 

(4 Ñ 1%), and carbonation depth was measured using phenolphthalein as an indicator. 

Chloride ion penetration was assessed using a modified Rapid Chloride Penetration Test 

(RCPT), evaluating the concreteôs resistance to chloride ingress. Drying shrinkage was 

monitored over a period of 180 days, along with mass loss. Finally, the post-exposure 

microstructure was examined using SEM to observe changes in the pore system and the 

formation of secondary products, contributing to a better understanding of the durability-

related behavior of the materials. 

 

2.5 Rational mix design of concretes 

The mix design stage for concretes incorporating ternary blends of Portland cement, RCP, 

and MK was carried out using the CPM. This model is based on the optimization of 

particle packing to maximize the compactness of the mixture, reduce void content, and 

consequently decrease both water demand and cement content required to achieve the 

desired properties. The CPM approach takes into account the particle size distribution and 

the physical characteristics of the components (binders and aggregates) to define optimal 

proportions that ensure more efficient use of the available space between particles. By 

increasing the density of the granular system, the mixture becomes more technically and 

environmentally efficient, as it allows for a reduction in both water content and the 

amount of Portland cement needed. 

In this study, CPM was applied to the mix design of normal-strength (30 MPa) and high-

strength (60 MPa) concretes, following the steps outlined below: (1) Calculation of 

optimal packing density: Estimation of the dry material packing density and the minimum 

water content required to achieve the desired workability; (2) Determination of optimal 

proportions: Adjustment of the binder-to-aggregate and water-to-binder ratios to meet the 

targeted mechanical and durability performance; and (3) Performance evaluation: Testing 

for compressive strength, water absorption, density, void index, capillary absorption, 
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shrinkage, chloride penetration, and overall durability. The use of CPM enabled a rational 

reduction in Portland cement content through the incorporation of RCP and MK, without 

compromising concrete performance. This approach was also fundamental to the 

subsequent sustainability assessments conducted through LCA. 

 

2.6 Environmental analysis 

To evaluate the sustainability of concretes produced with ternary blends of Portland 

cement, RCP, and MK, a LCA was carried out in accordance with the principles 

established by ISO standards 14040 and 14044. This methodological tool enables the 

quantification of environmental impacts associated with a product, from raw material 

extraction to end-of-life, considering all relevant stages of the process. 

The use of LCA in this research responds to the need to verify whether the technical 

improvements achieved through the use of RCP and MK also translate into environmental 

benefits. Various impact categories were considered in order to determine the 

environmental implications of incorporating RCP and MK in concrete production. 

 

2.7 Relationship between chapters 

To ensure a coherent organization of the different levels of analysis developed throughout 

this research, the thesis chapters (Chapters 3 to 9) were structured in the form of 

individual articles, each directly addressing one or more specific objectives outlined in 

the introduction (Table 2.2). This structure facilitates a gradual and systematic 

understanding of the behavior of the cementitious materials evaluated, from initial 

hydration to their structural and environmental performance. 

Each chapter was designed as an independent yet interconnected stage, allowing for a 

logical progression in the generation of scientific, technical, and practical knowledge 

regarding the use of RCP and MK in cement-based systems. 

 

Table 2.2. Structure of the thesis: chapters, objectives, and main methods 

Chapter Title  
Specific 

objective(s) 
Main Methods and Tools 

3 

The utilization of Recycled Concrete 

Powder as Supplementary 

Cementitious Material in cement-

based materials: A Systematic 

Literature Review 

SO1 and 

SO2 
Systematic literature review 

4 

Microstructure, hydration process, 

and compressive strength 

assessment of ternary mixtures 

containing Portland cement, 

recycled concrete powder, and 

metakaolin 

SO1, SO2 

Isothermal calorimetry, TG/DTG, 

XRD, SEM, compressive strength, 

elastic modulus 

5 

Physical-mechanical Assessment to 

Mortars including Recycled 

Concrete Powder (RCP) and 

Metakaolin (MK)   

SO1, SO3 
Physical and mechanical tests, 

SEM, property correlation analysis 
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6 

Enhancing Mortar Performance: A 

Comparative Study on Particle Size 

of Recycled Concrete Powder and 

Metakaolin in Binary and Ternary 

Blends   

SO1, SO3, 

SO4 

Grinding variation, mechanical and 

physical properties, cement 

efficiency 

7 

Mechanical and Durability 

Performance of Mortars with 

Portland Cement, Recycled 

Concrete Powder, and Metakaolin 

under Accelerated Carbonation 

Conditions   

SO3, SO5 

CO  exposure, carbonation depth, 

mechanical and physical 

properties, SEM 

8 

Normal- and High-Strength 

Concretes with Eco-Efficient 

Cementitious Materials: 

Proportioning and Evaluation of 

Physical, Mechanical, and 

Durability Properties   

SO1, SO4, 

SO5 

CPM model, mechanical and 

physical properties, durability, 

microstructure 

9 

Life Cycle Assessment of 

Sustainable Concretes with 

Recycled Concrete Powder and 

Metakaolin 

SO6 LCA 
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Chapter 2 

The utilization of Recycled Concrete Powder as Supplementary 

Cementitious Material in cement-based materials: A Systematic 

Literature Review 

Journal of Building Engineering (https://doi.org/10.1016/j.jobe.2023.107319) 

 

Abstract:  When producing Recycled Concrete Aggregate (RCA), particles smaller than 

150 µm called Recycled Concrete Powder (RCP) are obtained. Various studies have 

shown a potential for RCP usage as Supplementary Cement Material (SCM); however, 

no systematization or analysis of this information is available. In this sense, this chapter 

carried out a critical analysis for the RCP usage in construction industry, specifically as 

SCM, through a Systematic Literature Review (SLR). A total of 103 articles from the last 

five years, belonging to journals indexed in Scopus and Web of Science, were analyzed. 

RCP production technology and its chemical, mineralogical and microstructural 

characterization are presented. Besides grinding, thermal activation and carbonation are 

the most common treatments to improve RCP reactivity by increasing fineness, specific 

surface area (SSA) and forming active components. Due to RCP irregular shape, rough 

surface, and porosity, a demand for water increases, thus reducing workability of cement-

based materials. Using fineness similar or below that of Portland cement and contents less 

than RCP 30%, is required in order to avoid significant impact on mechanical strength 

and durability in cementitious matrices. Usage of other SCMs is presented as a technical 

alternative to compensate RCP adverse effects. There is an environmental benefit for 

construction industry in using RCP, especially when reducing CO2 emissions. Despite 

advances in the area, further research is required to consolidate RCP usage, mainly as a 

replacement for Portland cement. 

Keywords: Construction and demolition waste. Recycled concrete powder. Thermal 

treatment. CO2 treatment. Macro-properties and micro-structure. 

 

3.1 Introduction 

Despite an increasing number of publications on RCP usage as SCM in cementitious 

matrices, the lack of systematic literature review (SLR) on this matter has been noted, 

mainly on RCP particle treatments, a line widely investigated in recent years. 

In this sense, this chapter is intended to carry out an SLR regarding RCP usage, in order 

to produce cement-based materials, with emphasis on RCP particle treatments to be used 

as SCM. Initially, RCP technology and production is presented to indicate a specific 

surface area (SSA) and average particle size (D50) reported in literature. Subsequently, 

RCP microstructure, chemical composition, mineralogical composition, and activity 

index (AI) were characterized, mainly considering not only mechanical treatment 

(grinding), but also thermal treatment and carbonation activities. The micro-properties of 

the cement matrix including RCP, such as hydration, mineralogical composition, 

microstructure, and porous structure are explained. Properties in fresh state of cement-

based materials including RCP, such as workability, setting time, among others, are 

presented. Results for mechanical properties in cement-based materials including RCP, 
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such as compression, tensile, and flexion strength are discussed. Several durability 

properties reported in literature are explained. Finally, other cement matrix applications 

including RCP and its environmental impact assessment as a replacement for PC are 

presented. 

 

3.2 Research methodology 

SLR considered articles during the last five years (2018-2022), mainly those works that 

evaluated RCP, involving RPP and RMP as SCM and its applicability in construction. 

Article search criteria consisted in identifying main papers related to the subject that were 

published in the Web of Science and Scopus databases. Searching terms included 

ñRecycled Concrete Powderò, ñSupplementary Cementitious Materialò, ñCement Based 

Materialsò and ñCementitious Matricesò. 

According to this research, 270 articles were identified; however, an exclusion criterion 

was considered (Table 3.1) to obtain documents related to SRL purpose and data required 

to analyze corresponding information. A total of 103 articles were considered for analysis 

(Appendix 1). Figure 3.1 presents a connection map of main authors, while Figure 3.2 

shows the most frequent words in the titles and abstracts.  

 

Table 3.1. Exclusion criteria and selection of articles for SLR. 

Criteria  Description 

Study objective identification 

Study purpose is clearly identified regarding RCP usage in 

cementitious matrices and/or applications in the construction 

industry. 

Methods and materials 
The article provides material characteristics, particularly RCP. 

Methods used are consistent with current regulations. 

Results and discussion 
Main findings are presented, values are available for analysis, 

and results are described, compared, validated and/or explained. 

Contribution 

 Contributions provided by the article to RCP usage in 

construction industry are established, especially its potential use 

as SCM. 

Credibility 
The study was published in a specialized journal with an impact 

factor. 

 

It is observed that main authors are Zhiming Ma, Jianzhuang Xiao, Tung-Chai Ling and 

Chi Sun Poon who belong to Yangzhou University, Tongji University, Hunan University 

and The Hong Kong Polytechnic University, respectively. Most publications on RCP 

come from China (69.83% of the studies), with a wide difference from the second and 

third place, Portugal (7.77%) and Spain (6.80%). On the other hand, journals such as 

Construction and Building Materials (24.27%), Journal of Cleaner Production (15.53%) 

and Journal of Building Engineering (11.65%), which all focus on the area of 

cementitious materials and sustainability in construction, are distinguished. 

Information from all 103 articles was analyzed and classified into different sections, with 

two parts being distinguished. The first part refers to RCP, including its production 

(Subsection 3.3); physical, chemical, and mineralogical characterization (Section 3.4), 

and the main RCP treatments (Section 3.5). A second part focuses on cementitious 

matrices including RCP: micro-properties (Section 3.6); fresh properties (Section 3.7); 
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mechanical properties (Section 3.8); durability (Section 3.9); other applications (Section 

3.10), and environmental evaluation (Section 3.11). 

 

  
Figure 3.1. Density map identifying authors with most publications (VOSviewer 

software). 

 

 
 Figure 3.2. Density map including main terms in the titles and abstracts of publications 

(VOSviewer software). 

 

3.3. RCP production 

3.3.1 RCP Origin 

RCP is produced by concrete waste from C&DW, including aggregates and hard paste. 

However, RCP production has also been reported through laboratory-controlled samples 

with known characteristics, considering RCP, RMP, and RPP. It should be noted that 

RCP controlled production was used in 42.4% of published studies, especially for 

concrete and paste (Figure 3.3). Studies [43-48] evaluated all three types of residues in 
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the same article, and in the case of Kim and Jang [49] RCP reusage was investigated in 

three generations. Although various origins of RCP are presented, there may be 

limitations regarding its applicability in the construction industry. RCP from controlled 

laboratory samples may allow further analysis of RCP in cement-based materials, but its 

use would be limited due to the amount of material available from this source. In the case 

of RCP from C&DW, particularly concrete waste, the applicability could be on a larger 

scale, due to its availability and sustainable approach.  

 

  
Figure 3.3. Origin of RP used in the literature. 

 

3.3.2 Production technology 

Regardless its origin, concrete residue goes through a crushing and sifting process, which 

produces RCA that allows reusing different fractions: CRCA (ι4.75 mm), FRCA 

(<4.75mm), and RCP (<150ɛm) [20]. Although RCP may be generated by RCA 

production, the mean particle size is too large to be used as a mineral admixture or 

replacement for PC [44,46]. In this sense, various investigations have proposed RCP 

production methodologies, all related to grinding process. RCA and RCP production 

process could be generalized into four stages (Figure 3.4) [21,50-55]. In the first stage, 

after selecting the material, cement-based C&DW goes through a jaw crusher, resulting 

in a particle size of approximately 5 to 50 mm [50,55]. A second stage consists on using 

a roll crusher to leave the particle size between 150 ɛm and 5mm. Results of these first 

two procedures are CRCA and FRCA, respectively. For the third stage, a ball mill is used 

to produce RCP, resulting in granulometry less than 150 ɛm. Finally, a fourth stage 

consists on using a planetary ball mill, where RCP would have a smaller granulometry 

than PC (᾽0.075 mm).  

Studies may differ in number of stages, time, and equipment used. Generally, the second 

stage in which material resulting from the jaw crusher goes directly to a ball mill and/or 

planetary ball mill, is disregarded [22,45,56-58]. In this sense, some investigations come 

to consider only two stages in RCP production [58-62].  For instance, Chen et al. [63] 
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used a jaw crusher and a planetary ball mill, while Quin and Gao [64] used a jaw crusher 

and a ball mill. 

 

  
Figure 3.4. RCP production. 

 

The ball mill is the most used equipment to produce RCP; however, other methods are 

reported. He et al. [25], Deng et al. [65] and Yang et al. [66] used wet grinding to increase 

RCP fineness. Wang et al. [67] and Zhang et al. [68] generated RCP nanoparticles helped 

by a vertical wet grinding mill (VWGM). In the literature, it is observed that there are 

several methods for the production of RCP, which depend on the characteristics of the 

material and the objective of each study. However, a common characteristic is the 

grinding of the RCP; even the most recent studies propose methods to obtain a greater 

decrease in particle size. 

 

3.3.3 RCP grinding and sizing  

When using RCP as SCM, it is worth recommended they have a high reactivity and a 

small particle size, similar or less than PC [45,46,69]. These characteristics would help 

to hydration reaction (nucleation), form new hydrated products, and improve material 

compactness (filling effect) [50]. RCP reactivity has been shown to increase with higher 

SSA and fineness, time-related properties, and grinding type [65,68,70]. 

Figure 3.5 presents SSA values reported in RCP literature compared to PC. There is a 

high dispersion of SSA values for RCP, with an average of 504.80 m2/kg and several 

atypical points from 170 (minimum) to 860 m2/kg (maximum). In the case of PC, data is 

in a lower range, 315 to 435 m2/kg, with an average of 369.26 m2/kg and only two atypical 

data points of 443.70 m2/kg [37] and 493 m2/kg [63]. In general, studies have used RCP 

with higher SSA than PC, 36.71% on average. Tang et al. [24] indicate that a high SSA 

provides a greater reaction area and availability to active atoms, which easily unite with 

others to provide high reactivity. 

Figure 3.6 summarizes D50 of RCP reported in literature compared to PC. RCP presents 

greater data dispersion, maximum and minimum values are 125 µm [44] and 0.249 µm 

[68], respectively, and an average of 23 µm, as well as several atypical points. It is 
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important to note that only studies reporting granulometry of analyzed RCP were 

considered. For example, He et al. [23], Yang et al. [66] and Dun et al. [71], indicate 

granulometries prior to grinding that were not evaluated. On the other hand, PC presents 

lower D50 and value dispersion, an average of 17.83 µm and only one outlier of 48.89 

µm, a value reported by Liu et al. [58]. A difference is observed in value dispersion for 

both materials; the average D50 value of RCP is 29% larger than that of Portland cement. 

On the other hand, several studies have used RCP granulometries below PC values 

[38,44,45,46,65,67,69,72-80].  

 

  
Figure 3.5. SSA of RCP and PC in the literature. 

 

 
Figure 3.6. Mean particle diameter (D50) for RCP and PC. 

 

RCP fineness depends on the origin of the material, time, and type of grinding. Caneda-

Martinez et al. [72] found limestone RCP (D50=5.77 µm) was finer than RCP with 

additions of siliceous minerals (D50=8.42 µm), which was likely due to the limestone 

being softer than the siliceous minerals, resulting in more efficient grinding. Wu et al. 
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[44] found that after a grinding process of three original products (concrete, mortar, and 

paste), the RCP had a smaller particle size. 

Although it is observed that particle size decreases as grinding time increases, there is an 

efficiency reduction with a longer time (Figure 3.7). Xu et al. [81] found that D50 in RCP 

particles decreased between 50 and 75% in 5 to 10 min of grinding, respectively. 

However, there were no evident changes in RCP granulometry when grinding time was 

20- and 25-min. Sun et al. [82] performed a three-time grinding process (25, 50, and 75 

min), where there was a significant change in D50 during 25 and 50 min. In this sense, 

authors such as Li et al. [53] and Dun et al. [71] also showed that grinding efficiency 

decreases exponentially when increasing grinding time. 

 

  
Figure 3.7. D50 vs Grinding time. 

 

Trending for exponential reduction in grinding efficiency was also pointed out by Tang 

et al. [24] for RCP SSA and Recycled Brick Powder (RBP). RCP particles need to be as 

fine as possible to improve their reactivity and performance in cement-based materials 

[40]. However, energy consumption must be considered in order to avoid increasing 

production costs and having negative effects on the environment. By using Figure 3.7 and 

recommendations from various studies, it can be concluded that 20 to 40 min is a suitable 

range [81,91,92]. 

On the other hand, the smallest RCP particle sizes (nanoscale) were produced by wet 

milling. During 120 min of wet grinding, Deng et al. [65] managed to reduce D50 from 

29.5 µm to 490 nm and Wang et al. [67] from 142 µm to 324 nm, both authors utilized 

these particle sizes to evaluate the use of ultrafine RCP as a nucleation seed accelerator 

agent for Portland cement. Yang et al. [66] used a D50 of 2.3 µm to obtain an adequate 

dispersion of the particles, avoiding agglomeration. Zhang et al. [68] obtained particles 

of 249 nm (D50) in 90 min of wet grinding and He et al. [88] obtained particles of 1.28 

µm (D50) in 60 min of wet grinding. The authors highlight that this type of grinding 
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changes the physical and chemical characteristics of the RCP, homogenizing it, in 

addition to increasing activity and filling effect. Although it has been demonstrated that 

wet grinding is more efficient than dry grinding, it is still necessary to consider its 

applicability on a large scale and to define the necessary precautions for handling 

nanoparticles. 

 

3.4. RCP physical, chemical, and mineralogical characteristics  

3.4.1 Microstructure 

RCP particles are characterized by having an irregular shape, a rough surface, and 

micropores [23,44,73,83,85,89,93-95]. They could also present cleavage surfaces and 

microcracks [58], as opposed to other SCM, such as FA and SF, whose particles are 

smoother and more spherical [23,46,93,96]. 

An irregular particle shape is detrimental to mixture fluidity [44,96,97] and micropores 

present would increase water demand [44,92,98], thus impacting rheological performance 

[46,75]. However, sharp angles and rough surface of RCP particles increase reactivity 

and promote hydration reactions (nucleation effect), which could improve hydration 

degree [60,77]. On the other hand, Yang et al. [99] and Suwan and Wattanachai [100] 

indicate that the porous texture of materials can lead to water absorption and subsequent 

internal curing. 

RCP particles are also characterized by presenting various hydrated compounds: C-S-H, 

AFt and CH (Figure 3.8a) from  a primary hydration process 

[39,44,55,58,61,77,96,101,102]; CaCO3 crystals (Figure 3.8b), due to carbonation 

process, and/or coarse aggregates present from concrete residue [46,47,61,71,103,104]; 

SiO2 crystals, derived from sand in cementitious compounds [55,56,61,96] (Figure 3.8c), 

and unhydrated cement particles, which have the potential to participate in a new 

hydration reaction [60,101,105]. 

 

  
Figure 3.8. Microstructure and RCP components: a) hydrated products [58], b) CaCO3 

[47] and c) SiO2 [96]. 

 

Residue origin affects microstructure and compounds present in the RCP. For instance, 

when considering three RP origins (concrete, mortar, and paste) (Figure 3.9), C-S-H gel 
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and SiO2 present in RPP and RMP, respectively, are outstanding. Regarding 

microstructure, RPM appears smoother and less porous than RPP, and RCP 

microstructure tends to be more regular than the other origins [43-47,74,75].  

Wet milling affects microstructure and diameter of RCP particles, resulting in greater 

refining and homogeneity [25,65,88] (Figure 3.10). Wang et al. [63] point out nanoscale 

particles, resulting from wet grinding, are smoother and less porous. However, as a result 

of ultrafine grinding, the authors have reported a higher water requirement, which is 

attributed to the notable increase in the specific surface area, compromising its use for 

high percentages. 

 

  
Figure 3.9. Microstructure of a) RPP, b) RMP and c) RCP. Source: [46]. 

 

  
Figure 3.10. RCP microstructure: a) before and b) after wet grinding. Source: [25]. 

 

3.4.2 Chemical composition 

RCP chemical composition is similar to that of cement, -specifically Portland 42.5 and 

32.5 types, which is used in approximately 80% of the studies. Main oxides in RCP are 

CaO and SiO2, whose contents vary depending on residue origin and the type of aggregate 

used in concrete (Figure 3.11) [66,69,106-108]. Appendix 2 and Appendix 3 presents PC 

and RCP chemical compositions for every study considered in the SLR, respectively. 

RCP major component is SiO2 due to fine aggregates present in RCP [66,110]. 

Subsequently, CaO and Al2O3 follow; CaO is a result of hydration products, unhydrated 

cement particles, and CaCO3 [45,89,109]. Xiao et al. [55] and Yang et al. [66] emphasize 

a high content of oxides present in RCP (CaO, SiO2 and Al2O3), such as several SCM, 
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which would indicate a possible reactivity [66,76,111]. The presence of amorphous SiO2 

and Al2O3 particles may promote a pozzolanic reaction [45,46,86,87]. However, CaO, a 

main RCP component, is present in the form of calcium carbonate, which would prevent 

its participation in a new hydration reaction [46,47].  

Chemical composition does not vary significantly during grinding process, even if it is 

wet [65,66,90]. However, residue origin affects PR chemical composition. The oxide 

contained in RPP is similar to PC, whereas RMP has a higher SiO2 content than cement, 

due to the high content of sand in the mortar. In RCP, SiO2 and CaO stand out due to sand 

and natural aggregate contents, respectively [44-47,74,75]. Some authors [65,69,106] 

found that, despite every RCP sample has a chemical composition similar to that of PC, 

differences are present. Depending on the nature of original aggregate, concrete including 

lime aggregate showed a higher CaO content, and concrete with siliceous aggregate 

presented a higher percentage of SiO2. 

 

 
Figure 3.11. Chemical Composition of RCP and PC in literature. Based on the data and 

references presented in Appendix 2 and Appendix 3. 

 

Finally, in several studies it can be observed that RCP meets a requirement to be 

considered as a pozzolanic material: Fe2O3 + Al2O3 + SiO2ι70%. However, the 

maximum Loss on Ignition (LOI) requirement, 6% [112,113], is not met. LOI in RCP 

(13.41%) is high when compared to PC (2.31%), which is attributed to hydration product 

decomposition and a high amount of CaCO3 present in RCP [67,69,80]. It is important to 

note that not all studies report complete data, particularly LOI, which is necessary for the 

classification of the material as pozzolanic. However, it can also be observed that 

although some RCP may have a Fe2O3 + Al2O3 + SiO2 content greater than 70%, they do 

not necessarily possess pozzolanic activity, since a part of the RCP particles are 

crystalline. 

 

3.4.3 Mineralogical Composition 
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RCP mineralogical composition is complex due to different mineral phases present in 

cement-based materials, which alternate between crystalline and amorphous states [104]. 

Mineralogical composition is usually determined by X-ray diffraction (XRD), wherein 

existing phases and their approximate relative content are identified through signal 

position and intensity [65]. 

In RCP, peaks consistent with quartz (SiO2) and calcite (CaCO3) diffraction are identified 

[43,60,61,64-67,71,75,77,78,81,84,87-89,94,95,114,115]. Other authors have indicated 

the presence of dolomite (CaO·MgO·2CO2) [43,61,65,71,77,94,114]. The quartz and 

dolomite peaks are attributed to fine and coarse aggregate particles, respectively, 

produced during concrete crushing [46,47,61,62,66,67,72,75,81,87,89,94,95,102,104]. 

Calcite phases are attributed to a portion of carbonated cement paste as well as coarse 

aggregate [42,46,47,61,68,71,72,84,87-89,94,95,105,114,116-118], where the most 

significant peaks come from carbonation process in concrete (long term) [81]. However, 

calcite peaks and other carbonated aluminates may also be attributed to carbonation 

during grinding and/or material storage [41], since grinding process increases the contact 

area between calcium hydroxide and air, thus producing carbonation [68]. 

Some studies [71,75,102] have shown SiO2 particles, which depending on their 

crystallinity or amorphism, may have a filling effect or participation in a hydration 

reaction, respectively. This would benefit mechanical strength in cement-based materials. 

Whereas, the presence of calcite may reduce C3S induction period and participate in its 

hydration process. Diffraction peaks for calcite [87] and silica-aluminate minerals [77] 

promote hydration by providing additional hydration sites and reaction with hydration 

products [119], which produces carbon aluminates that hinder AFm production [78,84]. 

On the other hand, crystalline phases of hydration products such as portlandite as the main 

hydration product found in RCP [22,37,60,72,77,84,105,114,116,117,120-122], AFt 

[37,68,72,77,105,116,117,120,121]; C-S-H [37,60,67,102,105,121], initial hydration 

products, gismondine and Phillipsite-Ca [62,65,88,89]; monocarboaluminate [72]; 

tobermorite [25,64,66,67]; monocarbonate (Mc) [43], and hemicarbonate (Hc) [43] are 

also identified. Intensity in each phase is variable. For instance, AFt is compromised by 

temperature increase during RCP grinding process, while CH intensity depends on several 

factors: carbonation process and RCP alkalinity; amount of unhydrated cement particles, 

and SCM present when residue is originated (FA, SF and/or Mineral Powder). The latter 

promotes hydration reaction that consumes CH and forms C-S-H [97]. 

Other studies have identified unhydrated cement phases: C2S, C3S, C4AF 

[22,44,68,78,84,97,105,116,117,120] and albite (NaAiSi3O8) [77,81]. These results 

indicate cement particles that may react again to form C-S-H [60,97]. Although similar 

minerals are reported in literature, intensity is determined by originated residue. Intensity 

in unhydrated cement crystals (C2S and C3S) and CH were stronger in RPP, while 

intensity in quartz and calcite was higher in RMP and RCP, respectively [43-

47,68,72,74,75,95,106]. On the other hand, the unhydrated cement particles depend on 

the initial w/c ratio of the residue; it is expected that a low w/c presents a greater number 

of unhydrated particles [97]. However, it has been reported that the quantity of these 

particles is limited and, by themselves, they would not have a significant effect on the 

performance of cementitious materials. 
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After wet milling process, the same mineralogical composition is reported; nevertheless, 

intensity in crystalline particles was reduced, which could affect their detection [65-

67,88,123,124]. This phenomenon is attributed to the conversion of crystals into products 

with an amorphous structure due to a distortion of the crystal lattice during wet grinding 

[65]. 

 

3.4.4 Activity Index (AI) 

An AI is an important indicator to assess reactivity in SCMs [73]. In literature, the most 

used standards for this purpose were ASTM C311 [112], NBR 12653 [113], GB/T 1596ï

2017 [125], EN 450-1 [126], GB/T 17671 [127] and JG/T 486 [128], which relate AI to 

mechanical strength. However, this relationship is not a complete indication of its 

reactivity since physical filling and other RCP effects contribute to mechanical strength 

[66,129]. In this sense, tests of a chemical nature to determine the AI [65-67,88], through 

the regulations GB/T2847-2005 [130] and BS EN 196-5:2011 [131] are also reported. 

As described in subsections 3.4.1 and 3.4.2, RCP is mainly composed of calcium and 

silicon oxide, and it additionally presents non-hydrated compounds (C2S, C3S, C4AF, 

among others), which indicates a reactive potential. Table 3.2 presents a summary of the 

studies with AI, showing compliance with the regulations used, as well as the average 

D50 of the RCP employed. Appendix 4 presents a detail overview of the studies that 

report AI. 

 

Table 3.2. Activity Index reported in literature. 

Standard 
AI required 

(%)  
Reference 

Standard compliance No standard compliance 

28-days 

AI (%)  

D50 average 

(ɛm) 

28-days 

AI (%)  

D50 average 

(ɛm) 

GB/T 1596 70 

[39] [42-46] 

[53] [58] [61] 

[71] [74] [75]  

75.95 15.39 62.42 66.9 

BS EN 450-1 70 [43-45] [61] 72.8 13.51 60.42 67.16 

ASTM C311 75 [73] [132] 80.07 24.37 - - 

NBR 5752 75 [104] - - 65.38 45.88 

GB/T 17671 

JG/T 486 
65 [109] 75.7 2.4 - - 

No reported - 
 [23] [60] [66] 

[87] [89] 
73.29 24.45 - - 

 

The most widely used standard is GB/T 1596ï2017 [125], followed by the EN 450-1 

[126] standard, which have been used simultaneously in several studies. In general, it can 

be noted that the minimum AI requirement is met when the D50 is reduced. An average 

D50 below 25 ɛm achieved 70% AI; however, when the D50 was thicker, the AI 

requirement was not met, in this case when the average D50 was above 45 ɛm. 

Figure 3.12 confirms the trend that the finer the material, the higher the AI is present. Wu 

et al. [44] used four RCP granulometries (finer, fine, medium, and large), thus 

demonstrating the smallest particle size improves AI. Li et al. [53] used fine and coarse 

RCP with an AI of 75 and 67%, respectively. Horsakulthai [73] reported a high AI 
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(87.2%) in 28 days for a D50 of 8.22 µm. Oliveira et al. [104] found the same trend, 

where RCP with the lowest D50 (22.27 µm) was close to reaching the minimum AI of 

75% required by NBR 12653 [113]. Conversely, Yang et al. [66] reported an AI of 

approximately 100% with a D50 of 2.3 µm. Authors associate this result to microstructure 

densification (filling of ultrafine particles). On the other hand, Dun et al. [71] indicated a 

low AI (57%) for a D50 of 9.5 µm, a situation attributed to hydration of every RCP cement 

particle and low activity stimulated by grinding activity. These results suggest that the 

activity index may be largely influenced by the physical characteristics of the RCP. 

 

  
Figure 3.12. Activity Index versus D50. Source: [23,39,42-46,53,58,60,61,66,71,73-

75,87,89,104,109,132]. 

 

RP origin also has an influence on AI. RPP has a lower AI compared to RCP and RMP, 

since it presents a greater amount of hydrated products, mostly inert, which prevent 

secondary hydration from being promoted [44-46,74]. Wu et al. [44] indicated the AI for 

RPP, RMP and RCP in fine fraction is 72.7%, 78.5% and 75.6%, respectively. These 

authors highlighted RMP as a situation due to higher content of SiO2 and Al2O3; while 

RCP and RPP have more inert components and hydrated substances that reduce their 

reactivity. 

Although regulations indicate periods of 7 and 28 days to calculate AI, further periods 

present values higher than those specified, for example: 91 and 365 days [93]. However, 

as observed in literature, AI depends on RCP physical, chemical, and mineralogical 

characteristics (3.4.1, 3.4.2, and 3.4.3). 

 

3.5. RCP treatments 

In addition to mechanical grinding, other treatments have been used in the literature to 

improve RCP reactivity. This section presents primary reported treatments. 

 

3.5.1 Thermal Treatment 
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Exposure to high temperatures modifies RCP physical and chemical properties, which 

could improve its performance as SCM [39,43,50,60,105]. At high temperatures (>500 

°C) water release (free and bound) and decomposition, for both hydrated products (C-S-

H and CH) and calcium carbonate are present, which, depending on treatment temperature 

range, may generate highly reactive elements [61,102,109]. 

For temperatures of 350-400 °C, ettringite and C-S-H diffraction peaks decompose, and 

CH is present [50,59,60]. For 600-650 °C, peaks attributed to CH decomposition and 

partial calcite decarbonation, as well as peaks of C2S, C3S, and non-crystalline dehydrated 

phases, were found.  These particles have the potential to become a pozzolanic additive 

and/or active filler [43,50,60,61,105,133,134]. Letelier et al. [103] demonstrated that 

content of RCP phases varies according to treatment temperature (400, 650 and 900 °C), 

regardless particle size. 

For high temperatures (800-1000 °C range), peaks of active components (CaO, C2S, and 

C3S) and calcite decomposition (CaO+CO2) have been detected [39,43,60,61,89,103]. Sui 

et al. [109] detected peaks of active materials, calcium silicates and larnite (Ca3SiO5 and 

Ca2SiO4) at 800 °C. However, Zhang et al. [89] detected these same compounds in a 

400-600 °C range. Letelier et al. [103] observed gehlenite and bredigitite (dehydrated 

cement) at 900 °C. On the other hand, anhydrous gypsum, ranquinite and amorphous SiO2 

detected at 1200 °C [43,60,61]. 

Unlike RCP without thermal treatment, the microstructure at 300-400 °C is denser due to 

decomposition of hydrated products (CH and C-S-H) and part of calcite [39,57,89] 

(Figure 3.13). For 400-1000 °C temperatures, RCP particles are denser, which is 

attributed to new compounds formed on the surface of RCP particles that connect with 

each other [43,60,61,109,135]. However, at 1200 °C, RCP particles soften, and no 

hydration products are present. This could be beneficial for fluidity but would weaken the 

nucleation effect in cement-based materials [43,60,61]. As temperature increases, RCP 

particles become finer and rounder, but from 750 °C, there is a progressive union of the 

finer particles reducing the surface area [37]. Zhang et al. [89] indicated a larger particle 

size up to 800 °C. 

 

  
Figure 3.13. Microstructure of thermal-treated RCP. Source: [61]. 
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When increasing treatment temperature from 400 to 900 °C, D50 tends to decrease, a 

situation fostered by RCP dehydration and decarbonation, especially at 800 and 900 °C 

[37,136]. However, in Figure 3.14 there seems to be a tendency towards an increase in 

particle size, up to 600-800 °C, with subsequent reduction, which suggests particle 

agglomeration and particle coarsening [37]. On the other hand, Sui et al. [109] found that 

particle size increased at 600 °C but decreased at 700 °C. Authors attributed this 

phenomenon to C-S-H decomposition, SSA and porosity of the original mix. According 

to data provided in literature, it can be stated that temperature influence on D50 is not 

conclusive and depends on several factors.  

 

 
Figure 3.14. D50 versus temperature. 

 

Regarding chemical composition, main oxides hold similar contents, both for an untreated 

RCP and another exposed to different temperatures [59,89,96,103], see Appendix 3. Sui 

et al. [109] highlighted free CaO content increased with higher temperature, especially at 

800 . 

Finally, it is observed that thermal treatment benefits AI [60,105]. However, there is an 

efficiency threshold with respect to treatment temperature (650-700 °C). Figure 3.15 

summarizes AI values reported in literature when RCP was exposed to different 

temperatures. The highest AI value was 107% at 650 °C [105]. Sui et al. [109] stated that 

RCP at 700 °C may meet class II of GB/T 17671 [127] - JG/T 486 [128], but 600 and 800 

°C temperatures resulted in a lower AI. On the other hand, Wu et al. [43] and Wu et al. 

[61] indicated that AI is relatively high at 600-900 °C. However, at higher temperatures 

(1200 °C), thermal treatment is not beneficial. These values are consistent with physical, 

chemical, and mineralogical characteristics previously described (3.4.1, 3.4.2, and 3.4.3). 

Previous research with thermal treatment has demonstrated that RCP characteristics can 

be improved, which would favor a greater substitution of PC by RCP. Although thermal 

treatment implies an increase in the energy consumption for the production of RCP, this 

energy consumption is lower than that necessary for PC production. The literature 

recommends thermal treatment below 900 °C, which is less than the ~1450 °C required 

for PC production. However, environmental impact assessment studies could more 

accurately ascertain the environmental benefits of thermal treatment. 
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Figure 3.15. AI versus temperature. 

 

3.5.2 CO2 Treatment 

Another widely used treatment is carbonation curing for RCP. Recent research has shown 

that carbonated RCP improves microstructure, mechanical properties, and durability of 

cement-based materials [64,120,121] and represents a sustainable source for CO2 capture 

[137]. According to Mehdizadeh et al. [120] and Monkman et al. [138], carbonation 

reactions occur when water is present. They are described in Eq. 2.1-2.4. 

 

Ca(OH)2+CO2 Ÿ CaCO3+H2O             (2.1) 

3CaO·2SiO2·3H2O+3CO2 Ÿ 3CaCO3·2SiO2·3H2O        (2.2) 

3(3CaO·SiO2) + (3-x) CO2+yH2O Ÿ xCaOĿSiO2·yH2O+(3-x) CaCO3      (2.3) 

2(3CaO·SiO2) + (2-x) CO2+yH2O Ÿ xCaOĿSiO2·yH2O+(2-x) CaCO3       (2.4) 

. 

In the first equation, CH present in cementitious material reacts with CO2 to form CaCO3. 

The other equations refer to a reaction of main calcium silicate phases to form CaCO3 and 

C-S-H. 

As described in subtitle 4.3, main XRD peaks resulting from RCP were: CH, ettringite 

(AFt) and some non-hydrated cement phases; while carbonated RCP present a minor CH 

peak (which could completely carbonate) and CaCO3 as the main peak 

[97,116,117,120,121,129,132,139], followed by aragonite [121] and dolomite [132]. 

These results indicate that CH, AFt, C2S, and C3S, present in RCP, react with CO2 to form 

CaCO3 during carbonation process [132,139]. These results were also verified by TG-

DTG, where RCP presents a greater mass loss at 100-500 °C range, related to dehydration 

of hydration products; while carbonated RCP exhibits a greater loss of mass at 550-950 

°C range, and CaCO3 decarbonation [116,117,120,121,129,132,139]. On the other hand, 

Wu et al. [129] identified RCP carbonation process as efficient at 100 °C during 30 min, 

resulting in highly crystalline CaCO3. 

CaCO3 present in RCP fosters forming calcium aluminate hemicarbonate (CAHC), 

calcium aluminate monocarbonate (CAMC) and stable AFt.  These characteristics may 

improve the performance of cement-based materials [97]. Mehdizadeh et al. [116] 
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indicate that AFt peak disappears in an XRD pattern. This is attributed to its 

decomposition in plaster and alumina gel, and AFm formation.  

Regarding particle size, Figure 3.16 presents D50 results before and after a treatment with 

CO2. Mehdizadeh et al. [116] found that D50 was similar for both untreated and CO2-

treated RCP, but there were differences in particle size ranges. In general, carbonated 

RCP is fine, attributed to the formation of smaller CaCO3 crystals, which are smaller and 

result in a good particle distribution [140]. However, Wu et al. [97] indicate that D50 

resulting from carbonated RCP was 11.3% higher than D50 from untreated RCP, due to 

increased CaCO3 solid phases and silica gel. Kaliyavaradhan et al. [132] also indicated 

that RCP granulometry treated and not treated with CO2 are similar; but formation of 

CaCO3 crystals may contribute to increasing particle size, although it would improve RCP 

uniformity. 

 

  
Figure 3.16. D50 before and after CO2 treatment. 

 

Carbonated RCP microstructure is denser, less porous, and regular-shaped compared to 

untreated RCP (Figure 3.17a), as CaCO3 and silica gel fill micropores and voids [97,132]. 

Fine and crystalline calcite could contribute to nucleation process and growth of hydration 

products in cement compounds [132,141]. Furthermore, Wu et al. [129] demonstrated 

that carbonation generates vaterite crystals at 20 °C; calcite crystals are distinguished at 

100oC, and calcite crystals are agglomerated at 140 oC, thus forming a more stable and 

dense structure (Figure 3.17b). In general, carbonation process increases SSA, as it forms 

very fine CaCO3 particles and crystallized silica gel, which reduces capillary pores and 

mean pore diameter [116,129,132]. On the other hand, using a Scanning Electron 

Microscope (SEM), Ouyang et al. [139] stated that carbonated RCP is similar to untreated 

RCP. 
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Figure 3.17. Microstructure of: a) CO2 treatment [132] and b) calcite and varetite 

formation [129]. 

AI presents a significant improvement when using carbonated RCP compared to 

untreated RCP, reaching 75% during 7 and 28 days [132]. An interaction of C3A (PC) 

and CaCO3 (carbonated RCP) forms calcium carboaluminate hydrate, which favors 

developing compressive strength at early stages [141]. At a higher carbonation 

temperature (140 °C), AI increases (greater than 100%), especially at initial ages (up to 7 

days). This is a situation attributed to nucleation effect and hydration acceleration (CaCO3 

and C3A) [ 129]. Vaterite produced at initial stages may accelerate hydration due to its 

greater hardness, particle size, solubility, and lower stability. However, at later periods 

(14 and 28 days), the effect of calcite nucleation on cement hydration is less evident (AI 

less than 100%) [129,142].  

The authors have focused on CO2 treatment for both technical and sustainable aspects. 

The latter implies: a) reducing the consumption of PC, increasing the replacement rate of 

PC by RCP, and b) capturing CO2, as RCP represent a source of calcium and have high 

availability (waste). However, the technology for CO2 treatment is expensive and limited 

to large-scale industries [129], which could reduce its applicability, as it is a subject that 

is still under constant investigation. 

 

3.5.3 Other treatments 

Wang et al. [114] developed an RCP treatment using tannic acid (TA). This treatment 

consists of mixing RCP with a low concentration of TA solution (0.1, 0.5 and 1%) for 

one hour, to be used later in concrete manufacture. TA and RCP reaction can produce 

submicroscopic particles, which settle on RCP surface, causing a double effect: filling of 

RCP pores and providing nucleation sites for cement hydration (Figure 3.18). Through 

XRD, it was verified that TA does not form new minerals but consumes RCP CH, once 

CH diffraction peaks are reduced after treatment with TA. In the microstructure, TA 

densifies RCP, pore size and porosity are reduced, a situation attributed to two reasons: 
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fine material on RCP surface is dissolved by TA, and reaction products between RCP and 

TA fill the pores and crevices in RCP particles. 

 

  
Figure 3.18. RCP treatment using TA [114]. 

 

Zhang et al. [89] used chemical activators to speed up hydration and hardening process 

for RCP: alkalis (CaO and Ca(OH)2) and salts (Na2SO4 and CaSO4). A combination of 

Ca(OH)2 and CaSO4 in a 1:1 ratio yielded the best AI (80.27%) due to Ca2+, SO4
2- and 

OH-, which promoted the formation of acicular Aft and entanglement to fill the gaps. In 

addition, OH- stimulates RCP pozzolanic activity, thus forming more compact C-S-H and 

improving mechanical strength of compounds. 

 

3.6. Microproperties of cement-based materials with RCP 

3.6.1 Hydration 

Incorporating RCP promotes early hydration, below 30 min [24,58,64,76,79,91]. In 

thermal-treated RCP (up to 900 °C), early hydration can be promoted up to 45 min [41]. 

RCP improves heat evolution rate and reduces induction period, thus increasing heat in 

hydration accumulated during the first days [25,66,79,81,105,110,143,144]. This is 

attributed a nucleation effect in RCP to foster hydrated product formation and improve 

hydration degree in PC [25,65,69,139]. However, at older stages, released heat 

accumulated is lower, and indicates hydration-promoting effect weakens over time [65-

67,90,144]. 

However, the results of hydration cannot be generalized, as the amount, fineness, and 

treatment of RCP have an influence. RCP percentages below 30% tend to increase 

hydration heat flux and cumulative heat release [55,79,91]. Between 5 and 10% of RCP 

presents reaction kinetics similar to reference and a greater hydration heat accumulated 

in 6h [69]. Hou et al. [143] found that 10 and 20% RCP had a hydration heat flux greater 

than reference during the first 8h and a higher cumulative heat of hydration after 12h. On 
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the other hand, He et al. [25] and Liu et al. [58] reported that exothermic rate decreased 

and accumulated heat release is gradually reduced for 30% RCP. The latter is attributed 

to RCP dilution effect, which slows down hydration. However, using nano-silica (NS) 

with RCP increased heat flux rate and accelerated appearing exothermic peaks, since NS 

worked as a precipitation nucleus and growing hydration products, thus accelerating C3S 

dissolution [58]. 

Figure 3.19 presents a variation in maximum heat flux peak with respect to the reference 

during acceleration period. Regardless RCP percentage, exothermic peak anticipates in 

every case. Regarding maximum heat flux peak, a negative trend is denoted; the higher 

RCP content, the maximum peak is reduced.  

 

 
Figure 3.19. Variation in maximum heat flux peak during the acceleration period. 

 

When replacement was greater than 50%, a reduction in heat flux and accumulated heat 

released was observed [55,79]. Chen et al. [62] indicated RCP may be used to prepare 

low-exotherm cement, and heat rate and cumulative heat release decreased with 

increasing RCP (10 to 40%). However, using FA and SF may improve the degree of 

hydration of cement-based materials. Li et al. [90] indicated that increasing RCP content 

(up to 90%) extended induction period, and exothermic rate of maximum hydration and 

cumulative heat release showed a decreasing trend. 

The finer the RCP, a higher peak in the heat rate is generated and it anticipates in time 

compared to the sample containing only PC [66,67,144]. Finer particles disperse cement 

grains and accelerate hydration, becoming nucleation sites to form hydrated phases 

[91,145,146]. Even ultrafine RCP may have a higher heat release rate than other SCMs, 

such as FA, Steel-making slag (SS) and Phosphorous slag (PS) [66]. He et al. [25] found 

that hydration heat in coarse RCP (D50=142 µm) is lower than those treated by wet 

grinding (D50=4.1 and 2.3 µm). Early acceleration was attributed, besides nucleation 

effect, to loose ions and alkalis during wet grinding procedure [25,66]. Yang et al. [66] 

and Wang et al. [67] also reported the same results by using RCP nanoparticles. Ultrafine 

RCP (D50=249 nm) facilitates heat release of hydration at early stages (until 3 days) and 
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diminishes induction period, when hydration level increases and a reduction in the 

porosity of the materials based on cement is evident [68]. It is important to emphasize 

that the studies which utilized RCP fine particles, even at the nanoscale, had the objective 

of evaluating and promoting early PC hydration [25,67,68]. 

On the other hand, there are also chemical effects that consist on generating secondary 

hydrated phases resulting from: a) pozzolanic reaction in RCP and CH, or b) forming 

calcium carboaluminate hydrates, the latter due to calcite reaction (RCP) and calcium 

aluminate phases in cement [147]. Xiao et al. [55] indicated acceleration in hydration 

reaction is not only due to fineness, but also to reactive oxides present in SiO2 and Al2O3. 

Additionally, some studies detected a peak in hydration heat flux during slowdown 

period, which is attributed to transformation of ettringite into monosulfate and RCP 

pozzolanic reaction [76]. Proġek et al. [110] reported RCP released more hydration heat 

after 5 days, thus indicating reactivation of old clinker and other active components. 

RCP thermal treatment has a significant impact on the rehydration of the material [81]. 

RCP treated at 650 °C presented better hydration reactivity; at 48h, the accumulated heat 

was 35% lower than the cement, but 70% higher than the RCP without treatment [105]. 

Xu et al. [81] also found greater release of accumulated heat in samples thermally 

activated at 750 °C than the untreated reference. Real et al. [37] reported heat release 

increases for thermal treatment at 400 and 600 °C, while it decreases at 900 °C; however, 

all superior to the untreated mix. The initial heat release is due to RCP high surface area, 

instability for dehydrated products, high calcium aluminate contents (in the RCP), and 

the fact that CaO hydration reaction is highly exothermic [37,109].  

Wu et al. [129] present results regarding hydration of cement pastes with carbonated RCP 

at different temperatures. Although heat flux was similar, after an induction period, 

hydration accelerated in pastes including carbonated RCP at 100 and 140 °C. This early 

hydration is attributed to increasing nucleation sites provided by CaCO3. It was also 

observed that releasing accumulated heat increased (72h) in cement pastes including 

carbonated RCP, due to CaCO3 accelerating C3S hydration and C3A in cement. Similarly, 

Yu et al. [79] indicate the main RCP compound is CaCO3, which can accelerate C3S 

hydration and have a nucleation effect. Although there have been few studies regarding 

PC hydration with carbonated RCP, the results indicate that there is an early acceleration 

due to the greater amount of CaCO3 particles (nucleation effect). 

Figure 3.20 summarizes the variations in accumulated heat in relation to the reference. It 

is highlighted a greater positive variation is evident during the early stages and low RCP 

percentages. 

TA-treated RCP accelerates paste hydration and provides more nucleation sites for 

hydration process. However, when TA contents are higher (0.75-1%), accumulated heat 

in hydration decreases [114]. Wang et al. [94] indicated RCP had delayed early hydration 

and reduced cumulative heat in a GGBFS matrix, due to a dilution effect. However, in a 

GGBFS+FA matrix, RCP promoted hydration heat flux and released accumulated heat 

[80]. 
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Figure 3.20. Cumulative heat variation in cement matrices including RCP. 

 

3.6.2 Mineralogical Composition 

Through an XRD analysis for cementitious matrices including RCP, both hydration 

products and minerals (origin of RCP) are detected. However, diffraction intensities vary 

according to a) matrix age, and b) RCP fineness, content, origin and treatment [25,43-

47,60,64,65,68,95,97,106,114,116,120]. Main compounds detected include: CH 

[25,37,38,43-47,55,62,64,65,71,75,78,84,89,90,97,106,110,114,116,120,121,129,148], 

calcite (CaCO3) [25,37-39,43-

47,55,62,64,65,69,71,75,78,80,84,89,90,94,97,114,116,120,129], AFt 

[25,58,62,64,65,69,84,95,106,110,116,120,121,129] and quartz (SiO2) [25,38,43-

47,55,56,62,64,69,71,75,80,84,90,94,95,114,149], as well as diffraction peaks in 

anhydrous calcium silicates (C3S and C2S) that are reduced as  age of cementitious 

matrices increases [62,64,65,68,84,106,114,116,120,121,129]. In fewer studies, the 

following have been reported: crystallized C-S-H [58,62,94,106,121,149], varetite [148], 

tobermorite [64,150], CAHC [106,121], CAMC [106,116,120,121,129], gypsum [63,71], 

dolomite [71], tobermorite [25], sodium calcium aluminosilicate hydrate (NCASH) [149], 

mica, kaolinite and feldspar [69]. In cementitious matrices including RCP treated with 

TA, no other characteristic peaks are observed, thus indicating TA does not generate new 

products or compounds [114]. 

CH and AFt are attributed to PC hydration [25,65,71,78,114,121], although CH can also 

be attributed to residual CH in RCP [78,114]. Calcite is due to carbonating hydrated 

products (such as CH) and introducing RCP (or aggregates) 

[37,38,45,62,64,65,69,71,78,97,120,121]. C3S and C2S come from unhydrated cement, 

which indicates cement hydration has not been completed [64,68,113,121]. Detected 

gypsum also comes from cement [71]. Quartz is produced by fine aggregates present in 

RCP [38,44,45,56,62,64,71,75,114,149]. Other mineral fractions such as dolomite 
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[56,64,71], tobermorite [29,64], kaolinite, mica, and feldspar also originate from the RCP 

[69]. 

CH diffraction intensity is reduced by increasing RCP, which is due to PC reduction and, 

consequently hydration products [25,39,43-47,56,61,62,64,75,96,97,110,121,129]. On 

the other hand, a reducing CH diffraction intensity could also indicate a greater cement 

hydration [65,116,120]. CH may be consumed by active particles in RCP, which are 

activated during the grinding process and act as pozzolans [24,25,84,97,120,151]. In this 

sense, the following phases formed during pozzolanic reaction were detected: 

tetracalcium aluminate hydrate (C4AH13), carboaluminate hydrate (C4ACH11), and 

ettringite [69]. 

Diffraction intensity in AFt and C-S-H are also reduced when increasing RCP content, 

indicating a decrease in Al and Si levels due to RCP [58,62,94]. However, AFt intensity 

may be higher when aluminum phase is higher in RCP [25]. When adding RCP, 

diffraction intensity in quartz and calcite increases due to their high crystallinity 

[38,39,43,61,62,74,75,94,120]. Depending on the coarse and fine aggregates that the RCP 

originates from, diffraction intensity in quartz and calcite varies [44-47,55,149]. 

XRD results described above are similar to cementitious matrices including RCP 

thermally treated at a temperature up to 600 °C [39,60,61]. Real et al. [37] indicate CH 

peaks decrease when using RCP treated above 600 °C, while calcite diffraction intensity 

tends to increase with RCP when increasing treatment temperature. For mixtures 

including RCP treated at 1200 °C, diffraction of gypsum [60,61,148] and amorphous SiO2 

[43] were observed. 

Using carbonated RCP weakens CH, C2S, and C3S maximum intensities, which would 

indicate a better cement hydration. On the other hand, carbonated RCP increases CaCO3 

diffraction intensity and CAHC and CAMC. CaCO3 formation is caused by CH 

carbonation and AFt transformation into stable AFm, thus refining porous structure in 

cementitious matrix [116,120,121,129]. 

Even though XRD results indicate that the mineralogical composition of the cementitious 

matrices with RCP is similar, it is possible to verify the pozzolanic potential of the RCP 

[69] as well as the reactivity of CaCO3 in the carbonated RCP [116,120]. 

 

3.6.3 Microstructure 

In cementitious matrices including RCP, hydrated products such as ettringite, CH, and C-

S-H (Figure 3.21a and 3.21b) are detected [37,58,60,62,64,65,67,69,72,78,90,148]. 

CaCO3 crystals from RCP were also observed (Figure 3.21c) [69]. In general, 

microstructure of cementitious matrices including RCP is loose and porous when 

compared to the reference [25,46,53,60,64,71,89,95,144,148,152]. The latter is caused by 

RCP, thus reducing the amount of hydratable components in mixtures and, consequently, 

decreasing hydration products, resulting in an inferior microstructure [44,46,75,85]. 

However, microstructure in cementitious matrices depends on RCP percentage, fineness, 

and treatment. As percentage of PC when replaced with RCP increases, cement matrix 

microstructure becomes more porous and less dense [62,95]. Using percentages below 

30% RCP could not alter cement matrix and would even form a compact microstructure, 

affected by physical filling [55,87,90,95,104]. This is caused by two mechanisms: a) 
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increasing contact ratio between water and clinker (by the same w/c ratio) to generate 

space for hydration products, and b) increasing nucleation sites for hydration products 

(fine RCP particles) [84,149]. In this sense, fine particles present in RCP such as CaCO3, 

C-S-H and other hydrated products, act as nucleation sites [71,105]. In the new cement 

matrices, RCP particles are surrounded by C-S-H (Figure 3.21c), proving filling and 

nucleation effect promoted [43,44,61]. Additionally, quartz and calcium particles in RCP 

have a relatively high microhardness that further enhances a filling effect [44,46]. Topiļ 

and Proġek [144] point out that RCP would improve hydration level, since RCP low 

density does not restrict any access to water, thus having fewer non-hydrated cement 

grains. 

 

  
Figure 3.21. Microstructure in cementitious matrices including RCP: a) hydrated 

products [72], b) ettringite formation [72], and c) RCP particle surrounded by C-S-H 

[43]. 

 

On the other hand, for percentages greater than 30%, RCP hydration products are 

insufficient to fill the pores and microcracks, thus resulting in loose, rough, and porous 

microstructure [23,43,46,58,61,85,87,95]. Wu et al. [87] observed that, for more than 

30% of RCP, calcium sulfoaluminate hydrated with trisulfate (AFt) and calcium 

sulfoaluminate hydrated with monosulfide (AFm) with loose structure are present. This 

contributed to microporosity and microcracks. The latter is also explained by rapid 

hydration caused by RCP fine size, which leads to microstress and, consequently, 

microcracks [85,152]. 

The finer RCP forms, the more microstructure densifies [67,89,95]. He et al. [25] reported 

that microstructure including RCP was dense, similar to the reference for D50=2.3 µm. 

Deng et al. [65] found that very fine RCP (D50= 0.59 µm) could generate a denser 

microstructure than the reference, where pore structure was refined by a higher amount 

of hydrates and a filling effect (Figure 3.22). Using RCP at a nano level (D50= 324 nm) 

promotes a fast formation of hydrated products (AFt and CSH), which contributes to early 

strength in cementitious matrix [67]. The dense microstructure at early stages is related 

to the early acceleration of hydration, both of which are promoted by the use of ultrafine 

RCP particles. 
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Figure 3.22. Fine RCP-enhanced microstructure. Source: [65]. 

 

Thermal treatment is effective in improving microstructure of RCP cementitious 

matrices, even at high RCP percentages [60,81,89]. However, treatment temperatures 

higher than 1000 °C soften particles (Figure 3.13), thus reducing a filling and nucleation 

effect [60,61]. On the other hand, Real et al. [37] indicated RCP treated at 500 °C and 

above 800 °C resulted in a cementitious matrix with loose microstructure, but for a 600-

650 °C range, a pore structure refinement occurred. Wu et al. [61] reported RCP thermal 

treatment from 300 to 900 °C provided a cementitious matrix with better microstructure 

than untreated RCP. Other authors recommend that RCP particles be treated in a 600 to 

1000 °C range [60,89] in order to form matrices including a denser microstructure than 

the reference, since higher temperatures (1200 °C) are adverse [61]. 

Besides physical filling effect, RCP may participate in hydration side reactions [153]. 

Hydratable components in cement matrix (CH) may react with amorphous silica present 

in RCP, thus improving hydration level [44,46,75,87]. In this sense, using PC with other 

fine materials, such as RBP, FA and SF may improve hydration side reaction, filling 

effect, and nucleation to increase microstructure compactness [62,84]. CO2 curing 

favored microstructure in cement-based matrices including RCP [64]. Although using 

RCP could weaken cement hydration, using graphene oxide (GO) may compensate these 

effects and improve hydration degree [148]. In this sense, it is still necessary to investigate 

different treatments or combinations with other materials in order to improve the 

microstructure of cementitious matrices and ensure their durability. 

 

3.6.4 Pore structure 

Both porosity and pore size distribution are essential characteristics to develop 

mechanical properties and durability for cement-based composites [53,154,155]. Pore 

diameter can be divided according to its influence on cement matrix durability as follows: 



37 

 

harmless pore (<20 nm), less-harmful pore (20-50 nm), harmful pore (50ï200 nm), and 

more-harmful pore (>200 nm) [156,157]. 

As RCP content increases, total pore diameter and volume grows 

[39,43,44,46,52,53,58,60,64,73,75,80,84,87,90,94,107,121], especially the harmful and 

more-harmful pores [39,47,61,63,114] (Figure 3.23a). Chen et al. [63] reported 10% RCP 

increases harmless pore content and decreases more-harmful pore content, but 40% RCP 

presents adverse results. Proġek et al. [76] recommend using up to 20% RCP, since it 

maintains constant porosity. Wu et al. [87] reported a higher pore refinement and denser 

microstructure in ITZ with 15% RCP, higher percentages (30 and 45%) had negative 

effects. Several authors [39,43,44,46,47,58,61] have demonstrated the adverse effects on 

porosity in mixtures with 30% RCP (Figure 3.23b and 3.23c). However, the appropriate 

amount of RCP needs to be assessed in a particular way [23,75]; for example, He et al. 

[23] found pore volume including 30% RCP was similar to the reference, but with 15% 

RCP, pore volume increased, particularly for diameters less than 10 nm.  

 

 
Figure 3.23. Pore size distribution a) at different percentages [39] and thermally treated 

by b) Ma et al. [39], c) Wu et al. [61] and d) Wu et al. [43]. 

 

Pore volume increase is caused by decreasing cement content and increasing RCP (less 

reactive material) [46,52,42,84,158], in addition to RCP porosity and high-water 

absorption that represent less cement hydration [39,46,47,52,53,58,61,84,107,121]. 

However, as curing age increases, porosity could be reduced [52,64,72,73,121], due to a 

greater matrix hydration over time [52,72] and RCP particles present in capillary pores 

that absorb water and connect the pores [73,86]. 

On the other hand, RCP fineness has a direct influence on pore structure because a fine 

RCP could refine the pore structure [25,44,46,63,68,80,90,94,110] (Figure 3.24a). This 

modification is due to a) filling effect rather than pozzolanic reaction [25,53,68,80,86] 
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and b) nucleation effect, contributing to a more complete hydration reaction [63,68]. He 

et al. [25] reported an RCP with a D50 of 142 µm had a negative effect on pore structure 

due to its fineness and pore structure, while for a D50 particle of 2.1 µm, a pore refinement 

was present (Figure 3.24b and 3.24c). Li et al. [53] indicated that highly fine RCP 

manifests itself in low porosity and smaller pore size. However, excessive RCP would 

reduce hydration products and weaken RCP refining effect, resulting in more-harmful 

and harmful pores [44,46,63].  

 

  
Figure 3.24. Pore diameter: a) during 12 h and 28 days [68], b) different RCP sizes [25], 

and c) different RCP percentages [25]. 

 

TA-treated RCP improves cement matrix porosity more than untreated RCP, since TA 

not only densifies RCP particles, but also generates sub-microparticles that refine 

capillary pores in the mixtures (10-100 nm), thus reducing the maximum pore diameter. 

For matrices including RCP treated with CO2, it was observed that pore volume is similar 

to the reference in the 0.1-1 µm range, which is attributed to the filling effect and 

hydration acceleration when calcite is present [121].  

Thermal treatment is beneficial when improving porous microstructure in cementitious 

materials. At a proportion of 30% RCP, 800 °C-thermal treatment had a lower harmful 

pore volume in relation to the mixture with untreated RCP. This is because RCP thermally 

treated at 800 °C contains more active components that participate in a secondary 

hydration reaction, which refines pores [39]. Similar results were reported for 50% RCP 

treated at 600 and 800 °C [60] (Figure 3.25). Wu et al. [61] also indicated pore refinement 

for mixtures with RCP treated up to 900 °C (Figure 3.23c). However, it is reported that 

using RCP treated at 1200 °C has an adverse effect on porosity because RCP particle 

softness weakens its filling effect [43,60,61] (Figure 3.23c and Figure 3.23d). Real et al. 

[37] and Wu et al. [43] recommended that RCP be treated in a 600 to 1000 °C range to 

produce pore refinement in cementitious matrices. Xu et al. [81] indicated RCP thermal 

and mechanical activation is efficient in order to reduce cement matrix porosity, with the 

best results achieved for 10-min grinding at a temperature of 750 °C. 
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Figure 3.25. Size and distribution of pores for untreated and thermal-treated RCP [60]. 

 

Finally, using other SCMs such as FA, SF, and NS may significantly improve porous 

structure of cementitious matrices by pozzolanic reaction [58,63]. On the other hand, 

accelerated carbonation cure for cementitious matrices is efficient in reducing porosity, 

since CaCO3 is more effective in filling the pores [64,134]. 

Replacement of PC by RCP is detrimental to the pore structure of cementitious matrices, 

increasing the volume and size of the pores, particularly at high fractions of replacement. 

The various treatments presented in the literature suggest methods to match the 

performance to the reference and not compromise the mechanical properties and 

durability of the cementitious matrices; however, the replacement rate is still limited. 

 

3.7. Fresh-state properties in cementitious matrices including RCP 

3.7.1 Workability 

In general, workability decreases when incorporating RCP due to its highly porous and 

an irregular-rough microstructure, which increases SSA and causes strong hygroscopicity 

and increased demand for water [21,39,46,49,53,60-

63,68,78,91,93,96,98,110,117,148,150,152]. In the literature, workability was evaluated 

by consistency, fluidity, and slump tests. 

Reportedly, RCP has a negative influence on consistency, as it produces lower results 

than the reference [69,72,93,159] (Figure 3.26). However, at higher RCP percentages 

consistency loss is significant [69,143]. Thermal-treated RCP, at 650-700 °C, also 

reduces consistency, which is attributed to higher RCP water demand [41,50]. Additional 

SCMs (FA and SF) usage in adequate amounts may either improve or have a slight 

negative influence on consistency.  
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Figure 3.26. Consistency variation concerning the reference and RCP usage. 

 

As fineness [46,53,61,120] and RCP percentage [46,61,77,98,120,143,152] increase, 

fluidity reduces significantly and requires a greater amount of water [53,90,98]. In this 

sense, Wu et al. [44] indicated RCP origin also has an influence on fluidity. For the same 

replacement percentage, RPP presents less fluidity than both RCP and RMP, since its 

microstructure is less smooth and has a greater presence of C-S-H. Fluidity also decreases 

with the use of thermal-treated RCP, up to 800 °C [39] ï 900 °C [61], due to 

decomposition of hydration products, increasing SSA and formation of new active 

components in RCP (CaO, C2S and C3S), thus increasing water demand [39,61]. On the 

other hand, Kalinowska-Wichrowska et al. [105] were able to maintain fluidity with 

thermally and mechanically treated RCP, at 650 °C in 60 min, respectively. CO2-treated 

RCP increases fluidity when compared to untreated RCP mixes [116,120]. This is due to 

CaCO3 formation, which fills RCP porous structure by reducing water demand [116,160]. 

Wu et al. [129] indicate RCP treated with CO2 at different temperatures reduces fluidity, 

but at 140 °C, fluidity presents a slight increase when compared to the mixture at 60 °C, 

due to the formation of greater CaCO3 polymorphs. Conversely, high contents of RCP 

treated with CO2 indicates a greater presence of CaCO3, which would increase water 

requirement and, therefore, reduce fluidity [120,161]. Figure 3.27 presents a summary of 

results for variation regarding the reference. 

Regarding the slump, in general, RCP also presents a negative influence, being more 

significant when increasing RCP amount [21,49,52,55,59,84,96,148], regardless RCP 

fineness [53]. RCP rough surface increases friction between particles and increasing 

water demand reduces workability of these mixtures [21,38,59]. Figure 3.28a summarizes 

the slump variation reported in literature, reducing an average of 13.35% when compared 

to the reference and presenting a reduction in more than 75% of the studies (Figure 3.28b).  
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Figure 3.27. Flowability variation from baseline including RCP use. 

 

 
Figure 3.28. Slump reduction of slump when using RCP: a) dispersion of results and b) 

representation in boxes and whiskers. Source: [21,51,52,49,52,59,107,117,152]. 

 

In general, the workability has a negative trend with the increase in PC replacement by 

RCP, even with the treatments proposed, which, in most cases, are below the reference 

workability. However, literature also indicated some solutions to improve workability of 

mixtures including RCP. Wu et al. [46] found that using larger particle sizes may improve 

fluidity even more than the reference. FA usage is presented as a solution to reduce water 

demand due to spherical and smooth shape of particles, acting as a lubricant to reduce 

internal friction [51,93,117]. Ma et al. [60] and Mehdizadeh et al. [117] indicated that 

using superplasticizers increases and/or compensates for any loss of workability. 

 

3.7.2 Setting time 

RCP tends to reduce setting times (initial and final), which is attributed to fine particles 

(nucleation effect) [37,46,60,65,68,72,80,90,91,143]. The greater the amount of fine RCP 

(containing C-S-H, calcite, among others), the more setting times are reduced by 
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promoting hydration (nucleation), since fine RCP contains more SSA [60,67,80,89]. Hou 

et al. [143] indicated that up to 30% RCP as a replacement for PC reduces setting times. 

However, at higher RCP percentages, an increase in setting times is observed [159]. 

Figure 3.29 summarizes initial and final set time results compared to the reference. For 

percentages below 40% of RCP, the reduction in setting times can be confirmed, with 

some studies reporting increases. However, for higher percentages of RCP, there is a 

considerable increase in the setting time, particularly for the final setting time. 

 

  
Figure 3.29. Setting time variation versus RCP. Source: [25,46,58,60-

63,67,71,72,91,107,129]. 

 

Regarding origin, Wu et al. [46] reported RPP has a greater reduction in setting time than 

both RMP and RCP, due to a nucleation effect, since it presents a greater amount of 

hydrated and non-hydrated cement particles (fine particles). Conversely, RMP and RCP 

consist of quartz and calcite, which are inert crystals at early stages whose nucleation 

effect is weaker than RPP microparticles. 

According to Deng et al. [65] and Moreno-Juez et al. [69], initial setting times were 

similar within assay error (5 min). Regarding final setting time, Deng et al. [65] indicated 

a tendency to acceleration due to CaCO3 high content and RCP fineness. However, initial 

and final setting times tend to prolong when increasing RCP size and content [25,46,61-

63], Figure 3.29 indicates this increase is significant from 40% RCP. He et al. [25] 

demonstrated that coarse RCP (D50=142µm) prolonged setting time, as opposed to 

smaller particles (D50=2.3 and 4.1 µm) where setting time was shortened. Liu et al. [58] 

and Wu et al. [61], unlike Hou et al. [143], indicate 30% RCP prolongs setting times 

because loose and porous RCP structure absorbs part of free water, resulting in 

incomplete hydration. Liu et al. [58] and Chen et al. [62] propose using NS, FA, and SF 

in order to reduce setting time and promote the hydration reaction. 

Decreasing setting time is present when RCP thermal treated up to 900 °C is present [61]. 

However, Real et al. [37] indicate RCP treated in a 400 to 800 °C range prolongs setting 

times (double) and there is a tendency to increase with treatment temperature, which is 
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attributed to RCP reactivity loss and particle bonding. RCP treated at high temperatures 

(1200 °C) prolongs setting times, as nucleation effect is weakened [61]. Treatment 

including CO2 at 100 and 140 °C reduced setting time, due to the carbonation products, 

thus generating more nucleation sites [129]. 

 

3.7.3 Other properties 

3.7.3.1 Air content 

RCP increases air content due to porosity, irregular shape, and water absorption. 

However, air content results reported in literature [21,49,52,93,107] were within a 

standard range of 4.5 ± 1.5% according to ASTM C94/C94M-21b [162]. Air content 

values reported in the literature with regard to the reference is presented in Figure 3.30. 

 

  
Figure 3.30. Air Content Variation. Source: [21,49,52,93,107]. 

 

3.7.3.2 Fresh density 

Using RCP reduces density in fresh state when compared to PC [21,50,52,59,93,107], 

attributed to RCP irregular nature, porosity, and low density, as well as a lower cement 

content, resulting in fewer hydration products [21,52]. Real et al. [59] point out greater 

demand for water in RCP mixtures promotes less compactness and greater air 

incorporation, thus decreasing density in fresh state. Bogas et al. [50] report RCP thermal 

treatment provides a higher density in fresh state of mixtures. Using RCP and FA leads 

to a higher density in fresh state due to a filling effect by FA particles [93]. 

 

3.7.3.3 Viscosity 

Viscosity increases when using RCP, becoming greater when replacement rate for PC 

raises. This is due to water absorbed by pores on RCP surface [71]. Sun et al. [152] also 

reported the same effect on viscosity in T500 flow time and V-funnel time tests. 

 

3.7.3.4 Water requirement 

The higher the content of RCP, the more water demand increases [25,62,145,159], which 

is attributed to RCP irregular shape, rough surface, and fineness [90,91], Hou et al. [143] 
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also indicated this increase is due to the microcracks and micropores of the RCP. He et 

al. [25] pointed out water demand occurs in both coarse and fine particles. In coarse RCP 

particles, porosity increases water demand, while fine particles have a higher SSA, which 

indicates a higher water requirement. Chen et al. [62] reported water requirement 

increases as PC is replaced with RCP to maintain the same consistency in the mixes. 

Studies have shown that RCP affects the properties in the fresh state, decreasing 

workability of the mixtures and increasing the water requirement, which is mainly 

attributed to the physical characteristics of the RCP. However, the study of the properties 

in the fresh state has been scarce; greater emphasis has been placed on the evaluation of 

the properties in the hardened state. Further investigation of the properties in the fresh 

state may propose the RCP usage for other applications, such as 3D printed construction 

[143]. 

 

3.8. Mechanical properties of cement-based materials with RCP 

In general, there is a reduction in mechanical properties when using RCP that presents a 

decreasing trend as percentage for replacing PC with RCP increases [23,38,39,43-

47,49,50,52,53,55,60,62,63,69,71,75,77-79,81,82,84-86,88,89,91,93,95,97,102,103,107, 

108,110,114,116,120,149,152,163,164]. This reduction is due to a dilution effect 

(reduction in main reactive phases, C2S and C3S) [23,52,58,61,71,72,74,93,116,120] and 

low reactivity in RCP particles [43,49, 53,58,72,93,107], which causes less formation of 

hydration products and a reduction in cement matrix compactness (porous microstructure) 

[23,24,39,43-47,49,55,58,60-62,75,79,85,102,110,116,120,163]. Additionally, RCP 

particles have higher porosity and absorb a large amount of water from the mix, leading 

to poor cement hydration and more voids and microcracks in ITZ, which compromise 

mechanical properties of cement-based materials [21,47,98,102,116,152]. 

On the other hand, there may also be a minimal influence or improvement in mechanical 

properties: a) if RCP percentages are lower, literature recommends a maximum range 

from 20 to 30% [25,38,49,55,63,66,67,75,79,90,94,95,109,117,120,121,144,149,165], 

and b) if particle size is small (filling effect) [25,46,50,55,59,66,68,69-74,76-

79,82,90,94,109,120,144,149]. 

 

3.8.1 Compressive strength (CS) 

Regarding compressive strength, He et al. [23] demonstrated 30% of RCP only presented 

3.91% reduction in CS during 28 days, attributed to RCP AI (80%), which indicates RCP 

may participate in pozzolanic reaction (second hydration), a situation also indicated by 

[46,55,82,86,96,163]. First, RCP may contain active oxides (CaO and SiO2) and 

unhydrated cement particles, which react to form new hydrated products, C-S-H 

[23,59,63,73] and carboaluminates [72,166]. Secondly, very fine particles (less than 10 

µm) have a filling effect, and may accelerate cement hydration by nucleation, densifying 

microstructure and, therefore, improving mechanical strength [23,25,59, 

63,66,67,72,73,75,80,121,166]. However, the filling effect has a greater influence at early 

stages [50,56,59,67,73], and larger particles have low reactivity and little filling effect, 

resulting in a significant reduction in compressive strength [25,44,46,60,66,72]. 
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Figure 3.31 presents compressive strength results in literature, considering variation 

regarding the reference and different stages (3, 7, 28, 91, and 365 days). It is observed 

that the same negative trend is present, and reduction in compressive strength is more 

significant at higher RCP percentages. Up to 30% RCP, minor reductions are observed, 

and in some cases, an increase in CS is seen. It can also be stated that, on average, a lower 

reduction slope for advanced stages (91 and 365 days) is present. For more details, Figure 

3.32 summarizes CS reduction per RCP percentage, comparing periods of 7 and 28 days. 

A negative RCP trend in CS is confirmed. Up to 30% RCP, the maximum negative 

variation value is similar; however, up to 20% RCP, positive values can be seen in CS 

variation. Regarding age, a slight difference is observed in the average reduction in CS 

up to 30% RCP, with 7 days presenting less variation than 28 days. This confirms RCP 

nucleation effect, which accelerates hydration during the first days. On the other hand, 

for higher percentages, the average variation between 7 and 28 days is similar, indicating 

high RCP amounts would not affect cement hydration process. 

 

 
Figure 3.31. Compressive strength versus RCP percentage. Source: [21,25,39,41-

47,49,50,52,53,55,56,58-64,67-69,71-73,75,76,78,79,85,86,88-91,93,95,97,98,102-

110,114,116,117,120,121,144,148,152,159,163,165]. 

 

An adequate RCP replacement percentage (less than 30%) and a fineness similar or below 

PC increase in the initial compressive strength due to early acceleration; an effect that 

slows down at later stages [56,66,68,76,79,88,90]. Zhang et al. [68] indicated using up to 

4% ultrafine RCP (D50=249 nm) increases CS in 28 days, but weakens over time. Other 

authors have already indicated the longer days of curing, the more pozzolanic effects in 

active RCP are promoted [38,45,55,75,79,86].  
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Figure 3.32. Compressive strength during 7 and 28 days. Source: [21,25,39,41-

47,49,50,52,53,55,56,58-64,67-69,71-73,75,76,78,79,85,86,88-91,93,95,97,98,102-

110,114,116,117,120,121,144,148,152,159,163,165]. 

 

Regarding RCP origin, a source with higher calcite content is more effective for CS due 

to the filling effect, and also provides nucleation sites for hydration products to grow, 

especially during the first days [45,72,106]. CaCO3 comes from natural aggregates and 

carbonation during hydrated phases in cement paste. It may react with cement C3A to 

form hemicarboaluminate and monocarboaluminate phases [106]. On the other hand, 

SiO2 and Al2O3 present in RCP (in addition to its microhardness and density) may 

participate in pozzolanic reaction [44,46], thus improving CS in the long term, especially 

in RPM [45]. Other authors already indicate RPP has fewer negative effects on CS 

because it has a greater amount of unhydrated cement particles, which may participate in 

a new hydration reaction [50,103]. 

RCP thermal treatment also improves cementitious-based CS composites when compared 

to untreated ones [37,50,61,81,89,105,110]. Some authors have pointed out the best 

results were presented in a 600-700 °C range [37,43,50,105,109,110], which is attributed 

to RCP morphological change and formation of new anhydrous compounds (CH 

decomposition in CaO) [37,43], thus generating nucleation sites. The latter accelerates 

hydration and improves mechanical behavior [61,109,110,166]. Other authors 

[39,43,81,89] recommend a 750-1000 °C range, where the largest active components are 

formed: CaCO3 decomposes into CaO, and hydrated products decompose into C2S and 

C3S, which may participate in a new hydration reaction [39,43]. However, treatment with 

temperatures above 1000 °C is ineffective for CS due to RCP smooth microstructure, 

decomposition of hydration products, and inactive gypsum [43,110]. Figure 3.33 presents 

variation results for compressive strength versus thermal-treated RCP percentage. 

Trending is similar to untreated RCP particles; however, it is observed that 700, 800 and 
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900 °C slopes are less pronounced than the other treatment temperatures, indicating a 

possible adequate range. On the other hand, Figure 3.34 compares temperature variation 

in compressive strength versus treatment temperature. It can be stated that a trend (not 

significant) for 11 to 30% RCP is present in regards to treatment temperature, where ideal 

range for thermal treatment would be between 600 and 900 °C. 

 

  
Figure 3.33. Variation in compressive strength versus percentage of thermal-treated 

RCP. Source: [37,39,43,50,60,61,89,105,109]. 

 

  
Figure 3.34. Variation in compressive strength versus treatment temperature. Source: 

[37,39,43,50,60,61,89,105,109]. 
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Using mineral admixtures together with RCP may improve mechanical performance in 

cement-based materials. SF, FA, GGBFS and metakaolin (MK) may compensate for the 

negative effect caused by cement dilution, since it leads to forming C-S-H and C-A-S-H 

gels, in addition to pore refinement due to the filling effect [44,47,62,75,82,93,96]. 

Although it is indicated that FA may have positive effects on CS, these are minor 

compared to other mineral additions, since FA has a larger particle size [45,47,62,93]. 

Utilizing other materials such as NS [84] and GO [148], including residues such as RBP 

[47], also showed positive results. Figure 3.35a shows variation results for compressive 

strength using different SCM, with an average reduction of 11.26%, but also positive 

values (Figure 3.35b).  

 

  
Figure 3.35. Variation in compressive strength in RCP mixtures using SCMs: a) data 

dispersion and b) boxes and whiskers. Source: 

[21,23,45,55,58,62,63,65,75,82,84,86,93,96,152]. 

 

As with thermal treatment, a higher CS is reported in cementitious composites including 

carbonated RCP than untreated RCP [95,116,117,120,121,129]. CS increase is caused by 

a greater number of nucleation sites and porosity reduced by CaCO3 particles present in 

the matrix (filling effect) [116,120,167]. On the other hand, CaCO3 in RCP may react 

with clinker tricalcium aluminate (C3A), preventing ettringite transformation into 

monosulfoaluminates (stabilization) and forming CAMC, which accelerates CS at early 

stages [116,117,120,121,129,168]. RCP treatment with CO2 is effective for particles 

below 75 µm and up to 15-20% replacement [95,120]. Figure 3.36a presents the results 

of the variation of the CS versus the percentage of RCP treated with CO2; a decreasing 

trend is observed with the increase in the percentage of RCP. It is observed that the CO2 

treatment improves the CS when compared to the untreated RCP, being more efficient up 

to 20% RCP. The average of the variation of the CS of the untreated RCP is -19.87% 
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compared to the RCP treated with CO2, -1.61%, demonstrating a significant improvement 

(Figure 3.36b). 

 

  
Figure 3.36. Compressive strength variation versus CO2-treated RCP percentage a) data 

dispersion and b) boxes and whiskers. Source: [64,97,116,117,120,121]. 

 

Another important aspect is the carbonation temperature, Wu et al. [129] pointed out 60 

°C is more effective for shorter stages (1, 3 and 7 days) and 140 °C for later stages (14 

and 28 days), due to vaterite and calcite, respectively. Similarly, curing cementitious 

compounds with CO2 increases CS, due to chemical reaction in hydrated products (C-S-

H and CH) including CO2 to form CaCO3, particles which reduce material porosity [64]. 

Other studies indicate RCP treatment with TA may improve CS [114]. Once in an alkaline 

activation system, up to 30% RCP, positive results in CS are present [149]. Using 

polyvinyl acetate (PVA) fibers with RCP increases CS, since the fiber is hydrophilic and 

provides good bonding with the cement matrix [75]. 

Finally, CS is the most important mechanical property, and almost all studies have 

performed an CS analysis, considering different parameters. As previously described, 

RCP has a negative effect on this property, limiting a maximum of 30% substitution and 

a particle size equal to or less than that of PC. Thermal and CO2 treatment have been 

shown to reduce the negative effect of RCP on CS; however, the use of SCMs in 

combination with RCP has been more effective, presenting results above the reference. 

In this sense, the search for alternative SCM could be an interesting line of research to 

improve the mechanical properties of cement-based materials with RCP. 

 

3.8.2 Flexural strength (FS) 

FS decreases when using RCP as a replacement for PC; however, this loss is minor with 

regard to CS [23,38,43,46,47,50,55,60,63,69,72,74,78,82,85,91,93,97,103,150]. Other 

authors even reported improvements [46,55,82,86,110,144]. FS loss mainly occurs in the 
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first days, but this loss is minor at later stages due to C3S reduction, which is responsible 

for developing initial mechanical strength, and RCP characteristics such as fineness, 

amount of material rehydratable and pozzolanic potential 

[46,50,53,63,72,85,93,97,107,150]. In general, FS results show a negative trend with an 

increased replacement percentage and larger RCP particle size 

[43,46,47,55,69,85,97,101,144]. Xiao et al. [55] and Sun et al. [86] indicate 30% RCP 

has minimal influence on FS, while Gao et al. [56] point out reduction is significant at 

40% RCP. However, other authors indicate using up to 50% is technically feasible, 

depending on its application [85,97,101]. Figure 3.37 verifies FS reduction by using RCP; 

however, when 30% of RCP is the limit, several data below 20% is reduced, even positive 

values. Regarding the stages of 3 and 7 days, a decrease slope greater than 28 days is 

evident. It is observed that reduction in flexural strength is low after 365 days. However, 

R2 is not significant (0.011), and few data are reported in literature for this stage. In a 

more specific analysis for 7 and 28 days (Figure 3.38), it is observed that, up to 10% RCP, 

no severe reduction is present, thus having similar means and including positive variation 

values. The higher the percentage of RCP, the greater the decrease in FS; however, it is 

observed that 28-day average is greater than 7-day average, and the opposite trend is 

present in CS (Figure 3.32). The latter allows verifying FS loss occurring during the first 

days and decreasing at later stages.  

 

  
Figure 3.37. Variation in the flexural strength versus percentage of RCP. Source: 

[37,38,43,46,47,50,53,55,56,58,60,61,63,69,72,78,85,86,89-

91,93,97,103,105,107,110,144,148,152]. 
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Figure 3.38. Flexural strength during 7 and 28 days. Source: 

[37,38,43,46,47,50,53,55,56,58,60,61,63,69,72,78,85,86,89-

91,93,97,103,105,107,110,144,148,152]. 

 

High fineness and reactivity RCP (up to 30%) has been shown to have positive effects in 

reducing tensile cracking (flexural failure), thus improving concrete toughness 

[38,55,74,77,82,85,86,144,169].  RCP filling effect reinforces cement matrix and 

improves resistance to tensile stress, which is reflected in FS results [109]. Using RCP 

with PVA fiber decreases the maximum bending load and increases maximum 

displacement by bending, thus presenting a strain hardening phenomenon, mainly 

including small particles and high RCP volumes [74]. Similarly, FS and crack resistance 

are also improved when RCP is used with other SCMs. For example, FA, SF and MK 

may act as fillers initially, then at later stages, pozzolanic reaction improves FS 

[47,63,82,85,86,109]. However, some studies [55,93] have shown that using FA and RCP 

have adverse effects on FS, a matter that still needs to be investigated. On the other hand, 

GO may improve FS when adding 0.05% to 20% RCP [148]. Figure 3.39a summarizes 

FS variation results in mixtures including RCP and SCMs, with an average of -12.38% 

(Figure 3.39b). 

FS results are positive when RCP is treated, both thermally and by CO2. Various authors 

recommend an activation temperature in the 600 to 1000 °C range [60,61,105], due 

calcium oxide formation, which consumes free water (w/c reduction) and may participate 

in a new hydration reaction. These statements are verified in Figure 3.40, where the 

reduction is less significant in the previously mentioned range. It is important to notice 

that, although 1000 °C presents a positive slope, it has the lowest R2 and few data. 

However, Ren et al. [37] and Ma et al. [60] report negative results for thermally treated 

RCP at 700 and 1200 °C, respectively, as the RCP structure softens and nucleation effect 

decreases, in addition to low particle reactivity.  
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Figure 3.39. Variation in flexural strength in RCP mixtures including SCMs: a) data 

dispersion data and b) boxes and whiskers. Source: [55,58,63,67,78,82,86,93,96]. 

 

 
Figure3.40. Variation in flexural strength versus thermal-treated RCP percentage. 

Source: [37,43,50,60,61,89,105,109]. 

 

Figure 3.41 compares the variation in flexural strength and RCP treatment temperature. 

For percentages below 10% RCP, a linear trend (not significant), without influence by 

RCP thermal treatment on the FS is observed. For percentages up to 30% RCP, a 

temperature range (600-1000 °C) presenting minor variations may be distinguished; 

however, it is only a non-significant trend. For other RCP percentages no clear trend of 

values presented in literature is available. It is expected that a low replacement percentage 

(᾽30%) and an improved fineness of the RCP can compensate for the dilution effect (of 
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the RCP) on the FS. Although the results cannot be generalized due to the specific 

considerations of each study, thermal treatment has shown a tendency to positively 

enhance FS behavior of cementitious matrices with RCP. For RCP treatment with CO2, 

positive results have already been reported in FS, since carbonation process has increased 

CaCO3 particles that may improve mechanical strength [97]. 

 

 
Figure 3.41. Variation in flexural strength versus treatment temperature. Source: 

[37,43,50,60,61,89,104,109]. 

 

Under flexural loading, there is no clear increase in UHP-ECC ultimate load when 10-

30% RCP is incorporated, but 30% RCP increased UHP-ECC ultimate displacement. 

When RCP substitution level is 50%, both peak load and UHP-ECC displacement are 

lower than plain UHP-ECC [95]. 

 

2.8.3 Tensile strength (TS) 

Like for previous mechanical properties, using RCP reduces TS, whether it is direct or 

indirect (splitting) [49,55,59,77,79,84,96,104,107,152,163]. However, RCP impact on TS 

is minimal when compared to CS [93]. This negative trend is attributed to RCP low 

reactivity [107] and a dilution effect (forming fewer hydration products), which especially 

impacts early stages [55,84]. Tang et al. [163] point out the interface between cement 

paste and an RCP particle is made up of cracks and porosity that generate a negative 

impact on TS.  

Although using RCP has a negative trend in TS, some studies report RCP lower 

percentages (10-30%) represent no significant changes or any increase in TS 

[45,76,79,93,104,152]. Some authors indicated this property could be improved with 15% 

RCP, and would reduce tensile cracking [55,59]. Positive effects are explained by the 
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pozzolanic reaction and RCP hardness greater than C-S-H, which generate a resistant 

micro skeleton [55,109].  

Figure 3.42 summarizes main TS results reported in literature. At lower RCP contents, 

variation is not significant, and it is positive in some cases when 28 days show a lower 

variation slope. Figure 3.43 verifies a TS reduction (on average) in -19.29% for 7 days, 

and a decrease in -10.74% for 28 days. These results indicate a more evident reduction in 

TS for 7 days, but there is a wide value dispersion for 28 days.  

  

 
Figure 3.42. Variation in tensile strength versus RCP percentage. Source: 

[21,45,49,55,59,76,84,96,107,152,163]. 

 

 
Figure 3.43. Boxes and whiskers for tensile strength variation for mixtures including for 

7 and 28 days. Source: [21,45,49,55,59,76,84,96,107,152,163]. 
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Using fibers could counteract RCP negative effects on TS. Yu et al. [79] report an 

increase in TS including polyethylene (PE) fibers and 25% RCP, highlighting a tensile 

strain hardening phenomenon. Li et al. [77] point out 25% RCP including PVA fibers 

increases ductility and improves TS, due to a combined effect. PVA fibers improve the 

bridging effect in cracks and RCP promotes hydration reactions (microstructure 

refinement). RCP including PVA fibers improves tensile behavior of cement-based 

materials, increases ultimate strain, and reduces ultimate stress [45,74]. Additionally, 

RCP irregular microstructure and high reactivity help to increase the friction force 

between the matrix and PVA fiber. On the other hand, RCP and FA improve tensile 

behavior, but other materials such as RBP could present better tensile behavior due to 

activity rate and microstructure [45]. 

It can be ascertained that TS has not been widely studied in the literature. The proposed 

treatments and SCMs used do not generate a significant improvement in the TS compared 

to the reference. Nevertheless, the use of fibers (PE and PVA) has been shown to enhance 

the tensile behavior of cement-based materials. Therefore, the use of natural and/or 

recycled fibers could represent a viable alternative for future research with a sustainable 

approach. 

 

3.8.4 Elastic modulus 

Dynamic elastic modulus (DEM) decreases as RCP is incorporated, which is a 

phenomenon attributed to the dilution effect [21,50,56,76,93,144]. He et al. [25] explain 

DEM reduction is due to RCP low density and a greater amount of requiring water, which 

causes greater pore formation. Even when adding FA, a DEM decrease was observed, 

indicating that the dilution effect prevailed over FA pozzolanic activity [93]. In thermal 

treatment, when providing a denser structure, the negative effect of untreated RCP gets 

compensated, and DEM has no significant impact [60]. Other authors 

[38,59,104,144,163] point out static elastic modulus also reduces when adding RCP, since 

porous RCP particles are less hard and rigid than those in PC. However, Oliveira et al. 

[104] point out that at adequate percentages (25% RCP), the same performance as in the 

reference may be present. 

 

3.9. Durability in cementitious matrices including RCP 

3.9.1 Carbonation depth 

As the percentage for replacing PC with RCP increases, minor resistance in carbonation 

depth is present [51,56,87,88]. At lower RCP percentages (approximately 15%), a 

decrease in carbonation depth when compared to the reference is observed [87]. Fine RCP 

particles have a filling effect that densifies microstructure, slowing down CO2 entry 

[56,88]. Cantero et al. [51] indicated that including 10% RCP showed no significant 

increase in carbonation depth. However, for higher RCP percentages (more than 25-30%), 

dilution effect generates fewer hydration products (CH and C-S-H), and a possible second 

RCP hydration reaction would reduce CH content. This situation would cause a lower 

CO2 consumption, together with a lower CaCO3 content, resulting in a loose 

microstructure and facilitating carbonation depth [56,87]. These results are represented 

in Figure 3.44, where an increase in carbonation depth as the percentage of RCP increases 
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is observed. Additionally, variation tends to decrease at more advanced stages, especially 

for percentages less than 25% RCP. Figure 3.45 details variation in carbonation depth 

versus the test age. In general, it is observed that carbonation depth increases as test stage 

increases for >30% RCP, while, for percentages below 30% RCP, there is a greater 

increase in depth at initial stages (<28 days) when compared to results for 28 days. 

 

 
Figure 3.44. Variation in carbonation depth versus time. 

 

  
Figure 3.45. Variation in carbonation depth versus the test age. Source: [51,56,87]. 

 

In order to avoid increasing the carbonation depth and compromising the passivity of the 

steel, in the case of reinforced concrete, the RCP should be limited to lower percentages. 

Although 30% replacement of PC by RCP could meet the minimum requirements, it is 

recommended to use a 10% RCP for this property (Figure 3.44) to ensure the durability 

of the cementitious matrices. 



57 

 

 

3.9.2 Freeze-thaw Cycles 

Increasing both the number of freezing and thawing cycles as replacement of PC with 

RCP results in greater mass loss, indicating a reduction in freeze resistance (Figure 3.46) 

[53,56,86]. However, it is noted that an improvement in the fineness of the RCP could 

ameliorate the negative effect on this property. RCP exhibits higher water absorption than 

PC, and free water absorbed by RCP particles increases freeze-thaw expansion stress [86]. 

Li et al. [53] indicate resistance to freezing and thawing depends on several factors, such 

as pore structure, saturation level, tensile strength, and cooling rate. On the one hand, 

RCP produces a larger volume of harmful pores (>20 nm) and larger diameters, which 

leads to a lower resistance to permeability, thus increasing water saturation level. On the 

other hand, ITZ formed between RCP and cement matrix is weak, which reduces tensile 

strength. These factors decrease resistance to freezing and thawing processes [53]. 

However, Sun et al. [86] indicate that using spontaneous combustion gangue powder 

(SCGP) may partially offset RCP negative impact on this property and, as RCP fineness 

increases, other properties could be improved [53]. 

 

  
Figure 3.46. Mass loss rate versus freeze-thaw cycles. Source: [53,56,86]. 

 

3.9.3 Shrinkage 

3.9.3.1 Autogenous shrinkage 

Autogenous shrinkage strain and stress significantly decrease as PC substitution with 

RCP increases (Figure 3.47a) [23,47,79,80,88,97,110], thus reducing the risk of early 

cracking [23]. This behavior is attributed to the fact that RCP may delay cement hydration 

process and reduce formation of early hydration products, in addition to RCP filling effect 

[23,79,88]. He et al. [88] indicate the larger RCP size is, the less autogenous shrinkage 

will be due to lower SSA and low reactivity (Figure 3.47b). A total of 15% RCP 

(D50=2.52 µm) favored autogenous shrinkage reduction, but 5 and 10% RCP with the 

same D50 were not effective (less than the reference) (Figure 3.47c). 
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Figure 3.47. Autogenous shrinkage in mixtures with RCP for: a) different percentages 

[23], b) different D50 and same percentage [88], and c) constant D50 and different 

percentage [88]. 

 

3.9.3.2 Drying shrinkage 

In general, replacing PC by RCP has a positive effect on drying shrinkage (reduction) 

[38,47,61,75,113]; however, the results depend on the specific characteristics of each 

study, such as: substitution percentage, fineness, origin, and age [38,46,52,59,74,98]. 

RCP filling capacity, nucleation effect, and low activity benefit resistance to drying 

shrinkage in a hydration process [47,61,82,85]. On the one hand, reduction in hydration 

products (C-S-H and CH) produces macropores and relatively little capillary tension. On 

the other hand, inactive RCP particles act as a filler to resist capillary stress against water 

loss, thus reducing drying shrinkage [47,61,75,80,82].  

In order to achieve this positive effect, small percentages of 5-15% are recommended 

[59,144,152]; however, 30% RCP percentage has been shown to be feasible in literature 

(Figure 3.48a) [47,61,75,82]. Higher percentages increase drying shrinkage, since RCP 

develops sparse microstructures, reduces cement matrix rigidity, and increases the 

number of connected pores, which also increases water loss and therefore drying 

shrinkage [46,47,52,53,59,61,75,97,144]. Increase is linear at early stages (approximately 

7 days), but growth rate decreases with time [38,46,47,53,61,85]. Real et al. [59] indicated 

that using SP improves the dispersion and hydration of RPC and PC, thus leading to 

denser microstructures, greater rigidity, and less amount of evaporable water, making 

40% RCP favorable for drying shrinkage. 

Regarding the origin (Figure 3.48b), RCP and RMP have greater resistance to drying 

shrinkage than an RPP, due to their abundant quartz and CaCO3 particles of high 

microhardness, as well as filling effect that restricts drying shrinkage [46,47,75]. 

Regarding fineness, a coarse RCP is negative for drying shrinkage (Figure 3.48c), due to 

its high porosity and water loss, which is an opposite result related to finer RCP [46,53].  

RCP and SCGP combination led to a reduction in resistance to drying shrinkage, due to 

increasing C-S-H by the pozzolanic reaction, thus reducing macropores and increasing 

micropores. Increasing capillary pores gives a higher capillary pressure and a greater 
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shrinkage [82,85]. However, using SCM in adequate proportions has a positive effect on 

drying shrinkage at early stages, such as FA and GGBFS [45,75]. Using PVA fiber 

reduces drying shrinkage with RCP (Figure 3.48d), as PVA fiber improves volume 

stability and delays water evaporation [75]. Finally, Wu et al. [61] point out RCP thermal 

treatment up to 600 °C has no impact on drying shrinkage. Temperature of 1200 °C results 

in a lower drying shrinkage, which is attributed to loose RCP microstructure and its 

morphological effect. RCP treatment with TA is effective to reduce drying shrinkage, as 

TA reduces both heat release and hydration heat at early stages, in addition to TA 

hydrophilic nature that reduces water evaporation [114]. 

 

 
Figure 3.48. Drying Shrinkage for different: a) RCP percentages [61], b) RP origins 

[47], c) RCP sizes [53] and d) PVA percentages [75]. 

 

Depending on the requirements needed, a high fineness RCP (greater water demand) 

could release free water after hardening, thus generating internal curing, reducing water 

loss and drying shrinkage [24]. Alternatively, an adequate combination and proportion of 

the RCP usage can generate cement-based materials with drying shrinkage similar to that 

of the reference. 

 

3.9.4 Water transport properties 

Water transport properties are important parameters when evaluating concrete durability, 

as they are related to chloride ion diffusion and steel corrosion [39,47,170,171]. In 

general, substituting PC with RCP contributes to increasing transport properties, thus 

affecting cement-based material durability [39,52,61,66,86]. However, implementing 

mineral additives (MK, SF, FA, and MP) in appropriate proportions may improve 

properties and resistance to water transport. This behavior is attributed to the filling effect 
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and pozzolanic activity of mineral additions, with MK and SF being particularly 

noteworthy [44]. 

 

3.9.4.1 Water absorption 

Absorption increases with RCP replacement rate, especially at high percentages such as 

30-50% [39,44,47,56,60,66,86,97,101]. Figure 3.49 presents a summary of the water 

absorption results, verifying that the greatest variations with respect to the reference are 

presented for high percentages of RCP in replacement of PC. RCP reduces active 

components and hydration products, which translates into an increase in pore size and 

number, mainly harmful and more-harmful pores, thus opening routes for water 

penetration. This leads to greater absorption [43,44,61]. RCP particle size has a direct 

influence on absorption; large particles have less filling effect and pozzolanic activity 

[44,66]. 

 

  
Figure 3.49. Variation in water absorption regarding the reference. Source: 

[39,43,44,47,60,61,97]. 

 

Regarding the origin, Wu et al. [44] indicate RCP and RMP have lower absorption and 

absorption coefficient than RPP, due to their higher activity resulting from the presence 

of amorphous SiO2. Consequently, RCP and RMP microstructure is denser, while RPP 

contains a greater amount of C-S-H with a porous structure. 

RCP thermal treatment may reduce absorption when compared to untreated RCP mixtures 

[43,60,61,105]. However, if replacement is greater than 30%, absorption increases, 

regardless of treatment temperature [60]. Thermal treatment decomposes hydrated 

products and calcite, thus generating active components: C2S, C3S and CaO (CH and 

CaCO3 decomposition), which may participate in a secondary hydration reaction, 

improving pore structure and decreasing water absorption [39,43,61]. The best results 

were presented in a 600-1000 °C range [39,43,60,61,105]. However, for 1200 °C, the 

results were similar to those of untreated RCP due to smooth microstructure, low 

nucleation effect, and weak packing [43,61]. 



61 

 

Carbonation treatment improves RCP microstructure and reduces absorption, and 30% 

carbonated RCP usage is similar to the reference. Calcite present in RCP forms more 

stable CAMC, which, together with crystalline CaCO3, has a beneficial effect on the pore 

structure and water absorption [97]. Using SCMs (MK, SF, FA and SCGP) or other 

residues (RBP) in adequate proportions refines the microstructure and reduces water 

absorption [47,86,97]. 

 

3.9.4.2 Capillary absorption 

Capillary absorption coefficient rises with increasing RCP [47,60], mainly at high 

percentages (>30%) [56,60] (Figure 3.50a). However, the finer the RCP is, a capillary 

absorption reduction will be present. This is due to the filling effect and potential RCP 

activity [44,52]. Capillary absorption coefficient improves by thermal treatment at 800-

1000 °C, which is lower than untreated RCP coefficient [60]. Figure 3.50b summarizes 

variation results for capillary absorption coefficient with untreated and thermal-treated 

RCP, where, on average, thermal treatment is beneficial to any RCP percentage.  

 

 
Figure 3.50. a) Variation in capillary absorption coefficient regarding the reference. b) 

Thermal treatment for variation in capillary absorption coefficient. Source: 

[39,44,47,60,61]. 

 

3.9.4.3 Sorption 

Due to an increase in porosity and water absorption rate, sorption increases when 

replacing PC with RCP (same duration), being more significant at high percentages 

(>30%) (Figure 3.51a) and RCP sizes [44,52,60,61,66,97]. However, sorption coefficient 

and time-varying sorption both decrease with increasing absorption duration and 

substitution rate [43,44,61]. Thermal treatment may improve initial sorption and time-

varying sorption yield when compared against a mixture including untreated RCP 

[43,60]. Sorption and variable sorption coefficients decrease when treatment temperature 

is increased, thus presenting better results in a 600-1000 °C range (greater resistance to 

water absorption) [43,60]. Figure 3.51b shows reduction in sorption coefficient variation 
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due to thermal treatment. On the other hand, carbonation treatment reduces sorption 

coefficient and the maximum amount of water absorbed [97]. 

   

 
Figure 3.51. a) Variation in sorption coefficient regarding the reference. b) Thermal 

treatment for variation in sorption coefficient. Source: [39,43,44,47,52,60,61,97]. 

 

3.9.4.4 Water intrusion depth 

Water intrusion depth increases as RCP is incorporated, which confirms mixture porous 

structure [52,60]. Thermal treatment could be favorable for reducing water intrusion 

between 800 and 1000 °C, since active components would increase, thus promoting 

hydration reaction and refining the microstructure. But at 1200 °C, it is detrimental to 

pore structure due to soft RCP particles [60,61]. 

Using carbonated RCP decreases water intrusion depth when compared to non-

carbonated RCP [97]. The use of SCM (MK, SF, and FA) or other pozzolanic residues 

(RBP) may also reduce water penetration [47,97]. 

 

3.9.4.5 Chloride Ion Intrusion  

Implementing RCP increases chloride ions due to higher diffusivity coefficients as RCP 

increases [39,43,51,64,82,85]. Low RCP activity reduces hydration products, increases 

pore size and, therefore, porosity [39,43,64,85]. However, adverse effects such low 

activity could be compensated by RCP fineness improving particle packing [68,85]. 

Zhang et al. [68] reported a chloride ion permeability reduction up to 4% RCP and He et 

al. [88] recommended RCP percentages less than 10% to reduce chloride ion permeability 

(filling effect). On the other hand, other researchers [87,78] point out Al2O3 content in 

RCP increases aluminate phases during hydration. These phases have good binding 

capacity with chloride ions, thus benefiting resistance to chloride ion permeability. Figure 

3.52 presents a summary of results regarding variation in chloride ion coefficient. 
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Figure 3.52. Variation in chloride ion coefficient regarding the reference. 

 

Thermal treatment could improve pore structure and prevent chloride ions from intruding 

[39,43]. In order to form active components (CaO, C2S, and C3S), a temperature between 

800 °C [98] and 1000 °C is recommended [43]. Higher temperatures (1200 °C) result in 

adverse resistance to chloride ion penetration due to soft RCP microstructure and gypsum 

formation [43]. 

A carbonation curing reduces chloride ion intrusion due to the greater compactness and 

refined microstructure [64], as CO2 curing with 10 to 20% RCP was lower than the 

reference. Finally, using ternary mixtures between RCP and SCGP improves resistance 

to chloride ion intrusion because of pozzolanic activity and material fineness [82,85]. 

In general, water transport in cement-based materials increases significantly as PC is 

replaced by RCP. In particular, it is recommended to use fine RCP particles and up to 

10% substitution, which would favor the filling effect and promote the formation of 

hydration products (through nucleation), thus not compromising the durability of 

cementitious matrices. Although the proposed treatments (thermal and CO2) and the 

combination with other SCM have had positive results in water transport properties, even 

percentages of 30% could have adverse effects. 

 

3.9.5 Other properties 

Regarding thermal properties of cement-based materials, incorporating RCP reduces 

thermal conductivity and increases specific heat capacity [75,107,108]. Due to its greater 

porosity, RCP may provide greater insulation and thermal inertia than conventional 

concrete, which is within a recommended range for residential buildings [107]. 

Conversely, Kim et al. [101] presented results for thermal conductivity and fire resistance 

that were similar to the reference. Yang et al. [75] indicated thermal conductivity in RCP 

mixtures had no significant variation from the reference. 

Incorporating RCP reduces electrical resistivity (ER) due to RCP dilution effect, thus 

reducing hydration products and facilitating pore interconnection in ion migration [48]. 

Using 10% RCP may reduce corrosion time in accelerated tests. RCP treatment with TA 
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(greater than 0.3%) is beneficial for this property, surpassing the reference, due to the 

higher density of hydration products and higher mechanical strength induced by TA 

[114]. These results indicate that RCP usage at high percentages has an effect on the 

durability of cement-based materials, confirming the necessity for some form of treatment 

to improve performance. 

Nano-indentation test shows RCP increases non-hydrated phase content, as well as pore 

phase content. A total of 15% RCP reduces the average elastic modulus in C-S-H gel, 

while 30% RCP increases the average elastic modulus in C-S-H for an UHPC matrix up 

to 12.66% [23]. High density C-S-H (20ï34 GPa) is not observed for 50% RCP, thus 

being an adverse percentage for hydration products. On the other hand, high-density C-

S-H increases after thermally activating RCP, as it helps hydration reaction, especially 

RCP treated at 800 °C. This presents results similar to paste without RCP, which are 

higher than those containing untreated RCP [60]. Using 0.5% TA generates fewer porous 

phases and more hydration products with a higher modulus, since TA may capture 

calcium ions to induce local mineralization and generate denser hydration products. 

Additionally, TA cooperates in the nucleation effect by filling pores and providing a 

dense microstructure [114]. 

 

3.10. Other applications 

RCP may be used in ultra-high performance engineered cementitious composites (UHP-

ECC) [23,79,95]. He et al. [23] reported concrete including a compressive strength of 123 

MPa for 28 days with 30% RCP resulted in only a 3.9% reduction compared to the 

reference. This result is attributed to an increase in the packing density between the 

particles. Similarly, Yao et al. [95] recommend 30% RCP to produce UHP-ECC with 

good mechanical strength and ductility. Yu et al. [79] used up to 50% RCP to develop 

UHP-ECC, noting a significant reduction in autogenous shrinkage. However, it is noted 

that, for this type of compound, the analysis has been mostly mechanical; an analysis of 

the durability of these concretes could complement the results and would allow for a 

better understanding of the role of RCP in UHP-ECC. 

A sustainable 3D printed mortar (3DPM) including RP may be prepared. A 3DPM 

including 10-30% RP has good extrusion and buildability [143]. Qian et al. [165] indicate 

10% RCP guarantees 3DPM printing properties. Despite the fact that the RCP could be 

used in 3DPM, the subject has not yet been explored in depth, representing a new line of 

research in order to propose other sustainable alternatives to the use of the RCP. 

Other investigators have studied RCP addition to Fiber-Reinforced Cementitious 

Composites (FRCC) [74,77,172]. For example, HlŢģeka et al. [172] propose a plasma 

treatment with polymer fibers and an improvement in the fiber-matrix interface including 

RCP, to improve synthetic fiber adhesion to cementitious matrix. Liang et al. [74] 

evaluated RCP feasibility in FRCC, where increasing RP leads to a compressive strength 

reduction and an increase in toughness. On the other hand, reducing RCP particles 

improved strain-hardening FRCC characteristics [74]. Li et al. [77] reported RCP and 

PVA fibers increase load capacity and crack resistance in large-scale reinforced beams, 

including Strain-Hardening Cementitious Composites (SHCC). On the other hand, the 

authors also pointed out that it is still necessary to develop methods for improvement 
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between FRCC and RCP, as well as a more comprehensive analysis of the 

microproperties and durability of these compounds. 

It has also been shown that RCP may be used to produce value-added materials for 

construction purposes. For example, Fang et al. [22] and Fang et al. [173] proposed a 

two-step carbonation process, using CO2 and a recyclable Na2CO3 solution, to convert 

RCP into a) Ca-rich waste and b) Si-rich gel. Both could be used as active filler in PC and 

be part of a NaOH/Na2SiO3 solution, respectively. In this sense, Shen et al. [174] also 

propose a carbonation process to synthesize amorphous NS by extracting silicon phase 

from RCP. Although these alternatives represent a novel approach to the reuse of waste, 

such as RCP, further study of the environmental impact, costs, and application on an 

industrial scale is still necessary. 

RCP serves as raw material to produce artificial aggregate (AA) [175-177]. When using 

AA an improvement in ITZ is possible, with 30 µm compared to 60 µm (reference). 

However, mechanical properties are lower than those for concrete with natural 

aggregates, and a 40% increase in drying shrinkage is evident [175]. Deng et al. [176] 

demonstrated feasibility to use basic oxygen furnace slag (BOFS) as a binding agent to 

manufacture artificial aggregates (AA) with RCP. These AA had better physical 

properties than some results reported in literature. Kursula et al. [177] reported an 

improvement in physical and mechanical AA properties when RCP goes through a 

carbonation process. In order to complement the reported results, the authors recommend 

further research into the ITZ between AA and cement matrix. 

By thermal treatment (1450 °C) a new clinker may be recovered from a hydrated paste of 

PC. New clinker contains every main mineral: alite, belite, and ferrite [178]. Although a 

complete reuse of the RCP is proposed with a lower environmental impact, subsequent 

studies could determine and/or estimate the reduction in CO2 emissions that would result 

from the proposal. 

Substituting 20% slag with RCP is suitable for making concrete blocks from alkali 

activated slag (AAS). However, higher RCP contents involve a decrease in mechanical 

properties, indicating RCP limited reactivity in the alkaline activation system [149]. 

Liang et al. [80] studied ultrafine RCP (D50=0.76µm) usage in pastes including alkali-

activated binder (AAB), GGBFS and FA. Results indicated an increase in compressive 

strength and a significant shrinkage mitigation. Liu et al. [48] characterized alkali-

activated fly ash mortars (AAM) with RP of different origins (RPP, RMP, and RCP), 

where, in general, RP reduces AAM fluidity and mechanical strength; however, it can 

improve resistance to chloride intrusion. Huo et al. [83] used RCP and alkaline activators 

(water glass and sodium hydroxide) to synthesize geopolymer specimens. Wang et al. 

[57] also used RCP including alkaline activators (water glass), thus proposing a method 

to prepare geopolymers with RCP and different proportions of GBFS and FA. Nasaeng 

et al. [179] used RCP and calcined oyster shell to make pumice-based geopolymers. 

However, these studies have also recognized some limitations in the RCP usage, such as 

the lack of dosing methods, economic feasibility, and the study of environmental benefits. 

RCP in small percentages (5%) together with recycled plaster may be used in specific 

cases of soil stabilization [180]. Wang et al. [164] studied the dynamic properties of RCP 

coal mine road support mortar as a replacement for PC. Results showed mortars including 
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10% RCP presented greater resistance to compaction and toughness. Kanda [115] used 

RCP as raw material to produce high flexural strength ceramic tiles using spark plasma 

sintering (SPS) process. Jiang et al. [122] substituted RCP with sand, thus highlighting a 

filling effect and favoring hydration; however, at higher RCP percentages, drying 

shrinkage increases, as well as pore volume and total porosity, while mechanical 

properties decrease. Najaf et al. [181] used waste glass powder (WGP), plastic powder 

(PP) and RCP, in addition to microsilica and FA, to produce concrete, which at 

appropriate proportions, would not decrease in compressive and flexural strength. These 

last applications demonstrate the potential of RCP to be used in the construction industry, 

considering a previous characterization of the material. 

Finally, other research has provided a different perspective on RCP reusage, not 

necessarily related to construction industry. For example, Liu et al. [182] and Liu et al. 

[183] used RCP to remove phosphorus (P) from wastewater, whose potential depends on 

waste origin, particle size, and thermal and chemical treatment. Liu et al. [54] used RCP 

as an alternative desulfurization absorbent (SO2 control) to avoid limestone 

overexploitation. Kaliyavaradhan et al. [132] studied CO2 uptake in RCP, with the 

maximum CO2 absorption being up to 2.81% under optimal conditions. 

 

3.11. Environmental impact 

Environmental impact assessment for RCP usage to replace PC is one of the least 

analyzed points in literature. However, some research has shown that RCP tends to 

decrease CO2 emission and energy consumption [23,25,82,87,88]. He et al. [25] indicated 

for 20% RCP of D50=2.3 µm, both production cost and CO2 emission are reduced to 15% 

and 17.5%, respectively. Although cost and CO2 emission decrease when using a higher 

D50 RCP (142 and 4.1 µm), it is not technically satisfactory due to a significant reduction 

in compressive strength. He et al. [23] point out that, as RCP percentage RCP increases, 

non-renewable energy consumption (NREC) and carbon emissions per cubic meter 

(kg/m3) by UHPC mix are reduced. However, lower percentages are recommended in 

order to avoid compromising compressive strength. 

Sun et al. [82] indicate that higher CO2 emission from RCP depends on energy 

consumption required for grinding. CO2 emission during 25, 50, and 75 min of grinding 

results in 236.25, 455 and 673.75 kg/t, respectively. Authors indicate the grinding process 

increases SSA and exposes RCP non-carbonated region, which increases CO2 absorption 

and offsets CO2 emissions from grinding. On the other hand, RCP thermal activation 

leads to higher cost and power consumption; however, it is still less than PC, which 

requires grinding combined with calcination at 1350ï1450 °C [43]. Wu et al. [43] found 

that cost and energy consumption for mechanical (grinding) and thermal (mean 700 °C) 

RCP activation are approximately 50% when compared to PC. 

Wu et al. [87] carried out an environmental cost and impact assessment, where it is 

feasible to use both RCP and RCA to reduce CO2 emissions, in addition to consuming 

fewer natural resources. Liu et al. [48] evaluated cost and CO2 emission for concrete 

including 10% RCP (D50=2.52 ɛm) through a case study of an annual concrete 

production of 300000 m3 (local production plant). Results show a reduction in costs, solid 

waste, cement consumption, energy, and CO2 emissions. Authors indicate the annual cost 
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of cement and CO2 emission in a C30 concrete may be reduced in approximately 10 

million Chinese yuan and CO2 14000 t CO2, respectively. 

All environmental impact analysis studies conclude that the RCP usage is sustainable, 

mainly in reducing both CO2 emissions and costs. However, the need for indicators that 

relate the performance of the materials to the emission of CO2 is highlighted, in order to 

verify the technical and environmental viability of RCP usage. On the other hand, the 

evaluation of other environmental impact categories could determine the ecological 

benefits of using RCP as a SCM. 

 

3.12. Conclusions 

This document prepared an SLR for RCP usage in the construction industry, specifically 

its use as SCM. An analysis about characteristics, advantages, and limitations regarding 

RCP usage in cementitious matrices has been presented. Main conclusions are presented 

below. 

RCP chemical composition of RCP is similar to PC, with SiO2 being the first component, 

followed by CaO and Al2O3, whose contents vary according to residue origin. CaO is 

produced by hydration products, unhydrated cement particles, and CaCO3; while SiO2 

and Al2O3 come from fine aggregates and/or mineral additions in residue, which, 

depending on their amorphism degree, may promote a pozzolanic reaction. 

In general, RCP requires a treatment to be used as SCM, in order to increase its reactivity. 

The most common treatment in RCP is mechanical (grinding), increasing both fineness 

(lower D50) and SSA. Others treatments include thermal and carbonation. For thermal 

activation, an 800-1000 °C range is recommended in order to generate active components 

that may participate in the new hydration reaction. Higher temperatures soften RCP 

particles, providing a loose cementitious matrix. CO2 treatment improves RCP 

microstructure, making it less porous due to CaCO3 formation. CaCO3 also promotes 

formation of stable CAHC, CAMC and AFt, thereby improving cement matrix 

microstructure. Other treatments consider TA and chemical activators, have been found 

to have positive results in different properties, although they have been little explored. 

For RCP lower content (<30%) and greater fineness (D50<20µm), early cement hydration 

is promoted, which improves the rate of heat evolution and reduces induction period. 

Hydration accumulated heat is higher than baseline during the first few days, but this 

effect weakens over time. On the other hand, cement matrix microstructure is not 

significantly affected due to RCP filling effect, and pore diameter may even be refined. 

However, higher RCP content and lower fineness have an adverse effect on cementitious 

matrices. This is due to a dilution effect, resulting in a decrease in hydratable components 

and, consequently, a decrease in hydration products, as well as an increase in diameter 

and total pore volume. 

Due to porosity and irregular shape of RCP particles, there is an increase in water demand, 

which reduces mixture workability. Setting times (initial and final) are reduced due to a 

nucleation effect, promoted by high RCP SSA. Fresh-state density decreases due to 

decreasing formation of hydration products and increasing air incorporation. However, 

there is slight research on the characterization of cementitious matrices with RCP in the 
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fresh state, highlighting the possibility of new lines of investigation and applications for 

the material. 

A decreasing trend in mechanical properties with increasing RCP as a replacement for 

PC is present. In this sense, when RCP content is below 30% and its fineness is close to 

that of PC, a minimal influence on mechanical properties is evident, and it slows down 

aggressive agents (CO2 and chloride ions). Active components in thermal-treated RCP 

(up to 1000 °C) may improve mechanical strength, in the same way that CaCO3, formed 

by CO2 treatment, has a filling and nucleation effect that favors mechanical strength. 

Durability also has a decreasing trend. Higher content and lower RCP fineness leads to 

the intrusion of aggressive agents (CO2 and chloride ions), primarily affecting water 

transport properties. However, autogenous shrinkage is reduced to prevent early cracking. 

Drying shrinkage is also reduced due to RCP low reactivity, which results in higher 

porosity and low capillary tension. Using SCMs may offset RCP adverse effects on 

cement matrix mechanical strength and durability, through filling effect and/or 

pozzolanic activity. 

RCP applications such as SCM are still being investigated and there is an increasing 

number of studies on the subject to consolidate RCP usage in the construction industry. 

On the other hand, an environmental evaluation for RCP usage as SCM has not been 

deeply studied. Environmental benefits in terms of cost, energy and CO2 emission have 

been demonstrated. Future studies may consider other categories of environmental impact 

and different application scenarios. 
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Chapter 4 

Microstructure, hydration process, and compressive strength 

assessment of ternary mixtures containing Portland cement, recycled 

concrete powder, and metakaolin 

Journal of Cleaner Production (https://doi.org/10.1016/j.jclepro.2023.140085) 

 

 

Abstract:  The aim of this study is to evaluate the effect of recycled concrete powder 

(RCP) and metakaolin (MK) on the microstructure, hydration, and compressive strength 

of ternary mixtures containing Portland. The methodology involved producing 

cementitious pastes with different combinations of RCP+MK, where Portland cement 

was substituted by 30 %, and three sources of RCP were considered: construction, 

demolition, and laboratory. In total, 13 different mixtures were evaluated. The materials 

were characterized physically, chemically, and mineralogically. The characterization of 

the fresh state properties was done using a rotational viscometer. The hydration of the 

pastes was evaluated by isothermal calorimetry, X-ray diffraction, and thermogravimetry. 

The compressive strength and elastic modulus were determined for 1, 7, 28, and 120 days. 

Finally, an analysis of the microstructure of the prepared pastes was conducted by 

scanning electron microscopy. The results show that RCP and MK influence the fresh 

state properties by increasing both the yield stress and plastic viscosity. The additions 

also promote early hydration of Portland cement during the first hours; however, the 

hydration rate decreases over time due to the dilution effect. The quantity of hydrated 

products tends to be comparable to the reference, except for calcium hydroxide, which is 

reduced due to the pozzolanic activity of MK. The RCP+MK mixtures exhibit 

compressive strength and elastic modulus comparable to or exceeding the reference, 

demonstrating a synergistic effect. This confirms their viability as a sustainable 

alternative to partially replace Portland cement without compromising performance. 

Keywords: Isothermal calorimetry. X-ray diffraction. Thermogravimetry. Compressive 

strength. Scanning electron microscopy. Sustainability. 

 

4.1. Introduction  

Civil construction is one of the industries with the greatest impact on the environment, as 

it requires the consumption of natural resources and energy, generates construction and 

demolition waste (CDW), and emits considerable amounts of CO2 [152,184,185]. The 

reuse of CDWs is highly recommended as a sustainable strategy to mitigate these negative 

impacts, decreasing the amount of waste in landfills [186]. It is estimated that concrete 

represents 30 % of the total CDW, being one of the CDW's main components [187]. 

Concrete waste can be recycled as aggregates by crushing and sieving, and the 

classification depends on the particle size: ūÓ4.75 mm - recycled coarse aggregate 

(RCA); between 4.75 mm ï 150 Õm, recycled fine aggregate (RFA), and Ò150 Õm, 

recycled concrete powder (RCP) [55,61,188]. Although RCP can be produced during the 

crushing processes of recycled concrete, it is generally obtained through a grinding 

process [24,189]. 

On the other hand, Portland cement is the most widely used material in the construction 

industry; however, its production emits approximately 7-8 % of the world's total CO2 
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emissions [28]. To reduce greenhouse gases emissions, the use of supplementary 

cementitious materials (SCM) as partial substitutes for Portland cement has also been 

proposed [190]. Among the wide variety of materials proposed as SCM, there has been 

extensive research into the use of RCP in recent years [53,184]. 

In general, RCP is composed of calcium carbonate (CaCO ), quartz (SiO2), hydrated 

products, and non-hydrated cement particles, suggesting a potential use as an alternative 

binder [114,191]. During the crushing or mechanical grinding process to produce RCP, 

the cement mineral phases, such as alite (C S) and belite (C S), are exposed and can 

participate in the new hydration process [192]. Conversely, the physical effects of RCP, 

such as filling and nucleation in cement matrices, have also been highlighted [39,82]. 

However, RCP decreases the rheological properties of cement-based materials, which is 

due to its irregular microstructure and high-water demand [40,41]. The use of RCP in 

high percentages and with a particle size larger than that of cement results in the decrease 

of mechanical strength and durability of cement-based materials. According to He et al. 

[25], a considerable decrease in compressive strength was observed when RCP was 

utilized with a particle size of 142 µm (D50). On the other hand, for a D50 RCP of 2.3 µm, 

it was advised to use a maximum of 30 % replacement of cement by RCP without 

compromising the mechanical properties. In a similar study, Horsakulthai [73]  employed 

RCP with granulometry comparable to that of Portland cement. The author reported a 

significant decrease in physical and mechanical properties with increasing RCP contents 

and recommended limiting the percentage under 20 %. In another study, Cantero et al. 

[51] observed that the durability of cement-based materials is negatively impacted by 

high amounts of RCP (~30 %), attributing this to a decrease in hydration products. 

In order to improve the performance of RCP in cement-based matrices, various treatment 

methods have been proposed, such as thermal, carbonation, and alkaline activation, as 

well as mechanical (grinding) [24,42]. The mechanical treatment involves reducing 

particle size through a grinding process to achieve a granulometry similar to Portland 

cement [193,194]. Grinding can enhance the nucleation effect of RCP during the 

hydration reaction and promote a filler effect, increasing the compactness of cementitious 

matrices [189]. The literature also suggests the use of thermal treatment, as high 

temperatures can alter the physical and chemical properties of particles [43]. It is 

recommended to use temperatures above 500 °C to achieve smaller particle size and 

generate reactive elements in the RCP [61,109]. The use of CO2 treatment has been 

demonstrated to enhance the microstructure of RCP particles (denser and less porous), 

promoting RCP utilization [87,141]. Mehdizadeh et al. [195] suggested that carbonated 

RCP has a finer particle size than untreated RCP, which can be attributed to the formation 

of fine CaCO3 particles and an improvement in particle distribution. Kaliyavaradhan et 

al. [132] have indicated that the formation of CaCO3 can homogenize RCP particles, 

leading to a positive impact on the performance of cementitious matrices. In terms of 

alkaline activation, Zhang et al. [89] utilized chemical activators to enhance the hydration 

process and mechanical properties of cement-based materials containing RCP. 

The hydration process of cement with RCP has been previously investigated and reported 

[63]. Initially, Portland cement and the active particles of the RCP react with water to 

form hydrated products, such as ettringite (AFt), calcium hydroxide (CH), and calcium 

silicate hydrate (C-S-H). Depending on the characteristics of the RCP, amorphous SiO2 

and Al2O3 particles may then react with CH to form C-S-H and C-A-S-H through a 
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pozzolanic reaction [96]. From a physical perspective, RCP has a nucleation effect that 

provides extra surface for the formation of hydrated products, which can accelerate 

cement hydration, initially leading to a higher heat of hydration [50,196]. Moreno-Juez 

et al. [69] indicated that hydration kinetics is similar to the reference for 5 and 10 % RCP 

substitution, even presenting a higher cumulative heat for the first 6 h. Hou et al. [143] 

pointed out that 10 and 20 % RCP can provide a higher initial heat flow. On the other 

hand, Chen et al. [192] stated that adding RCP up to 40 % reduced the cumulative heat 

released by 42.05 %. However, using fly ash (FA) and silica fume (SF) can attenuate this 

reduction, resulting in 23.13 and 25.94 % less cumulative heat release, respectively. 

The literature shows that RCP can improve the early hydration of cement. For this 

purpose, the use of different percentages and physical characteristics of the RCP, such as 

fineness and specific surface area (SSA), has been reported [37,58]. Conversely, the 

utilization of RCP could potentially result in long-term adverse impacts on the hydration 

and mechanical strength of cement-based materials [65,197]. Therefore, in order to 

enhance these properties, some studies have suggested the incorporation of additional 

SCMs, such as FA, SF, and metakaolin (MK), to RCP [47,192]. However, there is limited 

research on cement-RCP hydration with the addition of SCMs. Previous studies have 

found that RCP possesses physical and chemical characteristics to be used as SCM, but 

the hydration of ternary mixtures between Portland cement, RCP, and other materials has 

been little explored. Therefore, this research proposes using MK as a pozzolan in Portland 

cement and RCP mixtures, considering that MK is also recycled from solid waste and has 

the potential to enhance the performance of cement-based materials [198,199]. Thus, 

using MK and RCP to prepare cement-based materials could represent a technically 

viable and environmentally friendly alternative in construction industry [47,86,96]. 

For these reasons, this study aims to evaluate the hydration and compressive strength of 

ternary Portland cement, RCP, and MK mixtures using cement pastes and three RCP 

sources (construction, demolition, and laboratory). The selection of various RCP sources 

is based on the assessment of material feasibility in relation to its availability. In the 

literature, RCP has been evaluated from both CDW [65,143] and laboratory-tested 

specimens [39,93]. While the chemical and physical properties of RCP differ based on 

the origin of the waste, the results have proven to be favorable when considering low 

replacement percentages and small particle size [24]. Despite this, studies have not 

directly compared the performance of cementitious matrices using different sources of 

RCP, which suggests the potential for wider utilization of RCP. This article addresses this 

gap by examining three RCP sources in ternary mixtures, with the objective of 

determining whether the physical and chemical characteristics of each source impact the 

microstructure, hydration, and compressive strength of the ternary mixtures. The 

rheology of the mixtures was studied using a rotational viscometer. The hydration of the 

pastes was evaluated by isothermal calorimetry (up to seven days), X-ray diffraction 

(XRD) (1 and 28 days), and thermogravimetry (TG) (1, 7, 28, and 120 days). The 

compressive strength and elastic modulus were determined for the ages of 1, 7, 28, and 

120 days. Finally, a study on the microstructure of the mixtures was carried out by 

scanning electron microscopy (SEM) for 1 and 28 days. The present investigation 

proposed the reuse of CDW with the use of other SCMs, specifically RCP and MK, 

presenting an alternative to reduce the consumption of Portland cement in the 

construction industry. 
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4.2. Materials and methods 

4.2.1 Materials 

The cementitious materials used were CP II F-32 cement (LafargeHolcim), MK 

(Metacaulim do Brasil Indústria e Comércio Ltda.), and RCP. The first two were materials 

produced and sold locally in Brazil. The water used to make the paste was deionized.  

For the production of RCP, three sources were used: construction (RCP-C), residues of 

hardened concrete from a precast plant; demolition (RCP-D), obtained from the 

demolition of a hospital in Rio de Janeiro, and laboratory (RCP-LAB), residues of 

concrete specimens tested in the laboratory. Initially, the material was collected after 

sieving with a maximum size of 150 µm. Subsequently, the material underwent a grinding 

process for 30 minutes in a ball mill in order to obtain a particle size distribution close to 

Portland cement. This was established based on the recommendations of the literature to 

use RCP as SCM [24,189]. The cementitious materials were characterized physically, 

chemically, and mineralogically. The particle size distribution was determined by laser 

diffraction (Malvern Mastersizer® 2000). Density was found using a helium picnometer. 

The SSA was determined using Blaine fineness, according to ASTM C204 [200]. The 

particles' morphology was examined by scanning electron microscopy, using a 

HITACHI-TM 3000 equipment. The chemical composition was found by X-ray 

Fluorescence (XRF) using a Shimadzu EDX-720 spectrometer. The loss on ignition was 

obtained following the recommendations of NBR NM18 [201]. The mineralogical 

composition was determined by X-ray diffraction (XRD) using a Bruker-AXS D4 

Endeavor diffractometer. 

 

4.2.2 Mix design 

For the current investigation, 11 mixtures were prepared, including the reference cement 

paste (100PC). Portland cement was replaced by 30 % (mass) of RCP and MK, with this 

percentage based on the literature [24,189]. The selection of this replacement percentage 

is based on both environmental and technical considerations. From an environmental 

perspective, the higher the replacement of Portland cement with RCP, the lower the 

resulting CO2 emissions [202]. Technically, although research has shown that high levels 

of RCP can have a negative impact on the performance of cement-based materials, some 

authors have proposed an approximate range of 20 % [24]. It should be noted that the 30 

% replacement also includes another SCM, MK, which has been recommended for use in 

cementitious mixtures [199,203], even when combined with RCP [82]. Therefore, the 

proposal aims to identify a suitable combination of both materials that can be practically 

applied. For each RCP source, three mixtures were considered: 30 RCP, 20 MK+10 RCP, 

and 10 MK+20 RCP. These percentages are derived from guidelines for the utilization of 

RCP and MK as reported in the literature, which fall within the range of 10 % to 20 % 

[82,204]. The w/c ratio of the cement pastes was 0.4. Table 4.1 summarizes the 

proportions by mass of the pastes.  

A Chandler EngineeringÊ paddle mixer was utilized to mix the pastes. Initially, the 

cementitious materials were blended with the water at a speed of 1000 ± 50 rpm for 2.5 

minutes, followed by a one-minute stop time, to conclude at a high speed (3000 ± 50 rpm) 

for 2.5 minutes. 
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Table 4.1. Proportions of the cement pastes (% by mass). 

Mixture  Portland cement MK  RCP-C RCP-D RCP-LAB  

100PC 100 - - - - 

70PC30MK 70 30 - - - 

70PC30C 70 - 30 - - 

70PC20MK10C 70 20 10 - - 

70PC10MK20C 70 10 20 - - 

70PC30D 70 - - 30 - 

70PC20MK10D 70 20 - 10 - 

70PC10MK20D 70 10 - 20 - 

70PC30LAB 70 - - - 30 

70PC20MK10LAB 70 20 - - 10 

70PC10MK20LAB 70 10 - - 20 

 

4.2.3 Methods 

This section is organized into subsections defining the methods used for: a) rheological 

properties, b) isothermal calorimetry, c) XRD, d) TG, e) compressive strength, f) elastic 

modulus, and e) morphology analysis. 

 

4.2.3.1 Rheological properties 

The rheological properties were determined by a rotational viscometer, model HD DV-II 

Ultra (Brookfield) with two vanes, V-73 and V-75. Once the pastes were prepared, they 

were immediately placed in a 5.63 cm diameter beaker. The shear rate protocol developed 

by Tinoco et al. [205] was applied to determine the flow curves (Figure 4.1). The protocol 

consisted of an initial phase of pre-shearing for 200 seconds, varying the speed from 0 to 

0.2 s-1. Subsequently, the speed was kept constant (0.2 s-1) for 70 seconds to guarantee 

the mixture's homogeneity. To obtain the flow curves, the rate was increased in 20 stages 

of 10 seconds until reaching a value of 42.5 s-1, referred to as the ascending ramp. Finally, 

the speed was reduced to 0.2 s-1 in 20 steps of 10 seconds, referred to as the descending 

ramp. 

 

  
Figure 4.1. Shear rate protocol. Based on Tinoco et al. [205]. 

 

Dynamic yield stress and plastic viscosity were obtained by regressing the data from the 

descending part of the flow curves. For the latter, the Bingham (Equation 1) and modified 
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Bingham (Equation 2) rheological models were considered to determine the linear and 

non-linear behavior of the mixtures, respectively. 

† † ‘‎                                                                                                                     (1) 

† † ‘‎ ὧ‎                                                                                                          (2) 

where Ű is the shear stress (Pa), Ű0 is the dynamic yield stress (Pa), µ is the plastic viscosity 

(Pa.s), ‎ is the shear rate (s-1), and c is the second order parameter (Pa.s2). 

 

4.2.3.2 Isothermal calorimetry 

Isothermal calorimetry tests were performed to study the effects of RCP and MK on the 

hydration kinetics of Portland cement. Approximately 5 g of each paste was used in a 

glass ampoule, which was sealed and placed in a TAM Air isothermal calorimeter with 8 

independent channels from TA Instruments. The test was conducted at 25 °C for 7 days 

(168 h). In the analysis of results, the pre-induction period was disregarded, as the pastes 

were prepared outside the calorimeter. 

 

4.2.3.3 TG 

TG was performed using a SD Instruments QT T600/DTA/DSC Simultaneous equipment 

from TA Instruments. A heating rate of 10 °C per minute from 35 °C to a final temperature 

of 1,000 °C was considered. The test was conducted in a nitrogen atmosphere with a flow 

rate of 100 ml per minute. Ten milligrams of paste were used for the ages of 1, 7, 28, and 

120 days. The TG test was conducted on pastes as well as on individual cementitious 

materials, including Portland cement, MK, and RCP. 

The content of portlandite (CH) was determined by calculating the amount of calcined 

base of the cement and/or binders at 1,000 °C (excluding CaCO3) and the molecular mass 

ratio between CH and water. The quantity of chemically bound water was measured by 

the difference in mass lost at 45 °C and CH dehydration. 

 

4.2.3.4 XRD 

The mineralogical composition of the pastes was determined for 1 and 28 days using a 

Bruker-AXS D4 Endeavor diffractometer with Kɓ-filtered Co KŬ radiation. The 

measurements were made in the range of 5 to 70Á 2ɗ in steps of 0.01Á.  

The process for preparing the samples for the XRD and TG tests consisted of placing 5 g 

of each paste into a sealed plastic bag. After the designated curing time for each test had 

passed, the hydration process of the pastes was stopped using an agate mortar and pestle 

with isopropanol alcohol, as recommended by Scrivener et al. [206]. The resulting 

solution was then filtered and stored in a vacuum desiccator until the day of testing. 

 

4.2.3.5 Compressive strength and elastic modulus 

The compressive strength of the pastes was determined for 1, 7, 28, and 120 days, in 

accordance with the recommendations of NBR 7215 [207]. Four cylindrical specimens 

were used per mix, with 2.5 cm of diameter and 5 cm of height, in a Shimadzu UH-F (100 

kN) equipment. The axial deformation was calculated by means of the longitudinal 

variation of the specimens, using electric transducers (LVDT). The test displacement 

velocity was 0.1 mm/min, and the elastic modulus was calculated using ASTM C469 

[208]. 
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4.2.3.6 Morphology analysis 

The microstructure of the pastes and the formation of hydrated products in the pastes for 

ages of 1 and 28 days were evaluated using a Hitachi TM3000 scanning electron 

microscope. 

 

4.3. Results and discussion 

This section presents the characterization of the materials, followed by the rheological 

properties, isothermal calorimetry, XRD, TG, compressive strength, elasticity modulus, 

and morphology analysis. 

 

4.3.1 Characterization of materials 

The particle size distribution of the materials used is presented in Figure 4.2. It can be 

seen that RCP (C, D, and LAB) and Portland cement have similar granulometry; whereas 

the MK has a larger particle size. Table 4.2 verifies that the D50 of RCP and Portland 

cement are similar, close to 14 µm. RCP has finer particles (D10) than Portland cement 

and MK. However, RCP D90 is larger than Portland cement and comparable to MK D90 

(~60 µm). Among the RCP sources, the particle size distributions are quite similar, with 

only slight variations due to their origin. 

 
Figure 4.2. Distribution of the particle size of the materials. 

 

Table 4.2. Physical properties of materials. 

Parameter Portland cement MK  RCP-C RCP-D RCP-LAB  
D10 (µm) 2.06 2.35 1.72 1.77 1.71 
D50 (µm) 14.14 20.28 14.42 13.19 13.82 
D90 (µm) 47.79 59.07 60.67 57.23 62.49 

Specific gravity 

(g/cm³) 
3.05 2.71 2.68 2.66 2.61 

Specific surface 

area (cm2/g) 
3,762.77 1,2026.9 9,252.22 8,614.72 7,988.73 

 

In the literature, it is recommended that RCP have a fine particle size, similar to or smaller 

than that of Portland cement. This characteristic could improve the hydration and 

mechanical performance of cement-based materials [44,69]. In the present investigation, 
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with 30 minutes of grinding, the RCP (C, D, and LAB) achieved a similar D50 to that of 

Portland cement. 

Table 4.2 also shows the specific gravity and SSA of the materials. Cement has the highest 

density of materials, followed by MK and RCP. Regarding the SSA, MK stands out above 

all materials, followed by RCP (C>D>LAB) and Portland cement. These data are 

consistent with previous works, since it is reported that RCP has a higher SSA than 

cement due to the irregular particles and hydration products present in RCP [24,189]. 

Regarding the chemical composition, Portland cement has a high content of CaO, 

followed by SiO2, Al2O3, and Fe2O3 (Table 4.3). The cement meets the requirements for 

the CP II-F classification (Brazilian blended cement with carbonate material), since its 

loss on ignition (LOI) was 10.78 % (Ò12.50 %) and the SO3 content was less than 4.50 

%, as indicated by the NBR 16697 [209]. The MK presents a high content of Al2O3, 

followed by SiO2 and Fe2O3; this chemical composition is characteristic of the MK 

[198,199]. The RCP are characterized by presenting the same oxides, but in different 

proportions. RCP-C has the highest CaO content, while RCP-D and RCP-LAB present a 

higher amount of SiO2. Subsequently, the Al2O3 and Fe2O3 compounds in the three RCP 

sources follow in quantity. The RCP cannot be classified as a pozzolanic material 

according to ASTM C618 [210], as the sum of the Fe2O3+Al2O3+SiO2 compounds is less 

than 70 % and the LOI is greater than 6 %.  

 

Table 4.3. Chemical composition of materials (in %). 

Oxide Portland cement Metakaolin RCP-C RCP-D RCP-LAB  

CaO 67.94 - 36.76 21.45 32.44 

SiO2 10.31 39.45 34.32 42.92 37.02 

Fe2O3 3.98 7.28 5.22 6.85 4.41 

Al 2O3 2.94 46.01 8.94 13.65 10.18 

SO3 2.94 1.11 2.70 2.10 2.33 

K2O 0.37 0.00 1.76 3.50 2.95 

SrO 0.32 0.01 0.16 0.12 0.21 

TiO2 0.30 1.84 1.10 0.87 0.53 

MnO 0.08 0.16 0.34 0.24 0.14 

ZnO 0.04 0.02 0.02 0.02 0.03 

ZrO2 - 0.28 0.19 0.18 0.03 

Rb2O - - 0.03 0.04 0.02 

BaO - 0.48 - - - 

LOI 10.78 3.36 8.47 8.04 9.70 

 

As reported by other investigations, the chemical composition of RCP is heterogeneous 

and varies according to the source materials. The SiO2 and Al2O3 come from the fine 

aggregates [110,211], while the CaO originates from the hydration products, calcium 

carbonate and coarse aggregate [61,89,109]. The chemical composition results indicate 

that RCP-D and RCP-LAB have a higher proportion of fine aggregates, and RCP-C could 

possess a higher amount of cement paste, CaCO3, and coarse aggregate. 

The mineralogical composition of the materials is presented in Figure 4.3. Clinker phases 

such as C2S, C3S and Ferrite (C4AF) are distinguished in Portland cement, as well as 

calcite peaks attributed to the mineral addition of Portland cement (limestone filler). The 
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MK presents quartz and kaolinite as main minerals. The mineralogical composition of the 

RCP is similar between the three sources. The quartz and muscovite peaks can be 

attributed to the fine aggregates of the concrete [60,61]. The calcite can be attributed to 

the coarse aggregate and carbonation of the cement paste [61,68,193]. Although hydration 

products such as portlandite (CH) are reported in the literature [37,60,72], only RCP-LAB 

presents a slight CH peak. This situation can be attributed to the carbonation process of 

the three sources [194]. Other studies have also detected the presence of clinker phases in 

the RCP [22,68,78]; however, the results show the absence of non-hydrated cement grains 

in the RCP (C, D, and LAB). 

 
Figure 4.3. Mineralogical composition of the materials. 

 

Figure 4.4 shows the binders' mass loss and derived mass loss (DTG). In Portland cement, 

three stages of mass loss can be distinguished (Figure 4.4a). The first stage, up to 350°C 

(~0.30 %), is attributed to the dehydration of: a) hydrated calcium sulfates, b) Ettringite 

(Aft), and c) some phases of C-S-H [212,213]. The second stage shows a mass loss (~0.65 

%) in the range of 350-450 °C, corresponding to the dehydration of CH; however, this 

dehydration can be considered insignificant [214]. Finally, the third stage shows that, 

from ~600 °C, decarbonation of CaCO3 occurs [215] together with the most significant 

mass loss (10.10 %), which is within the limit for the type of cement used [209]. The MK 

presents a mass loss of ~1.25 % up to 350 °C (Figure 4.4a), which is attributed to water 

loss. On the other hand, in the range of 350-580 °C, there is a mass loss of ~1.24 % that 

can be associated with the dehydroxylation of kaolinite, transforming it into reactive 

metakaolin [216,217]. 

In the case of the RCP (Figure 4.4b), an initial loss of mass is observed up to 

approximately 200 °C, due to the evaporation of water, decomposition of AFt, and 

hydration products present in the RCP (C-S-H) [120,121]. For 350-450 °C, there is the 

presence and dehydroxylation of CH [129,173], which is only perceptible for RCP-LAB 

(~0.39 %), a result that is confirmed by XRD patterns (Figure 4.3). The mass loss due to 

combined water was 1.60 %, 1.14 %, and 2.02 % for RCP-C, RCP-D, and RCP-LAB, 

respectively. From ~550 °C, a considerable mass loss is observed, which is attributed to 

the presence of CaCO3 [195,218], 6.76 %, 6.43 %, and 7.97 % for RCP-C, RCP-D, and 

RCP-LAB, respectively. 
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Figure 4.4. Thermal analysis: a) Portland cement and MK, and c) RCP-C, RCP-D, and 

RCP-LAB. 

 

The morphology of the particles of the materials is presented in Figure 4.5. Portland 

cement is presented in Figure 4.5a.The MK particles are characterized as being irregular 

(Figure 4.5b) [219]. RCP particles appear irregular and have a rough surface that, together 

with microporosity, could affect the rheological and mechanical performance of RCP 

mixtures [75,193]. In all three sources, crystalline SiO2 particles can be observed, mainly, 

in addition to hydration products adhered to the surface of larger particles, characteristics 

which have also been reported in the literature [44,55].  

 

3.3.2 Rheological properties 

Figure 4.6 presents the rheological behavior of the pastes, shear stress versus shear rate. 

As a complement, Table 4.4 summarizes the main fit parameters for the linear Bingham 

model and the modified Bingham model (polynomial second degree). In all cases, there 

was an increase in the parameters Ű0 and ɛ when compared to the reference. On the other 

hand, the modified Bingham model presented a better fit, with R2 values greater than 0.99 

for all pastes, while for the Bingham linear model, the R2 values were below 0.90. In this 

sense, the modified Bingham model was considered for the analysis. 

The rise in Ű0 indicates an increase in adhesion and friction between the Portland cement, 

RCP, and MK particles. The increase in µ suggests a higher resistance to the flow of the 
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utilized cementitious materials [220]. According to Duan et al. [41], the use of RCP leads 

to an increase in Ű0 and µ due to greater water absorption and reduced presence of free 

water (workability reduction). Fine particles of RCP have a filling effect that enhances 

packing density and µ, revealing improved compatibility and segregation resistance. In 

addition, Hou et al. [143] highlighted that the rise in Ű0, µ, and thixotropy enables the use 

of RCP in cement-based materials for 3D printing, where increased demands for viscosity 

and thixotropy are required. 

 

 
Figure 4.5. SEM images: a) Portland cement, b) MK, c) RCP-C, d) RCP-D, and e) RCP-

LAB. 

 
Figure 4.6. Flow curves for the pastes studied. 



80 

 

 

Table 4.4. Rheological parameters for the Bingham model and the modified Bingham 

model. 

Mixture  
Bingham model Modified-Bingham model 

Ű0 (Pa) µ (Pa.s) R2 Ű0 (Pa) µ (Pa.s) c (Pa.s2) c/µ R2 

100PC 36.02 0.580 0.943 32.85 1.025 -0.010 -0.001 0.983 

70PC30MK 414.10 2.942 0.996 416.63 2.575 0.008 0.003 0.997 

70PC30C 92.47 1.062 0.911 84.01 2.288 -0.028 -0.012 0.998 

70PC20MK10C 228.00 2.115 0.956 216.68 3.756 -0.038 -0.010 0.998 

70PC10MK20C 118.92 1.201 0.938 134.22 2.727 -0.035 -0.013 0.996 

70PC30D 79.35 0.735 0.944 79.88 1.944 -0.021 -0.011 0.989 

70PC20MK10D 195.31 2.161 0.977 187.18 3.339 -0.027 -0.008 0.998 

70PC10MK20D 144.76 1.200 0.892 105.79 3.227 -0.032 -0.010 0.999 

70PC30LAB 86.46 1.020 0.935 74.99 1.350 -0.014 -0.010 0.990 

70PC20MK10LAB 192.42 2.004 0.986 187.07 2.780 -0.018 -0.006 0.996 

70PC10MK20LAB 115.40 1.834 0.960 111.23 2.316 -0.026 -0.011 0.996 

 

The rheological behavior results can be directly attributed to the replacement of Portland 

cement by MK and RCP, since no superplasticizer additives were used. In general, the 

literature reports incorporating RCP affects cement-based materials' workability due to 

its porosity, irregular microstructure, and high SSA; these characteristics increase the 

demand for water [39,53,110,]. Indeed, Table 4.2 and Figure 4.5 confirm the irregular 

microstructure and higher SSA of RCP, regardless of the source, compared to the cement. 

Therefore, using RCP influences the increase in the parameters Ű0 and ɛ. For example, for 

pastes 70PC30C, 70PC30D, and 70PC30LAB, the Ű0 was 155.74 %, 143.16 %, and 

128.28 % higher than the reference, respectively. The ɛ of 70PC30C, 70PC30D, and 

70PC30LAB was 123.22 %, 89.66 %, and 31.70 % higher than the reference, 

respectively. These adverse effects of RCP on the rheology of cement pastes were also 

reported by Sun et al. [152] and Dun et al. [71]. 

Furthermore, it is noteworthy that MK has a predominant effect on the rheology of the 

pastes, as the rheological parameters increase with the MK content. For example, paste 

70PC30MK has the highest Ű0 of all pastes, 1,168.28 % higher than the reference. In fact, 

the influence of MK on rheology is more significant than that of RCP, as the Ű0 of 

70PC30MK is 395.93 %, 421.57 %, and 455.58 % higher than the pastes that used only 

RCP: 70PC30C, 70PC30D, and 70PC30LAB, respectively. The effect of MK on the 

rheological properties of pastes can be mainly attributed to two reasons: a) the high SSA 

of MK, which is the material with the highest SSA (Table 4.2), and b) the pozzolanic 

activity of MK, which would increase the water demand and decrease the workability of 

the pastes [221,222]. 

For the RCP+MK pastes, the rheological parameters are higher than both the reference 

and the pastes with 30% RCP alone. Among these, the 20MK+10RCP mixture exhibits 

the most pronounced effect, followed by the 10MK+20RCP pastes. This increase is 

attributed primarily to the SSA. To a lesser extent, the SSA and the irregular shape of the 

RCP particles increase the water demand and generate friction, respectively, contributing 

to the increase of Ű0 and ɛ [143,223]. 
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It can be observed that the flow curves are similar between the pastes that present the 

same proportions of RCP and MK. However, the RCP-C source presents the highest 

rheological parameters in all cases, followed by the RCP-D and RCP-LAB sources. These 

results confirm SSA's influence on the pastes' rheology, as SSA has the order RCP-

C>RCP-D>RCP-LAB (Table 4.2). 

 

4.3.3 Isothermal calorimetry 

The results of the heat flow and cumulative released heat are presented in Figure 4.7. 

Regardless of the RCP source, the heat flow and cumulative released heat exhibit similar 

behavior in all pastes, displaying the typical periods of induction, acceleration, and 

deceleration.  

The results show that replacing Portland cement with RCP and MK reduces the induction 

period and advances the acceleration period compared to the reference. During the 

induction period, the kinetics were in the order of 70PC30MK>70PC20MK10RCP> 

70PC10MK20RCP>70PC30RCP>100PC, regardless of the source of RCP. It can be seen 

that the increase in kinetics (induction period) largely depends on the MK content; the 

higher the MK content, the greater the heat flow. This behavior can also be observed for 

RCP, but to a lesser extent. The heat flow of the pastes with 30 % RCP was above the 

reference but below the mixtures with MK. These results indicate that both MK and RCP 

influence the early hydration of PC, which can be attributed to the fine particles (D10) and 

the nucleation effect associated with the SSA of the materials used [58,211]. The SSA of 

MK is 3.45 times greater than that of Portland cement (Table 4.2), which explains its 

effect in increasing the kinetics and reducing the induction period. Furthermore, the SSA 

of RCP-C, RCP-D, and RCP-LAB is 2.47, 2.45, and 2.14 times higher than the SSA of 

Portland cement, demonstrating a minor influence. These results are also in agreement 

with Gencel et al. [119], Li et al. [77], and Wu et al. [129], who additionally attribute the 

nucleation effect at early ages to the CaCO3 particles in the RCP. 

During the acceleration period, the kinetics of the mixtures with MK and RCP are higher 

than the reference, regardless of the origin of RCP. The fine particles of RCP and MK 

disperse cement grains and accelerate hydration, providing nucleation sites for hydration 

products [55,69]. An advance of the first heat peak (shift to the left) is also observed, 

which is associated with the hydration of C3S [58,211]. The mixtures with the highest 

MK content present a more accentuated shift to the left, followed by the pastes with 30 

% RCP. However, the maximum value of the first heat peak is reduced when Portland 

cement is replaced by RCP and MK, which is mainly attributed to clinker dilution [25]. 

Due to the reduction of the first heat peak, it can be established that, during the 

acceleration period, the dilution effect has a major influence on hydration compared to 

the nucleation effect, the latter having a greater impact on the induction period. 
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Figure 4.7. a) Specific heat flow for RCP-C, b) cumulative heat for RCP-C, c) specific 

heat flow for RCP-D, d) cumulative heat for RCP-D, e) specific heat flow for RCP-

LAB, and f) cumulative heat for RCP-LAB. 

 

However, there is not only a physical effect on the part of MK and RCP; the chemical 

effect of both materials generates secondary phases. The pozzolanic reaction of the 

amorphous particles of SiO2 and Al2O3 in MK with the CH of the cement paste forms 

secondary C-S-H, in addition to calcium aluminate hydrates and aluminosilicate hydrates 

(C4AH13, C2ASH8, and C3AH6) [198,204,224]. Regarding the RCP, some authors have 

pointed out a pozzolanic potential [55,110]. The possible formation of hemi or 

monocarboaluminates has even been mentioned due to the reaction of CaCO3 and the 

aluminous phases in the mixture [225,226]. However, since the heat flow of 30 % RCP 

pastes is lower than MK pastes, and considering the chemical composition of RCP, it 
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could be stated that, regardless of the source, RCP has a predominantly physical effect 

(filling and nucleation) on the early cement hydration (induction and acceleration). 

Zhang et al. [68] and Wang et al. [114] indicated that using RCP accelerates the early 

hydration process, and that the first heat flow peak depends on the substitution percentage. 

In this case, the substitution of 30 % Portland cement reduced the first peak, regardless 

of the materials' proportions (MK and RCP). Conversely, the intensity of the heat flow 

differs from those of Topiļ and Proġek [144], Wang et al. [67], and Chen et al. [63], who 

reported an increase in the intensity of the first peak; however, these authors used lower 

substitution percentages and finer RCP particles. In this case, the higher substitution 

content must have caused a decrease in intensity due to the dilution effect. 

During the deceleration period, a second heat flow peak can be noticed, the intensity and 

position of which depend on the MK content. The higher the MK proportion, the greater 

the heat flow intensity and displacement to the left. This peak is associated with sulfate 

depletion, that is attributed to the dissolution of C3A and the final formation of ettringite, 

which occurs when the calcium sulfate phase is exhausted [227,228]. Lagier and Kurtis 

[229] indicated that this second peak would depend on the SSA of the MK and the alkaline 

content of the cement, factors that would favor the dissolution of the MK and increase the 

solubilized aluminum. In this sense, the second peak could be attributed to the 

acceleration of C3A hydration due to the increase in MK's dissolution rate and the MK 

reaction itself [226]. On the other hand, in the mixtures with 30 % RCP, the second peak 

does not appear, which would confirm its formation specifically for the use of MK. 

From the results presented, it can be seen that RCP and MK accelerate the initial hydration 

of cement pastes, which is reflected in the cumulative heat curves. During the first hours, 

the pastes with RCP and MK have a higher cumulative heat than the reference. These 

results are in agreement with the literature, which indicates that RCP with a particle size 

equal to or smaller than Portland cement could improve the cumulative released heat at 

early ages [55,91,94]. In this case, the use of 30 % RCP, regardless of the source, 

presented a higher cumulative heat than the reference up to approximately three hours, 

while, with the use of MK, the cumulative heat was higher than the reference up to about 

seven hours. Li et al. [230] also noted that for 30 % RCP and a D50 of approximately 13 

µm, the cumulative heat is higher than the reference during the initial hours. However, at 

later ages, the samples with RCP demonstrate lower levels of cumulative heat, resulting 

in a decrease in compressive resistance. Zhang et al. [68] reported that only with the use 

of ultrafine RCP (D50=0.249 µm) there was a higher cumulative heat up to 72 h, 

considering 2 % and 4 % substitution. 

By the end of the test (7 days), the cumulative heat of 70PC30MK had reduced by 4.97 

% compared to the reference. Table 4.5 presents an overview of the released heat data for 

different time periods. Pastes with 30% RCP showed the greatest reduction compared to 

the reference, at 21.64 %, 20.95 %, and 23.35 % for sources C, D, and LAB, respectively. 

Proġek et al. [110] observed that after 5 days, the samples with RCP released more heat 

than the reference, suggesting a reactivation of the old clinker. However, this 

phenomenon was not observed in the analyzed pastes, indicating the absence of old 

clinker in the RCP material. These findings were further supported by the XRD results 

(Figure 4.3). The difference between MK pastes and RCP pastes can be attributed to the 

pozzolanic activity of MK, which contributes to the formation of more hydration 

products, therefore, shows more released heat. The 10 MK+20 RCP pastes had reductions 
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of 10.58 %, 11.53 %, and 12.37 % for RCP-C, RCP-D, and RCP-LAB, respectively. 

Meanwhile, the 20 MK+10 RCP pastes presented reductions comparable to the 

70PC30MK mixture, at 7.52 %, 7.36 %, and 7.85 % for RCP-C, RCP-D, and RCP-LAB, 

respectively.  

Although no significant differences were observed between the heat flow and cumulative 

heat between the three RCP sources, the LAB source presented the lowest values in all 

cases, which can be attributed to its lower SSA among the other RCP sources. The 

reduction of the cumulative heat of the pastes could mean a reduction of the mechanical 

properties, especially for 30 % of RCP, that presents the lowest cumulative heat of all the 

pastes; however, these values are only referential [192,231]. As stated by Oliveira et al. 

[202], altering the grinding time (resulting in a finer RCP) has an impact on the kinetics 

of hydration, RCP ground for only 30 min exhibited lower levels of hydration products 

compared to RCP ground for 2 h. These findings suggest that the hydration process may 

benefit from using RCP with a smaller D50, even smaller than that of the Portland cement 

employed (CP II F-32). 

 

Table 4.5. Cumulative heat for different time periods. 

Mixture  
Released heat (J/g cement) 

3 h 24 h 72 h 168 h 

100PC 13.002 173.294 233.081 265.618 

70PC30MK 20.168 139.173 218.402 252.417 

70PC30C 13.625 133.311 179.949 208.111 

70PC20MK10C 17.664 136.854 208.446 245.645 

70PC10MK20C 16.416 136.601 198.359 237.506 

70PC30D 13.973 133.798 181.987 209.976 

70PC20MK10D 18.171 137.951 209.635 246.075 

70PC10MK20D 15.649 135.131 196.284 235.001 

70PC30LAB 14.030 134.720 179.914 203.587 

70PC20MK10LAB 18.723 139.070 209.119 244.759 

70PC10MK20LAB 16.563 136.662 195.356 232.765 

 

It should be noted that the use of RCP leads to an increase in kinetics during the induction 

period (early hydration), even with a 30 % substitution rate. Despite the different chemical 

compositions of each RCP source, the behavior of the heat flow curves, and the 

cumulative heat values remains similar. It is worth noting that RCP primarily has a 

physical effect on hydration (nucleation and filling), as the physical properties of the 

RCPs are similar. While the accumulated heat may decrease with RCP use, the addition 

of MK can increase this value, making it a viable strategy for enhancing the performance 

of cement-based materials with RCP. 

 

4.3.4 XRD 

The pastes were characterized by X-ray diffraction to determine their mineralogical 

composition during the hydration process. Figures 4.8a and 4.8b present the mineralogical 

analysis of the pastes for 1 and 28 days, respectively.  

It can be observed that the pastes present a mineralogical composition derived from the 

source of materials and products resulting from hydration. Muscovite (2ɗ=8.7Á) appears 
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in all pastes that contain RCP, which intensity depends on the amount of RCP, regardless 

of the source (C, D, and LAB). Quartz also occurs in pastes that contain RCP, standing 

out for 2ɗ of 20.9Á and 26.6Á. Both minerals can mostly be attributed to the presence of 

SiO2, coming from the sand [39,232,233]. Calcite is found in all pastes, including the 

reference and 70PC30MK, indicating the presence of carbonate material from Portland 

cement. The calcite peak for 2ɗ of 29.5Á stands out from all pastes, followed by minor 

peaks of 23.1°, 39.5° and 43.2°. Calcite is due to both the RCP (coarse aggregate and 

carbonation process) and the cement (limestone filler) [72,94,120]. It can be seen that the 

pastes with the highest MK content present slightly lower calcite peaks, especially 

70PC30MK. This is due to the fact that the 70PC30MK paste does not have another 

source of CaCO3, as is the case with RCP pastes. These results can be verified by the 

mineralogical composition (Figure 4.3) and TG (Figure 4.4) of the materials used. The 

intensity of each mineral is similar in the mixtures: 70PC30C~70PC30D~70PC30LAB, 

70PC10MK20C~70PC10MK20D~70PC10MK20LAB, and 

70PC20MK10C~70PC20MK10D~70PC20MK10LAB, indicating that the RCP source 

has no significant influence on the mineral composition, once the mineralogical 

composition of each RCP source was also similar (Figure 4.3). 

As expected, non-hydrated cement particles such as C2S, C3S, and C4AF appear in the 

XRD pattern of the 1-day-old pastes, indicating incomplete hydration [65,84,94]. It is 

observed that the 100PC paste has the highest C3S peak, while the pastes with RCP+MK 

presented a decrease in the intensity of C3S, which is attributed to a) the dilution effect of 

Portland cement, lower clinker content, and b) the acceleration of early hydration of 

Portland cement by part of the RCP and MK [63,64,81], as presented in Subsection 4.3. 

It is important to note that C2S and C3S present similar intensities in pastes containing 

RCP, regardless of the source, which would indicate that there would be no difference in 

the effects of RCP on Portland cement hydration. 

Regarding the hydration products, portlandite is present in all pastes, with an intensity 

peak at 18.1ę and to a lesser extent at 28.7ę, 34.1ę, and 47.1ę. As expected, the reference 

paste presented the highest Portlandite peaks, followed by the 30 % RCP pastes, even at 

one day of age. The decrease in CH content in the pastes containing RCP is a result of 

dilution, as there is a lesser quantity of Portland cement present in the mixtures [56]. The 

intensity of the portlandite decreases with the increase in MK content, which is attributed 

to the pozzolanic reaction, with the 70PC30MK paste having the lowest Portlandite 

content. Additionally, a slight AFt peak is observed at 9.1ę, corroborating the results 

presented from isothermal calorimetry (Subsection 4.3.3).  

For 28 days, the XRD results showed minerals from the RCP with few non-hydrated 

cement particles and a higher amount of hydration products. Muscovite and quartz were 

present in the RCP pastes, with intensities similar to the 1-day results, highlighting their 

crystalline structure. Calcite was detected in all pastes, presenting a similar intensity as 

the 1-day results. When the pastes of the three RCP sources were compared, the minerals 

found had similar intensities: 70PC30C~70PC30D~70PC30LAB, 

70PC10MK20C~70PC10MK20D~70PC10MK20LAB, and 

70PC20MK10C~70PC20MK10D~70PC20MK10LAB. 

The non-hydrated cement particles C2S and C3S appear with lower intensity than the 1-

day pastes [114], and the presence of C4AF is absent, indicating a more advanced 
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hydration process. These results also demonstrate that the RCP source has no particular 

influence on the hydration, as they all presented similar intensities (C~D~LAB). 

 

 

 
Figure 4.8. Mineralogical composition of the pastes for a) 1 and b) 28 days. 

 

As hydration products, peaks of CH, AFt, and monocarboaluminate (Mc) were detected. 

The highest intensities of portlandite occurred in the reference, followed by pastes with 

30 % RCP, regardless of the source. The increase in the amount of MK already reduced 

the intensities of the portlandite, which is almost imperceptible for the 70PC30MK 

mixture. When comparing the portlandite intensities with the 1-day pastes, the reduction 

was significant, confirming the pozzolanic activity of MK. AFt could also be detected, 

but at a lower intensity than the 1-day pastes. Finally, Mc appeared for 2ẽ=11.7ę together 

with the disappearance of C4AF; the Mc peak was present in the RCP pastes but to a lesser 

extent for 70PC30MK. The presence of Mc in the pastes can be attributed: a) in reference 

to the presence of limestone filler in Portland cement [234]; b) in 70PC30MK mixture to 

the carbonaceous material of Portland cement and the incorporation of MK (aluminum 

phases) [225], although to a lesser extent due to the reduction of Portland cement content; 

c) in pastes with 30 % RCP to the CaCO3 of the RCP with aluminum (Al) phases of 

Portland cement, a situation previous reported in the literature [121,129]; and d) in 
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RCP+MK pastes, to the role of MK as an aluminizing agent in the reactivity of CaCO3 in 

RCP and Portland cement systems [203,225]. 

Finally, it can be observed that the RCP source does not have a particular effect on the 

XRD results, neither on the intensity or generation of new phases. The pastes presented 

similar intensities and the same mineralogical composition. Although Chen et al. [63]  

indicate that the RCP does not change the mineral composition of the pastes, only the 

intensity of the peaks, this investigation demonstrated that the presence of the Mc is 

related to the presence of the CaCO3 of the RCP, regardless of the source. Additionally, 

the use of MK also contributes to the formation of Mc, which is an alternative source of 

Al, apart from C3A and C4AF from Portland cement. The findings indicate that the 

mineral composition of the MK+RCP mixtures is comparable, attesting to the pozzolanic 

reactivity of MK and the inclusion of inert minerals from RCP, such as quartz and 

muscovite. 

 

4.3.5 TG 

Figures 4.9, 4.10, and 4.11 show the DTG curves for the pastes from sources C, D, and 

LAB, respectively, considering the four test ages (1, 7, 28, and 120 days). An initial mass 

loss can be observed in all cases, between the range of 35 and 200 °C. This loss is 

produced by the evaporation of free water and chemically bound water in C-S-H, as well 

as AFt and Mc [192,214,235]. The mass loss peak in the 60-100°C range can be attributed 

to the free water and decomposition of C-S-H and AFt [236-238]; while the peak (DTG) 

in the range 130-150°C is due to Mc [121,238,239]. The mass loss in the range of 350 

and 450°C corresponds to the dehydroxylation of CH [44]. On the other hand, a mass loss 

can be perceived in the range of 200 and 350°C, which is attributed to the dehydration of 

aluminum products. Finally, from ~600 °C the decarbonation of CaCO3 occurs [47].  
 

 
Figure 4.9. DTG curves for RCP-C at ages a) 1, b) 7, c) 28, and d) 120 days. 
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Figure 4.10. DTG curves for RCP-D at ages a) 1, b) 7, c) 28, and d) 120 days. 

 

 
Figure 4.11. DTG curves for RCP-LAB at ages a) 1, b) 7, c) 28, and d) 120 days. 

 

It can be observed that the pastes with RCP, regardless of the source, present a similar 

behavior at the ages studied. For one day, the reference presents the highest peak of C-S-
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H and AFt, followed by the 70PC30MK mixture, indicating a higher degree of hydration 

than the other pastes, as presented in the isothermal calorimetry (Subsection 4.3.3). 

Additionally, a slight Mc peak is observed, which is more noticeable for 70PC30MK, 

followed by the MK+RCP pastes. The Mc peak is not perceptible in the reference, 

demonstrating that MK could be an additional source of Al to react with CaCO3 from 

RCP and even Portland cement. On the other hand, in the range of 200 and 350 °C, the 

mass loss of the reference and the pastes with 30 % RCP is similar. In contrast, there is a 

more significant mass loss for the mixtures with MK, especially 70PC30MK, indicating 

the production of phases with Al, which is specifically attributed to MK. In the range of 

350 and 450 °C, the reference has the highest CH content, followed by the pastes with 30 

% RCP, confirming the XRD results (Subsection 4.3.4). The higher the MK content, the 

lower the mass loss in this range, validating the consumption of CH by the pozzolanic 

reaction of MK. In the case of CaCO3, at temperatures above 600 °C, the reference 

presents the highest CaCO3 content due to the presence of carbonate material (limestone), 

followed by the mixtures with 30 % RCP, RCP+MK, and 70PC30MK. As previously 

mentioned, this behavior is because the 70PC30MK paste does not have another source 

of CaCO3, as in the case of RCP pastes. The elevated CaCO3 content is anticipated, as the 

CP II F-32 cement utilized can have a range of 11 % to 25 % carbonate material according 

to NBR 16697 [209]. 

For seven days, the peak associated with AFt was slightly reduced and stabilized at later 

ages, corroborating the stabilization of AFt in the presence of CaCO3 [240-242]. In the 

other pastes, there was an increase in the range of C-S-H and AFt, especially those with 

MK, indicating an increase in hydration products. It is important to note that the Mc-

associated peak was not only noticeable in the MK mixes but also in the reference and 30 

% RCP pastes. These results would be in agreement with Lothenbach et al. [234], who 

discussed the influence of limestone on cement hydration (Mc formation), and with 

Bonavetti et al. [243], who indicated that, in cements with limestone, the Mc is detected 

after the first few days. In the present investigation, it was not possible to detect the Mc 

at one day of age in DTG curves and XRD results (Figure 4.8a). In addition, it was verified 

that the RCP would only provide a physical effect (nucleation) in the early hydration of 

Portland cement, as was commented in the isothermal calorimetry (Subsection 4.3.3). On 

the other hand, the formation of Mc in the pastes with 30 % RCP indicates that the CaCO3 

source of the RCP could offset some effects of cement reduction (CP II F-32). Finally, it 

is observed that the CaCO3 peaks of all the pastes decreased compared to the 1-day age, 

confirming the CaCO3 reaction for the formation of Mc. 

For 28 days, there has been the presence of C-S-H, AFt and Mc in all pastes, the latter 

being more prominent in pastes with MK, specifically 70PC30MK. Regarding the mass 

loss in the range of 350 and 450 °C, as expected, there has been a greater consumption of 

CH with the increase of MK content. The samples with 30 % RCP showed a slight 

reduction in CH, which could indicate a possible pozzolanic potential, albeit limited. 

Regarding CaCO3 (ι600 ÁC), no significant changes were observed concerning the age 

of 7 days. Finally, for 120 days, the peaks associated with the Mc remained constant 

compared to 28 days, while the temperature range for C-S-H and ettringite increased, 

which could indicate a significant increase in hydration products due to the pozzolanic 

reaction, especially for 70PC30MK and MK+RCP pastes. In the case of CaCO3, no 

significant changes were observed. For a more complete analysis of the TG results, 
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Figures 4.12, 4.13, and 4.14 summarize the results of the CH content, free water, and 

CaCO3 versus the age of the samples, respectively. 

 

 
Figure 4.12. CH content in the analyzed pastes. 

 

 
Figure 4.13. Chemically bound water content. 

 

It is important to mention that the error of the TG can be in the order of 5 % due to 

equipment measurement errors, sample heterogeneity, and operator manipulation [244]. 

This suggests that not all differences are significant. Regarding the CH content (Figure 

4.12), a gradual increase can be observed in the reference, mainly in the first days, 

corresponding to the hydration of the cement [245]. In the case of pastes with 30 % RCP, 

the CH content is lower than the reference, a situation attributed to the inert materials in 

the RCP (dilution effect) [58,61]. Although a decrease in the CH of 7 for 28 days can be 

observed in the three sources of RCP, it can be considered negligible. In the case of pastes 

with MK, the CH content is significantly lower than the reference, confirming the 

pozzolanic reaction. Additionally, the results show no significant difference in the CH 

content by the RCP source. It is important to emphasize that the pastes with RCP-LAB 
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have a higher CH content (not significant), which can be attributed to the CH of the 

residue composition (Figure 4.4b). 

 
Figure 4.14. CaCO3 content in the analyzed pastes. 

 

Regarding the chemically bound water content (Figure 4.13), it is observed that, for the 

age of one day, there is a difference between the reference and the other pastes, indicating 

a dilution effect; however, this difference decreases as the curing age increases. Although 

significant differences between pastes cannot be distinguished, there is a trend regarding 

the amount of MK and RCP. For example, pastes with higher RCP content tend to have 

lower chemically bound water content than pastes with MK, which can even exceed the 

reference for 120 days. These results suggest that, although the RCP decreases the 

hydration products with respect to the reference, the MK+RCP pastes could generate 

secondary hydration products (mainly due to the pozzolanic reaction) that would 

compensate for the dilution effect. Wu et al. [47] also stated that the use of RCP reduces 

the quantity of hydrated products, particularly CH and C-S-H, which affects the formation 

of mechanical strength in the pastes. 

It can be verified that the CaCO3 content decreases from 1 to 7 days (Figure 4.14), 

confirming a partial consumption of CaCO3 with Al phases (Portland cement+MK) for 

the formation of Mc. However, it is essential to note that the reduction of CaCO3 in the 

first days is ~5 %, which suggests that the amount of Mc is low, confirming XRD patterns 

for 28 days (Figure 4.8b). Therefore, the Mc could have a minor impact on the total 

hydrated products and mechanical strength.  

 

4.3.6 Compressive strength 

The compressive strength and its variation with respect to the reference (black lines) and 

the 70PC30MK paste (red lines) is presented in Figure 4.15 for the three RCP sources. It 

can be initially observed that the replacement of 30 % of Portland cement by MK 

generates an increase in compressive strength, except for the age of 1 day, where it is 

statistically the same (p valueι0.05). For 7, 28, and 120 days, the increase was 31.00 %, 

34.80 %, and 22.82 %, respectively. This behavior can be attributed to the pozzolanic 

activity and the filler effect of the MK, which improves the microstructure and, thus, the 

mechanical properties of the cement-based materials [47,199]. 
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Figure 4.15. Compressive strength for: a) RCP-C, b) RCP-C variation, c) RCP-D, d) 

RCP-D variation, e) RCP-LAB, and f) RCP-LAB variation. 

 

Regardless of age and source, the mixes with 30 % RCP have the most significant 

reduction in compressive strength compared to the reference. On the first day, a decrease 

in compressive strength of 42.98%, 33.77%, and 34.17% was observed for RCP-C, RCP-

D, and RCP-LAB, respectively. Li et al. [230] noted a 50% decrease in compressive 

strength for mixtures with 30% RCP and similar particle size (D50 ~13 µm) on the first 

day. After 28 days, the decrease in compressive strength was 25.56%, 20.77%, and 

23.98% for RCP-C, RCP-D, and RCP-LAB, respectively. This reduction is higher than 

that of the 70PC30MK paste, whose range is 35-50 %, considering the three RCP sources. 

These results indicate the negative effect of substituting high percentages of RCP (30 %) 

on compressive strength, as reported by other investigations [44]. This reduction is 

explained by the predominance of clinker dilution over other effects, such as nucleation 

(first hours) and filler, indicating a considerable amount of inert material [233]. On the 

other hand, it can be established that there are no significant differences in the 
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compressive strength means when comparing the three sources of RCP by age (p 

value>0.05). This indicates that the source of the RCP does not have a significant effect 

on the compressive strength of the pastes (70PC30RCP). These results can be compared 

to the isothermal calorimetry and TG (Subsection 4.3 and 4.5), where pastes with 30 % 

RCP present the lowest cumulative heat and combined water content regardless of the 

source. It should be noted that mixtures containing 30% RCP exhibit a reduced growth 

rate of compressive strength at a prolonged age of curing. For instance, there was an 11.59 

%, 6.96 %, and 9.80 % increase in compressive strength from 28 to 120 days for 

70PC30C, 70PC30D, and 70PC30LAB, respectively. On the other hand, the increase in 

compressive strength from 7 to 28 days was 27.08 %, 29.82 %, and 22.55 % for the same 

mixtures. This decrease in growth rate can be mainly attributed to the dilution effect as 

these pastes have a higher RCP content. As a result, the active components of Portland 

cement are lower and primarily react in the early stages [197]. 

The 20 MK+10 RCP pastes present a reduction of 21.28 % (RCP-C), 12.70 % (RCP-D), 

and 15.95 % (RCP-LAB) compared to the reference after one day. Subsequent ages show 

a considerable increase in compressive strength; for example, after 28 days the increase 

is 27.31 %, 36.18 %, and 35.92 % above the reference for RCP-C, RCP-D, and RCP-

LAB, respectively. However, for 120 days this increase tends to be lower, with 18.71 %, 

16.84 %, and 17.30 % for RCP-C, RCP-D, and RCP-LAB, respectively. When the 

mixtures are compared with the 70PC30MK paste, the reduction is in the range of 20-35 

% after one day. Later ages (7, 28, and 120 days) show minor reductions (~5 %). It can 

be established that there is no significant difference between the means of 70PC30MK 

and 70PC20MK10RCP (p value>0.05), regardless of the source of RCP. These results 

indicate that the mechanical performance of 70PC30MK is comparable to the 

20MK+10RCP combination. Finally, when the compressive strength values are compared 

between the three sources of RCP by age, it can be concluded that they are statistically 

similar (p value>0.05). Therefore, the use of the RCP source can be considered indistinct 

in this combination (20 MK+10 RCP).  

These results indicate that the pozzolanic activity of MK can be benefited by RCP since 

the results of the 20 MK+10 RCP pastes are equal in mechanical strength to the 

70PC30MK mixture. This can be attributed to the nucleation effect of RCP and the 

formation of the hydration products by the pozzolanic reaction of MK [110,199,211]. On 

the other hand, the filling effect of smaller RCP particles (less than 10 µm) can contribute 

to improving the compactness of the microstructure [63], and, to a lesser extent, the 

reaction of some RCP particles can form hydration products, for example, CaCO3 to 

produce Mc (Subsection 4.3.4 and 4.3.5) [44,121]. Oliveira et al. [202] suggested that 

smaller RCP particles with a high SSA have the tendency to enhance compressive 

strength at lower substitution levels, specifically 7 % and 15 %. 

In the 10 MK+20 RCP pastes, the compressive strength values are higher than the 

reference for all ages except for one day. There is a 29.96 %, 23.27 %, and 26.58 % 

reduction compared to the reference for RCP-C, RCP-D, and RCP-LAB, respectively. 

However, an increase in compressive strength is observed for later ages; for example, for 

28 days, there is a positive variation of 14.67 %, 15.00 %, and 18.52 % for RCP-C, RCP-

D, and RCP-LAB, respectively. In the case of 120 days, an attenuation in the increase is 

perceived, with ranges of 9.22 %, 7.38 %, and 4.92 % for RCP-C, RCP-D, and RCP-

LAB, respectively. When the results are compared to the 70PC30MK paste, there is a 
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reduction for all ages and sources of RCP, ranging from 24-31 %, 13-16 %, 12-15 %, and 

11-14 % for 1, 7, 28, and 120 days, respectively. These results indicate a growing 

approximation to the 70PC30MK paste; however, the differences are notable for a p value 

of less than 0.05. Lastly, when the results of the three RCP sources by age are compared, 

there are no significant differences (p valueι0.05), indicating that the use of the RCP 

source for 10 MK+20 RCP pastes is indistinct. Wu et al. [47] also reported comparable 

findings, where a 20RCP+10MK combination showed a significant increase (38.10 %) in 

mechanical strength compared to the mixture with 30 % RCP. This indicates that 

incorporating MK improves the microstructure of cement-based matrices and enhances 

their mechanical properties. 

The results of the 10 MK+20 RCP combination are presented as a viable alternative, since 

it requires minimal use of pozzolans and a higher RCP content, resulting in better 

mechanical strength than the reference. Like the 20 MK+10 RCP combination, the RCP 

provides a nucleation effect for the cement's hydration and MK's pozzolanic reaction. 

However, with a lower MK content (10 %), the hydrated products of the pozzolanic 

reaction are reduced. Similarly, by increasing the RCP content (20 %), inert and large 

particles are introduced (less filler effect), which reduces the compressive strength when 

compared to 70PC30MK and 20 MK+10 RCP. 

It can be observed that the combinations of 20 MK+10 RCP and 10 MK+20 RCP 

presented better mechanical performance than the reference. This can be attributed to the 

synergistic effect between pozzolan (MK) and RCP [211], wherein small RCP particles 

contribute to the pozzolanic reaction of CH with the amorphous SiO2 and Al2O3 of MK, 

in addition to the filling effect of both materials (MK+RCP), which results in the increase 

in compressive strength [152]. However, the synergistic effect was more efficient in the 

combination of 20 MK+10 RCP, with no significant difference with 30 % MK. These 

results agree with the TG (Subsection 4.3.5), which showed that the pastes with the 

highest percentage of MK had a higher combined water content, indicating the presence 

of more hydration products. 

Regarding age, although MK+RCP has positive results in compressive strength (7, 28, 

and 120 days), in all cases, there was a one-day reduction compared to the reference. This 

decrease of one day can be explained by the lower amount of hydrated products (Figure 

4.13), less heat cumulative up to the first day (Figure 4.7), and the non-formation of 

additional hydration products, such as Mc (Figure 4.8a). These results suggest that the 

synergistic effect of RCP+MK does not influence initial ages, with the best results 

occurring at 7 and 28 days. 

Other authors have indicated that the incorporating mineral additives with RCP can 

maintain or improve the properties of cement-based materials [63,74,211]. Wu et al. [44] 

and Wu et al. [47] found that using 10-20 % SCMs (MK and SF) with RCP can improve 

compressive strength compared to a mix of 30 % RCP and may even be slightly higher 

than the reference mortar. Chen et al. [63] noted that FA and SF can provide complete 

hydration and improve the compactness of cement-based materials. Cantero et al. [93] 

and Sun et al. [86] reported that there is an increase in compressive strength of mixtures 

of RCP with other SCM (SCGP and FA), a phenomenon more evident at later ages (300-

365 days). Proġek et al. [110] also highlighted that the use of SCM (such as FA) can 

improve the compressive strength of cement-based materials with RCP (28 and 90 days), 

attributing this result mainly to the pozzolanic reaction. Hence, the utilization of 



95 

 

additional SCMs, particularly pozzolans, may compensate for the detrimental impact of 

incorporating RCP on the mechanical performance of cementitious matrices. This is 

attributed to the production of hydration products (C-S-H and C-A-S-H) and the 

refinement of pores in the cement matrix [75,82]. Nevertheless, it is important to 

determine appropriate proportions when combining SCM and RCP to attain a synergistic 

effect between the materials. 

 

4.3.7 Elastic modulus 

Figure 4.16 shows the results of the elastic modulus for the three RCP sources, in addition 

to its variation with respect to the reference (black lines) and the 70PC30MK paste (red 

lines). It can be seen that the values of the elastic modulus are similar for the reference 

and 70PC30MK, although there may be a slight decrease due to the addition of MK. 

Statistically, these values are similar for all ages (p valueι0.05). Therefore, it can be 

established that the use of 30 % MK does not significantly influence the elastic modulus, 

maintaining the value for all ages tested. Qian and Li [23] and Dinakar et al. [246] also 

pointed out that the elastic modulus presents small variations in cement-based materials 

with the increase of MK, confirming the non-significant influence of MK on the elastic 

modulus.  

Mixtures containing 30 % RCP exhibited the lowest values of elastic modulus at all ages. 

For 1 day of age, the reduction was 45.01 %, 44.99 %, and 42.54 % compared to the 

reference for RCP-C, RCP-D, and RCP-LAB, respectively. Although there was an 

improvement with age, for 120 days, the reduction was in the order of 30% for the three 

sources. In comparison with 70PC30MK paste, the lowest values were also presented for 

1 day of age, reductions of 43.41 %, 43.40 %, and 40.88 % for RCP-C, RCP-D, and RCP-

LAB, respectively. There were also improvements with curing age; for 120 days, the 

decrease was in the order of 28 %. Finally, comparing the three sources by age, it can be 

concluded that there are no differences for 30 % of RCP (p value>0.05), which indicates 

that regardless of the source of RCP, the same influence is applied to the elastic modulus. 

In the literature, it has been reported that the elastic modulus decreases with the increase 

in RCP. This situation is attributed to the dilution effect and the low density and rigidity 

of the RCP particles [25,50,93]. Therefore, 30 % of RCP is adverse for this property, 

where the decrease is significant at all ages of curing. 
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Figure 4.16. Elastic modulus for: a) RCP-C, b) RCP-C variation, c) RCP-D, d) RCP-D 

variation, e) RCP-LAB, and f) RCP-LAB variation. 

 

For the combination of 20MK+10RCP, the results are comparable to the reference, except 

for 1 day of age. The decrease in the elastic modulus for 1 day of age with respect to the 

reference is 24.12 %, 18.98 %, and 19.67 % for RCP-C, RCP-D, and RCP-LAB, 

respectively, while at 120 days, the reduction is only 7.58 %, 7.60 %, and 7.13 % for 

RCP-C, RCP-D, and RCP-LAB, respectively. Regarding the 70PC30MK paste, there is 

a similar trend; for 1 day, the reduction is 21.92 %, 16.63 %, and 17.34 % for RCP-C, 

RCP-D, and RCP-LAB, respectively, while for 120 days, it is only 6.17 %, 6.20 %, and 

5.71 % for RCP-C, RCP-D, and RCP-LAB, respectively. It is possible to establish that 

the elastic modulus of the 20 MK+10 RCP pastes is statistically equal to the reference for 

7, 28, and 120 days, independent of the source. The results prove the synergistic effect 

between MK and RCP, although MK does not have a significant influence, nor does it 

contribute to a considerable reduction, since the filling effect and pozzolanic reaction of 

MK compensate for the dilution effect of RCP. 

The results of the 10MK+20RCP combination show an increase compared to the mixtures 

with 30 % RCP, and a reduction compared to the reference and the 70PC30MK paste. 

The greatest decrease in the elastic modulus occurs at 1 day of age, and the lowest 

decrease is found at 120 days, 12.95 %, 11.94 %, and 11.67 % for RCP-C, RCP-D, and 

RCP-LAB, respectively. It is important to note that the results are statistically similar to 

the reference (120 days) and the 20 MK+10 RCP pastes (28 and 120 days). When the 

results are compared to the 70PC30MK paste, the reduction percentages are comparable 

to the reference at all ages; for example, for 120 days, the decrease is 11.63 %, 10.60 % 

and 11.34 % for RCP-C, RCP-D, and RCP-LAB, respectively. When comparing the 

results of the three sources of RCP by age, it can be concluded that the values are similar, 

and there is no significant difference (p value>0.05). The synergistic effect between 
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MK+RCP can also be verified in this combination; however, to a lesser extent. This is 

due to a higher RCP content, where the formation of hydrated products of the pozzolanic 

reaction is limited, only comparable to the reference's elastic modulus at 120 days. 

Cantero et al. [93] assessed the dynamic elastic modulus of RCP mixtures containing FA 

over a period of 365 days. The results show that the values increase with curing age, 

attributed to a higher degree of hydration and the reactivity of FA in the presence of RCP. 

These findings are correlated with compressive strength. 

The combination of 20 MK+10 RCP presents the best results compared to the MK+RCP 

pastes, exhibiting similar values (significant) to the reference after 7 days, confirming the 

results of mechanical strength. Additionally, the 10MK+20RCP combination also 

exhibits values similar to the reference at 28 days, but all remain significant for 120 days. 

The study has demonstrated the negative impact of RCP on compressive strength and 

elastic modulus. Although it was found to improve early hydration (Subsection 4.3.3), it 

has no significant effect on long-term compressive strength and elastic modulus. The use 

of a combination of MK and RCP has shown the potential to enhance mechanical 

performance by leveraging the chemical and physical properties of these materials. Thus, 

incorporating MK and RCP in concrete can be a feasible alternative with the potential to 

replace up to 30 % of Portland cement. The mixture of 20 MK+10 RCP outperforms the 

reference in terms of mechanical performance. The mixture of 10 MK+20 RCP presents 

comparable mechanical performance to the reference, utilizing a higher quantity of RCP 

and presenting a more sustainable solution. In this context, both combinations 

demonstrate superior technical and environmental performance as compared to the 

reference mixture. 

 

4.3.8 Microstructure  

Figures 4.17, 4.18, 4.19, and 3.20 show the SEM images of the references (100PC and 

70PC30MK), RCP-C, RCP-D, and RCP-LAB, respectively. For the ages 1 and 28 days. 

As with other investigations into the use of RCP in cementitious matrices, it was possible 

to detect different hydration products [71,87,148]: AFt (particles with elongated shape), 

CH (hexagonal distribution), and the C-S-H gel formation. To confirm the presence of 

hydration products, a SEM-EDS analysis was conducted (Figure 4.21). The points for 

analysis were determined based on the morphology of the hydration products. The results 

confirm the presence of CH, AFt, and C-S-H, and also reveal the presence of quartz 

particles from RCP. This corresponds with findings from previous studies [23,247,248] 

that indicated the elemental chemical composition is indicative of the presence of 

hydration products. 

The 100PC and 70PC30MK pastes' microstructures appear denser than the RCP+MK 

mixtures. For 1 day, several hydration products are distinguished in the 100PC mix; on 

the other hand, for 70PC30MK, the presence of C-S-H and CH gel is observed. For 28 

days, in the reference mix, the presence of C-S-H, CH, and, in a lesser amount, AFt can 

be noted, a situation verified with the results of XRD (Subsection 4.3.4) and TG 

(Subsection 4.3.5). In the case of 70PC30MK, C-S-H gel is observed, but not the presence 

of CH. This is attributed to the pozzolanic reaction of MK with CH to form C-S-H gel, as 

well as C-A-S-H (a secondary hydration reaction) [63,74]. Although CH was not 

detected, the amount of CH is reduced for this curing age, as presented in the XRD (Figure 

4.8b) and TG (Figure 4.12) results. 
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Figure 4.17. Microstructure of the pastes: a) 100PC (1 day), b) 70PC30MK (1 day), c) 

100PC (28 days), and d) 70PC30MK (28 days). 

 

 
Figure 4.18. Microstructure of the pastes: a) 70PC30C (1 day), b) 70PC20MK10C (1 

day), c) 70PC10MK20C (1 day), d) 70PC30C (28 days), e) 70PC20MK10C (28 days), 

and f) 70PC10MK20C (28 days). 

 

Pastes with RCP present an open microstructure, especially for 70PC30RCP mixes, 

regardless of the source. This is because RCP reduces the amount of hydratable 

components and produces a loose microstructure, which leads to a decline in the 

mechanical properties of cement-based materials [60,148,152]. These findings can be 
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confirmed in Subsections 4.3.6 and 4.3.7, where mixtures containing 30% RCP, 

regardless of its source, presented the greatest decrease in compressive strength and 

elastic modulus. The RCP and MK mixtures already improve the microstructure of the 

pastes compared to the 70PC30RCP pastes once the CH reacts to form C-S-H, 

compensating the amount of hydrated products. The latter can be verified in the SEM 

images of 1 and 28 days, where it is possible to detect CH at the age of 1 day; whereas 

for 28 days, CH detection is not possible. This enhancement in the microstructure of the 

RCP+MK mixtures can be confirmed through the results of compressive strength and 

elastic modulus, as the mixtures with RCP+MK equal or exceed the reference a with 

greater curing time. Other authors have used SCM as FA and SF, which increased C-S-H 

gel due to the nucleation and filler effect, thereby improving the compactness of cement 

matrices with RCP [192]. The SEM images at 1 and 28 days for 100PC and 70PC30MK 

exhibit a larger quantity of hydration products in comparison to the other mixtures. A 

loose and porous microstructure is noticeable in mixtures with a higher proportion of 

RCP, along with several quartz particles (RCP). Nevertheless, as the MK content and age 

increase, the paste microstructure becomes more compact, with the mixtures of 

70PC20MK10RPC showing similar characteristics to the references (100PC and 

70PC30MK) at 28 days.  

 

 
Figure 4.19. Microstructure of the pastes: a) 70PC30D (1 day), b) 70PC20MK10D (1 

day), c) 70PC10MK20D (1 day), d) 70PC30D (28 days), e) 70PC20MK10D (28 days) 

and f) 70PC10MK20D (28 days). 

 

It is important to mention that the RCP particles, mainly quartz, are surrounded by 

hydration products, even as the hydration progresses (28 days), indicating the filler and 

nucleation effect of the RCP [55,60,75,84], a result attributed to: a) the first hours of the 

hydration reaction (Subsection 4.3.3) and b) the synergistic effect of RCP+MK, 

demonstrated in the TG and compressive strength results (Subsection 4.3.5 and 4.3.6). 

Although the RCP results in low activity due to a higher content of inert components, it 

could have a filling effect in the pores and fissures [58,152,193]. Yang et al. [75] pointed 


