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This study examines the properties cdmentbased materials incorporating
Recycled Concrete Powder (RCP) and Metakaolin (MK). It assesses their impact on
hydration, physicaimechanical properties, and durability, including a detailed analysis of
particle size distribution. A mix design strgyewas developed for normahnd 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 mated@tsonstrating 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 quan@¥W 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 flvever, it is difficult

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

Generally, C&DW has beedistinguishedoy two particular featurest) the merging of
various resources, such as concrete, brick, wood, plaster, and ceramics, among others [6],
and b) asubstantial capability for reusegcovery, and recyclinfy]. However, only a

minor quantity of C&DW is recycled [8], while the remainderdisposeddirectly in

dumps and/orsanitary landfills without supporting handling, leading to negative
environmental effects [5,9,10]. As a result, a neeaktluce recycle, and reuse C&DW

in a sustainablevay must be addressed [11].

Despite C&DW having a heterogeneous composition, numerous studieseipavied

that waste products from concrete such as Recycled Concrete Aggregates (RCA) may be
used successfully in construction, with various specifications existing to regslase
[12,13,1416]. 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 condretelatter isdue tothe
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 Te193,1

The production of Recycled Concrete Powder (RCP), a very fine fraction with a particle
size less than 150 um, is obtained during RCA production, and is estimated to be around
3% of the total amount [20]. RCP has been reported to contain £8E0, AFt, AFm,

CH, GSH and unhydrated cement particles, making it a suitable Supplementary
Cementitious Material (SCM) [223]. However, its use is limited due to having a
relatively large mean particle size (D50>75 pm) and reduced reactivity [24].
Neverthéess, reearch has shown that using RCP at lower percentages (<20%) and a
smaller particle size, comparable to Portland cemlate positive effects othe
mechanical properties of cemdydsed materials [10,25,26].

Alternatively, Portland cement (PC) production has been observed to accow@%or 7

of global greenhouse gas emissions-287, making it one of the materials with the
greatest environmental impact within the construction industry [30]. To reduce the
assaiated 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 fostatge



production and cost savings, as well as environmentally beneficial due to waste reusage
and substantial reduction in G@missions [34]. Additionally, SCMs have several
technical benefits, including a substantial scientific body of work concerningtdomg
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)ratdral pozzolang35,36], which

has led to search for alternative materials in order to redugee@@siong37]. In this

sense, RChas 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 matricef39]. Despite this, théigh-waterdemand and irregular microstructure

of its particles result in the reduction of rheological properties in cebe=m®d materials

whilst using a particle size larger th&PR can reduce mechanical strength and durability
[40,41]

In order to improve the performance of RCP in cenfimsied matrices, various treatment
methods have been proposed, such as thermal, carbonation, and alkaline activation, as
well as mechanical (grinding24,42]. 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 usk ternary mixtures, which allow for a
synergstic effect between the materials, thus improving the performance of ceamsed
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 largestiaée
evaluation ofcementPortland, RCPand 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) metigydol
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 phmesttanical
assessmerih mortars, both for ternary mixtures of Portland cement, RG& 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 igxpected 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
inporosityand t he enhanced distribution of phase
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, MK6és ability to refeffecste t he p
of RCP, patrticularly its higlhvater demand and irregular microstructure, thereby



improving the workability, compactness, and ldagn performance of the cementitious

system. From an environmental perspective, this research may contribute to reducing the
reliance on Portland cement, |l eading to |
sustainable approach to construction and demolition waste management.

1.2Objetives

The primary objective of this study is to assess the feasibility of producing cementitious
materials using ternary mixtures of Portland cemetycled Concrete Powd@RCP),

and metakaolifMK).

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

1 To analyze Recycled Concrete Powder (RCP) from three different sources
(construction, demolition, and laboratory) and assess its reactivipastes,
mortars, and concretes.

1 To investigate the hydration mechanisms of Portland cement, RCP, and MK in
cement pastes.

1 To evaluate the physical, mechanical, and durability properties of mortars
incorporating Portland cement, RCP, and MK.

1 To develop a scientificalpased dosage methodology for concrete, optimizing
the cementitious matrix to enable a redu

1 To assess the lortgrm mechanical, physical, and durability performance of
concrete containing RCP and MK.

1 To determine the environmental impact of these concretes through a
methodological Life Cycle Assessment (LCA) analysis.

1.3 Text organization
This study is structured intelevenchapters, each addressing different aspects of the
research:

1 Chapter 1: Introduction 7 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.

1 Chapter 2. General methodologyi This chapter presents the overall research
approach adopted in the study, including the experimental design, selection and
characterization of materialsand performance evaluation methodd also
describes the structure and interrelation of the subsequent experimental chapters.

1 Chapter 3: Systematic literature reviewi 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 mechanisans, mechanical
performance of RCP in cementitious matrices.



Chapter 4: Hydration of cement pastesi 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), anr@yXdiffraction

(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 micpys(SEM).

Chapter 5: Physicatmechanicalassessment ainortars i This chapter presents

an evaluation of the physical properties (water absorption, capillary absorption,
density, and void index) and mechanical properties (compressive strength, tensile
strength, ancatlastic modulusof mortars incorporating Portland cement, RCP,
and MK.

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

and ternary blendsi 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, compresssieength, splitting tensile strength,
elastic modulus, water absorption, density, void index, and capillary absorption.
Chapter 7: Mechanical and durability performance of mortars under
accelerated carbonation condition§ This chapter investigates the behavior of
Portland cemeinRCR MK mortars subjected to accelerated carbonation for 180
days. The physical properties and mechanical properties are assessed. The
carbonation depth is also determined to evaluate theteyngdurability of these
mortars.

Chapter 8: Proportioning and evaluation of normal and high-strength
concretesi This chapter assesses the properties of ternary blends of Portland
cement, RCP, and MK in the production of nons@éngth and higistrength
concretes, with target compressive strengths of 30 MPa and 60 MPa, respectively.
The CPM is applied to optimizéné mix proportions, aiming to enhance the
physical and mechanical performance of the concretes.

Chapter 9: Life Cycle Assessmerit This chapter conducts LCA of the concretes
developed in Chapter 8, considering the main environmental impact categories
and proposing ecefficiency indicators to evaluate the sustainability of the
mixtures.

Chapter 10: General discussiorn 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 syneigipotential as partial cement
replacements. The chapter also reflects on the broader implications for sustainable
construction practices.

Chapter 11: Conclusionsi This chapter summarizes the main findings of the
study, discussing their implications for material performance, sustainability, and



potential applications in construction. Additionally, it highlights limitations and
future research directions

Article -basedformat
This thesis follows an articleased 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, whichhghare t
materials characterization necessary for the study.
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General methodology
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ticle packing to maximize the compactne:
sequently decrease both water demand an
red properties. The CPM approach takes
physical characteristics of tohpet icnoanhp one
portions that ensure more efficient wuse
reasing the density of the granul ar syst
i ronmentally efficient, as nittendl laonwds tfho
unt of Portland cement needed.

this study, CPM was applrieadttho (30e MBRiay d
strength (60 MPa) concretes, foll owing the
opti mal packing density: Esti mati onmof the
water content required to achieve the desir
proportions: Ad}tuasgtgmeengta todf -bat nhdd evbaitnedre r os t o
targeted mechanical and durabil iomy @gest onmga
for compressive strength, water absorption
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shrinkage, chloride penetration, and overal
reduction in Portland cement content throug
compromi sing concrete perfor mance. Thi's a |
shhsequent sustainability assessments conduc
2.6 Environmental analysis

To evaluate the sustainability of concrete
cement, RCP, and MK, a LCA was <carried ou
established by | SO standards 14040 and 140
guantiiofni coft environment al Il mpacts associate
extractodédnmnfteg emdhsi dering all relevant st acf
The use of LCA in this research responds t
i mprovements achieved through the use of RC
benefits. Vari ous i mpact categories wer e

envimeaohal i mplications of incorporating RCF
2.7 Relationship between chapters

To ensure a coherent organization of the di
this research, the thesis chapters (Chapte
i ndi vidual articles, each directlynaddi@ssi
t he i ntroduction (Tabl e 2.2) . Thi s struct
understanding of the behavior of t he ceme
hydration to their structural and environme
Each chapter was designed as an independen
l ogi cal progression in the generation of s

regarding the use basBRGPsymsdeMis.i n cement

Tabl &S&t2uzture of the thesis: chapters,
Specific
objective(s)

Chapter Title Main Methods and Tools

The utilization of Recycled Concret
Powder as Supplementary

i L SO1 and - :

3 Cementitious Material in cement SO2 Systematic literature review
based materials: A Systematic

Literature Review
Microstructure, hydration process
and compressive strength
assessment of ternary mixtures

Isothermal calorimetry, TG/DTG,

4 . S01, SO2 | XRD, SEM, compressive strengtt
containing Portland cement, )
elastic modulus
recycled concrete powder, and
metakaolin
Physicalmechanical Assessment t
5 Mortars including Recycled SOL, SO3 Physical and mechanical tests,

Concrete Powder (RCP) and SEM, property correlation analysi
Metakaolin (MK)
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Enhancing Mortar Performance: A
Comparative Study on Particle Siz

Grinding variation, mechanical an

1 : .
of Recycled Concrete Powder an SOSbiOS, physical properties, cement
Metakaolin in Binary and Ternary efficiency
Blends
Mechanical and Durability
Performance of Mortars with
Portland Cement, Recycled €O exposure, G
’ 4 .| S03, SO5 mechanical and physical
Concrete Powder, and Metakaoli roerties. SEM
under Accelerated Carbonation prop '
Conditions
Normat and HighStrength
Concretes'v.wth EC&HIFIent CPM model, mechanical and
Cementitious Materials: SO1, S04, hysical properties, durability
Proportioning and Evaluation of SO5 phy brop ' '
: . microstructure
Physical, Mechanical, and
Durability Properties
Life Cycle Assessment of
Sustainable Concretes with SO6 LCA

Recycled Concrete Powder and
Metakaolin
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Chapter 2
The utilization of Recycled Concrete Powder as Supplementary
Cementitious Material in cementbased materials: ASystematic

Literature Review
Journal of Building Engineerin¢https://doi.org/10.1016/j.jobe.2023.107319

Abstract: When producing Recycled Concrete Aggregate (RCA), particles smaller than
150 pm called Recycled Concrete Powder (RCP) are obtained. Various studies have
shown a potential for RCP usage as Supplementary Cement Material (SCM); however,
no systematization analysis of this information is available. In this sense,dhépter

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 Scienecamadyzed.

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 finspessic
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 cenakediatents less

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

and durability in cementitious matrices. Usage of other SCMs is presented as a technical
alternative to compensate RCP adverse effects. There is aorengital benefit for
construction industry in using RCP, especially when reducing éd@ssions. 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. C@treatment. Macrgroperties and micrstructure.

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, thishapteris intended to carry out an SLR regarding RCP usage, in order
to produce cemesttased 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) draverage particle size (D50) reported in literature. Subsequently,
RCP microstructure, chemical composition, mineralogical composition, and activity
index (Al) were characterized, mainly considering not only mechanical treatment
(grinding), but also thermal treatment and carbonation activities. The-properties of

the cement matrix including RCP, such as hydration, mineralogical composition,
microstructure, and porous structure are explained. Properties in fresh state mf ceme
based materials including RCP, such as workability, setting time, among others, are
presented. Results for mechanical properties in cebss#d materials including RCP,



13

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 fe PC ar
presented.

3.2 Research methodology

SLR considered articles during the last five years (Z802), mainly those works that
evaluated RCP, involving RPP and RMP as SCM and its applicabiltgnstruction.

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
ARecycled Concrete Powder o, i S erpeptiBasede nt ar y
Materialso and fAiCementitious Matriceso.
According to this research, 270 articles were identified; however, an exclusion criterion
was considered (Tab81) 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). Figure8.1 presents a connection map of main authors, while Figdre
shows the most frequent words in the titles and abstracts.

Table3.1. Exclusion criteria andelection of articles for SLR.

Criteria Description
Study purpose is clearly identified regarding RCP usage i
Study objective identification cementitious matrices and/or applications in the constructi
industry.

The articleprovides material characteristics, particularly RC
Methods used are consistent with current regulations.
Main findings are presented, values are available for analy
and results are described, compared, validated and/or explg
Contributions provided by the article to RCP usage in

Methods and materials

Results and discussion

Contribution construction industry are established, especially its potentia
as SCM.
Credibility The study was published |?a2tz$eC|aI|zed journal with an im

It is observed that main authors are Zhiming Ma, Jianzhuang Xiao;ChagLing 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 fom 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 Jounal 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
(Subsection3.3); physical, chemical, and mineralogical characterization (Se8t#n

and the main RCP treatments (Sect®8). A second part focuses on cementitious
matrices including RCP: micfproperties (SectioB.6); fresh properties (Sectidh?);
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mechanical properties (SectiBr8); durability (SectiorB.9); other applications (Section
3.10), and environmental evaluation (Secthl).

i vosviewer

Figure3.1. Density mapdentifying authors with most publications (VOSviewer
software).

6% VOSviewer

Figure3.2. 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 labecatairplled samples

with known characteristics, considering RCP, RMP, and RPP. It should be noted that
RCP catrolled production was used in 42.4% of published studies, especially for
concrete and paste (Figuse3). Studies43-48] evaluated all three types of residues in
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the same article, and in the case of Kim and Ja@gRZP 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 RCE&ementbased 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 ba langer

scale, due to its availability and sustainable approach.

Figure3.3. Origin of RP used in the literature.

3.3.2 Productiontechnology

Regardless its origin, concrete residue goes through a crushing and sifting process, which
produces RCA that all ows reusing differen
(<4.75mm) , and RCP (<150¢m) [ 20] . Al t houg
production, the man particle size is too large to be used as a mineral admixture or
replacement for PC f446]. In this sense, various investigations have proposed RCP
production methodologies, all related to grinding process. RCA and RCP production
process could be genérad into four stages (Figui@4) [2150-55]. In the first stage,

after selecting the material, cemdratsed C&DW goes through a jaw crusher, resulting

in a particle size of approximately 5 to 50 mbd,p5]. A second stage consists on using

a roll crusher to |l eave the particle size I
two procedures are CRCA and FRCA, respectively. For the third stage, a ball mill is used
to produce RCP, resulting in granulometrye s s t han 150 & m. Finall

consiss on using a planetary ball mill, where RCP would have a smaller granulometry
than PC (70.075 mm).

Studies may differ in number of stages, time, and equipment used. Generabgadhd
stage in which material resulting from the jaw crusher goes directly to a ball mill and/or
planetary ball mill, is disregarded [28,86-58]. In this sense, some investigations come
to consider only two stages in RCP productio&§Z]. For instance, Cheet al [63]
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used a jaw crusher and a planetary ball mill, while Quin and Ghai$éd a jaw crusher
and a ball mill.

Collecting/Separating/Preparation the concrete

waste from cement-based materials

Coarse Recycled Concrete Aggregate
(CRCA)~5-50 mm [SRR I

Second Fine Recycled Concrete Aggregate
stage (FRCA)~0.150-5 mm]

Recycled Concrete Powder (RCP)
<0.150 mm

Recycled Concrete Powder (RCP)
<0.075 mm I

Figure3.4. RCP production.

The ball mill is the most used equipment to produce RCP; however, other methods are
reported. Heet al. [25], Denget al [65] and Yanget al [66] used wet grinding to increase

RCP fineness. Wargf al [67] and Zhanget 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 netetudies propose methods to obtain a greater
decrease in particle size.

3.3.3 RCPgrinding 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 PG,#6,69]. These characteristics would help

to hydration reaction (nucleation), form new hydrated products, and improve material
compactness (filling effectpp]. RCP reactivity has been shown to increase with higher
SSA and fineness, timelated properties, and grinding typ®,f&B,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 50428@ randseveral
atypical points from 170 (minimum) to 86Ctkg (maximum). In the case of PC, data is

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

data points of 443.70 kg [37] and 493 rfikg [63]. In general, studies have used RCP
with higher SSA than PC, 36.71% on average. Tetra) [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.

Figure3.6 summarizes D50 of RCP reported in literature compared to PC. RCP presents
greater data dispersion, maximum and minimum values are 1254jrard 0.249 um

[68], respectively, and an average of 23 um, 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, H¢ al [23], Yanget al [66] and Dunet 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 um and only one outlier of 48.89
um, a value reported by Liet al [58]. A difference is observed in value dispersion for

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

On the other hand, several studies have used RCP granulometries below PC values
[38,44,45,46,65,67,69,72-80).
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Figure3.5. SSA of RCP and PC in the literature.
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Figure3.6. 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 um) was finer than RCP with
additions of siliceous minerals (D50=8.42 um), which was likely due to the limestone
being softer than the siliceous minerals, resulting in more efficient grindinget\&u
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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 (Figu8g). Xuet 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 25min. Sunet al.[82] performed a threéime grinding process (25, 50, and 75

min), where there was a significant change in D50 during 25 and 50 mirns lsetise,

authors such as lat al. [53] and Dunet al [71] also showed that grinding efficiency
decreases exponentially when increasing grinding time.

Heet al. [23]
! Heet al. [25]
L Zhang et al. [77]

\ Yang et al. [43]

] Chen et al. [62]

| Chen etal. [63]
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Figure3.7. 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 patrticles need to be as
fine as possible to improve their reactivity and performance in celpaesed materials
[40]. However, energy consumption must be considered in order to avoid increasing
producton costs and having negative effects on the environment. By using Bigaired
recommendations from various studies, it can be concluded that 20 to 40 nurtable s
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, Dergt al.[65] managed to reduce D50 from
29.5 pm to 490 nm and Wargg al. [67] from 142 um 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. Yargal [66] used a D50 of 2.3 um to obtain an adequate
dispersion of the particles, avoiding agglomeration. Zhetra). [68] obtained prticles
of 249 nm (D50) in 90 min of wet grinding and Eteal [88] obtained particles of 1.28
pm (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 conggler
applicability on a large scale and to define the necessary precautions for handling
nanoparticles.

3.4. RCPphysical, chemical, and mineralogical characteristics

3.4.1 Microstructure

RCP particles are characterized by having an irregular shape, a rough surface, and
micropores [23,4,73,83,85,89,93-95]. They could also present cleavage surfaces and
microcracks [B], as opposed to other SCM, such as FA and SF, whose particles are
smoother and more spherical [2398B,96].

An irregular particle shape is detrimental to mixture fluiditg,6,97] and micropores
present would increase water demarj92,98], 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 §0,77]. On the other hand, Yarg al.[99] and Suwan and Wattanachanp)
indicate that the porous texture of materials can lead to water absorption aegusmbs
internal curing.

RCP particles are also characterized by presenting various hydrated compe@rds: C
AFt and CH (Figure 3.8a) from a primary hydration process
[3944,55,58,61,77,96,101,10F; CaCQ crystals (Figure3.8b), due to carbonation
process, and/or coarse aggregates present from concrete residd@®i471,103,104];

SiO; crystals, derived from sand in cementitious compouns$¢3%1,96] (Figure3.8c),

and unhydrated cement particles, which have the potential to participate in a new
hydration reactiond0,101,105.

Figure3.8. Microstructure and RCP components: a) hydrated prod&jt)pCaCQ
[47] and c) SiIQ[96].

Residue origin affects microstructure and compounds present in the RCP. For instance,
when considering three RP origins (concrete, mortar, and paste) (Biguré-S-H gel
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and SiQ 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 orig@&7[74,75].

Wet milling affects microstructure and diameter of RCP particles, resulting in greater
refining and homogeneity [25@8] (Figure3.10). Wanget 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 specifitasa area, compromising its use for

high percentages.

AT P 2
e
# N

Porous < (.=

AACWI VR R :
Figure3.10. RCP microstructure: a) before and b) after wet grinding. Sd@&je:

3.4.2 Chemicalkcomposition

RCP chemical composition is similar to that of cemespgcifically Portland 42.5 and

32.5 types, which is used in approximately 80% of the studies. Main oxides in RCP are
CaO and SiQ whose contents vary depending on residue origin and the type of aggregate
used in concrete (Figu11) [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 SiGdue to fine aggregates present in RCIB,1E0].
Subsequently, CaO and28k follow; CaO is a result of hydration products, unhydrated
cement particles, and Ca{45,89,109]. Xiao et al.[55] and Yanget al.[66] emphasize

a highcontent of oxides present in RCP (CaO, S#0d AbOs), such as several SCM,
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which would indicate a possible reactivity6[@6,111]. The presence of amorphous $i0

and AbOs3 particles may promote a pozzolanic reactidf48,86,87]. However, CaO, a

main RCP component, is present in the form of calcium carbonate, which would prevent
its participation in a new hydration reactior j4v].

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 highec&n@nt than cement,

due to the high content of sand in the mortar. In RCP; &@ CaO stand out due to sand

and natural aggregate contents, respectivedy4j@74,75]. Some authors 569,106

found that, despite every RCP sample has a chemical composition similaradb Riaat
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 SiO

70.00

- ] Ca0
60.00 + RCP [Cement Portland
50.00 1+ |
40.00 + Fe20s Si0:
30.00 +

20.00 + | I

10.00 +

Percentage content (%)
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CaO Si0:  AlLOs Fe:0s S0 MgO Na.0 MnO TAN:s SO Lol

Chemical composition

Figure3.11. 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: Fe203 30Al+ SiG;, 70%. However, the
maximum Loss on Ignition (LOI) requirement, 6% §1113], 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 Ca@@esent in RCP [669,80]. It is important to

note that not all studies report complete data, particularly LOI, which is necessary for the
classification ofthe material as pozzolanic. However, it can also be observed that
although some RCP may have a®£+ Al2Os3 + SiO; content greater than 70%, they do

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

3.4.3Mineralogical Composition
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RCP mineralogical composition is complex due to different mineral phases present in
cememtbased materials, which alternate between crystalline and amorphous sijtes [10
Mineralogical composition is usually determined byay diffraction (XRD), wherein
existing phases and their approximate relative content are identified through signal
position and intensitygp).

In RCP, peaks consistent with quartz (8i@nd calcite (CaCg¢) 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-26@43,61,65,71,77,94,114]. The quartz and
dolomite peaks are attributed to fine and coarse aggregate particles, respectively,
produced during concreterushing [4%,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 4246,47,61,68,71,72,84,87-89,94,95,105,114,116-118], where the most
significant peaks come from carbonation process in concrete (long &fmipwever,

calcite peaks and other carbonated aluminates may also be attributed to carbonation
during grinding and/or material storagH], since grinding process increases the contact
area between calcium tisoxide and air, thus producing carbonatio8] [6

Some studies 7[1,75,102 have shown Si® particles, which depending on their
crystallinity or amorphism, may have a filling effect or participation in a hydration
reaction, respectively. This would benefit mecharst@ngthn cementbased materials.
Whereas, the presence of calcite may redu&idduction period and participate in its
hydration process. Diffraction peaks for calcit&][&nd silicaaluminate minerals [/
promote hydration by providing additional hydration sites and reaction with hydration
products [19], which produces carlmoaluminates that hinder AFm productio,[&4].

On the other hand, crystalline phases of hydration products such as portlandite as the main
hydration product found in RCP [22,80,72,77,84,105,114,116,117,120-122], AFt
[37,68,72,77,105,116,117,120,121]; C-S-H [37,60,67,102105,121], initial hydration
products, gismondine and Phillipsi@a [62,65,88,89]; monocarboaluminate 7p];
tobermorite [25,8,66,67]; monocarbonate (Mcyf], and hemicarbonate (Hc33| 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 unhydrateghtparticles,

and SCM present when residue is originated (FA, SF and/or Mineral Powder). The latter
promotes hydration reaction that consumes CH and for&41J97].

Other studies have identified unhydrated cement phase§, @S, GAF
[22,44,68,78,84,97,105,116,117,120] and albite (NaAiSi308) [7,81]. These results
indicate cement particles that may react again to for&HC[60,97]. Although similar
minerals are reported in literature, intensity is determined by originated residue. Intensity
in unhydrated cement crystals@and GS) and CH were stronger in RPP, while
intensity in quartz and calcite was higher in RMP and RCP, respectidély |
47,68,72,74,75,95,106]. On the other hand, the unhydrated cement particles depend on
the initial w/c ratio othe residue; it is expected that a low w/c presents a greater number
of unhydrated particles 9. 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 detectton [6
67,88,123,124]. This phenomenon ettributed 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 (Al)
An Al is an important indicator to assess reactivity in SCK8. [In literature, the most

used standards for this purpose were ASTM C312][INBR 12653 [1B], GB/T 1596

2017 [1Z], EN 4501 [126], GB/T 17671 [12] and JG/T 486 [18], which relate Al to

mechanicalstrength However, this relationship is not a complete indication of its

reactivity since physical filling and other RCP effects contribute to mechastiealgth
[66,129]. In this sense, tests of a chemical nature to determine thé&/Al7[88], through

the regulations GB/T284Z005 [130] and BS EN 196:2011 [B1] are also reported.

As described in sugections3.4.1 and3.4.2, RCP is mainly composed of calcium and

silicon oxide, and it additionally presents Aoydrated compounds (S, GS, GAF,

among others), which indicates a reactive potential. TaBlpresents a summary of the

studies with Al, 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 Al.
Table3.2. Activity Index reported in literature.
. Standard compliance | No standard compliance
Al required
Standard %) Reference | 28-days | D50 average | 28-days | D50 average
Al (%) (em) | Al(%) (em)
[39] [42-46]
GB/T 1596 70 [53 [58][61] | 75.95 15.39 62.42 66.9
[72] [74] [79]
BS EN 4501 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
IG/T 486 65 [109] 75.7 2.4
[23] [60] [66]
No reported 87] [89] 73.29 24.45

The most widely used standard is GB/T 158®17 [125], followed by the EN 45
[126] standard, which have been used simultaneously in several studies. In general, it can
be noted that the minimum Al requirement is met when the D50 is reduced. An average
achieved

D50
requiremen
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was
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Figure3.12 confirms the trend that the finer the material, the higher the Al is present. Wu
et al. [44] used four RCP granulometries (finer, fine, medium, and large), thus

demonstrating the smallest particle size improves Agtlal [53] used fine and coarse
RCP with an Al of 75 and 67%, respectively. Horsakultid [reported a high Al

a
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(87.2%) in 28 days for a D50 of 8.22 um. Oliveetal. [104] found the same trend,
where RCP with the lowest D50 (22.27 pm) was close to reaching the minimum Al of
75% required by NBR 12653113. Conversely, Yanget al [66] reported an Al of
approximately 100% with a D50 of 2.3 um. Authors associate this result to microstructure
densification (filling of ultrafine particles). On the other hand, Btal.[71] indicated a

low Al (57%) for a D50 of 9.5 um, a situation attributed to hydration of every ¢é&Gient
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.
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Figure3.12. Activity Index versus D50. Source: [39,4246,53,58,60,61,66,71,73
75,87,89,104,109,132].

RP origin also has an influence on Al. RPP has a lowenAlpared to RCP and RMP,
since it presents a greater amount of hydrated products, mostly inert, which prevent
secondary hydration from being promoted-§6,74]. Wu et al [44] indicated the Al 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 ofaé®i®AbOs; 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 Al, further periods
present values higher than those specified, for example: 91 and 369 38|aytojvever,

as observed in literature, Al depends on RCP physical, chemical, and mineralogical
characteristics34.1,3.4.2, and3.4.3).

3.5. RCPtreatments

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 SCBB[4350,60,105]. At high temperatures (>500

°C) water release (free and bound) and decomposition, for both hydrated prod8ets (C

H and CH) and calcium carbonate are presemth, depending on treatment temperature
range, may generate highly reactive elemesitsl P2 109].

For temperatures of 35400 °C, ettringite and <&-H diffraction peaks decompose, and

CH is presentq0,59,60]. For 6068650 °C, peaks attributed to CH decomposition and
partial calcite decarbonation, as well as peaks8f GS, and norcrystalline dehydrated
phases, were found. These particles have the potential to become a pozzolanic additive
and/or active filler 43,50,60,61,1065,133,134]. Letelier et al. [103] demonstrated that
content of RCP phases varies according to treatment temperature (400¢ @D aC),
regardless particle size.

For high temperatures (8a®00 °C range), peaks of active components (CaS, &d

C3S) and calcite decomposition (CaO+£@ave been detectedd,4360,61,89,103]. Sui

et al [109] detected peaks of active materials, calcium silicates and larnite (Ca3SiO5 and
Ca2SiO4) at 800 °C. However, Zhaagal [89] detected these same compounds in a
400600 °C range. Letelieet al. [103] observed gehlenite and bredigitite (dehydrated
cement) at 900 °C. On the other hand, anhydrous gypsum, ranquinite and am8i@bhous
detected at 1200 °@8,60,61].

Unlike RCP without thermal treatment, the microstructure at48ID°C isdenser due to
decomposition of hydrated products (CH aneé5€) and part of calcite3957,3)]
(Figure 3.13). For 4001000 °C temperatures, RCP particles are denser, which is
attributed to new compounds formed on the surface of RCP patrticles that connect with
each other 4360,61,109,13]. However, at 1200 °C, RCP patrticles soften, and no
hydration products are present. This could be beneficial for fluidity but would weaken the
nucleation effect in cemeiiased material4B,60,61]. As temperature increasd3CP
particles become finer and rounder, but from 750 °C, there is a progressive union of the
finer particles reducing the surface area [37]. Zhetrgg. [89] indicated a larger particle

size up to 800 °C.

Figure3.13. Microstructure of thermdieated RCP. Source3]].
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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
[37,13]. However, in Figure3.14 there seems to be a tendency towards an increase in
particle size, up to 66800 °C, with subsequent reduction, which suggests particle
agglomeration and particle coarsening [37]. On the other handt 8luj109] found that

particle size increased at 600 °C but decreased at 700 °C. Authors attributed this
phenomenon to <S-H decomposition, SSA and porosity of the original mix. According

to data provided in literature, it can be stated that temperature influar@&®is not
conclusive and depends seaveral factors.
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Figure3.14. D50 versus temperature.

Regarding chemical composition, main oxides hold similar contents, both for an untreated
RCP and another exposed to different temperatug8996,103], 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 benefits6®)105]. However, there is an
efficiency threshold with respect to treatment temperature-71680°C). Figure3.15
summarizes Al values reported in literature when RCP was exposed to different
temperatures. The highest Al value was 107% at 650 °g].[$0Qi et al [109] stated that

RCP at 700 °C may meet class Il of GB/T 17677/]:2G/T 486 [13], but 600 and 800

°C temperatures resulted in a lower Al. On the other handetvdl [43] and Wuet al

[6]] indicated that Al is relatively high at 66D0 °C. Howeer, at higher temperatures
(1200 °C), thermal treatment is not beneficial. These values are consistent with physical,
chemical, and mineralogical characteristics previously descré»d (3.4.2, and3.4.3).
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 ohiRCP, t
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
accuragly ascertain the environmental benefits of thermal treatment.
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3.5.2 CQ Treatment

Another widely used treatment is carbonation curing for RCP. Recent research has shown
that carbonated RCP improves microstructure, mechanical propertiedyiauity of
cementbased materials §6120,121] and represents a sustainable source for €apture

[137]. According to Mehdizadelet al [120] and Monkmanet d. [138], carbonation
reactions occur when water is present. They are descriliegl 211-2 4.

Ca(OH}y+CO, Y  C a&H20 (2.1)
3Ca0-2SiQ-3H20+3CQY 3 C a-ZS@y-3H:0 2.2)
3(3Ca0-SiQ) + (3x) CO+yH.O0 Y x C a-@HG+H3K®) CaCQ (2.3)
2(3Ca0-SiQ) + (2x) CO+yH.O0 Y x C a-@HG+H{2®) CaCQ (2.4)

In the first equation, CH present in cementitious material reacts withdd@m CaCQ.

The other equations refer to a reaction of main calcium silicate phases to forra&@alCO
C-SH.

As described in subtitle 4.3, main XRD peaks resulting from RCP were: CH, ettringite
(AFt) and some nohydrated cement phases; while carbonated RCP present a minor CH
peak (which could completely carbonate) and CaCés the main peak
[97,116,117,120,121,129,132,139], followed by aragonite [21] and dolomite [13].

These results indicate that CH, AFtSCand GS, present in RCP, react with €10 form
CaCQ during carbonation process P,239]. These results were also verified by -TG
DTG, whereRCP presents a greater mass loss at5D@0°C range, related to dehydration

of hydration products; while carbonated RCP exhibits a greater loss of mass0650

°C range, and CaCflecarbonation [14,117,120,121,129,132,139]. On the other hand,

Wu et al [129] identified RCP carbonation process as efficient at 100 °C during 30 min,
resulting in highly crystalline CaGO

CaCQ present in RCP fosters forming calcium aluminate hemicarbonate (CAHC),
calcium aluminate monocarbonate (CAMC) and stable AFt. These characteristics may
improve the performance of cemdrdsed materials 1. Mehdizadehet 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, Figusel6 presents D50 results before and after a treatment with
C0O,. Mehdizadetet al [116] found that D50 was similar for both untreated anc-CO
treated RCP, but there were differences in particle size ranges. In geadrahated
RCP is fine, attributed to the formation of smaller CgC@stals, which are smaller and
result in a good particle distribution4@). However,Wu et al [97] indicate that D50
resulting from carbonated RCP was 11.3% higher than D50 from untreated RCP, due to
increased CaCgXsolid phases and silica gel. Kaliyavaradiearal [132] also indicated

that RCP granulometry treated and not treated with &® similar; but formation of
CaCQ crystals may contribute to increasing particle size, althdgwgbuld improve RCP
uniformity.
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Figure3.16. D50 before and after G@eatment.

Carbonated RCP microstructure is denser, less porous, and +&lugead compared to
untreated RCP (Figu®17a), as CaCgand silica gel fill micropores and voids/a32].

Fine and crystalline calcite could contribute to nucleation process and growth of hydration
products in cement compounds 1B11]. Furthermore, Wiet al [129] demonstrated

that carbonation generates vaterite crystals at 20 °C; calcite crystals are distinguished at
10(°C, and calcite crystals are agglomerated at°C4@hus forming a more stable and
dense structure (FiguB17b). In general, carbonation process increases SSA, as it forms
very fine CaCQ@ particles and crystallized silica gel, whicdduces capillary pores and
mean pore diameter [6129,132]. On the other hand, using a Scanning Electron
Microscope (SEM), Ouyargt al [139] stated that carbonated RCP is similar to untreated
RCP.
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calcite

Figure3.17. Microstructure of: a) CQreatment [13] and b) calcite and varetite
formation [12)].

Al presents a significant improvement when using carbonated RCP compared to
untreated RCP, reaching 75% during 7 and 28 dayd.[A®3 interaction of GA (PC)
and CaCQ (carbonated RCP) forms calcium carboaluminate hydrate, which favors
developing compressive strength at early stagekl].[1At a higher carbonation
temperature (140 °C), Al increases (greater than 100%), especially at initial ages (up to 7
days). This is a situation attributed to nucleation effect and hydration acceleratiors(CaCO
and GA) [ 129]. Vaterite produced at initial stages may accelerate hydration due to its
greater hardness, particle size, solubility, and lower stability. However, at latersperiod
(14 and 28 days), the effect of calcite nucleation on cement hydration is less evident (Al
less than 100%) [12142].
The authors have focused on £@atment 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 g@s RCP represent a source of calcium and have high
availability (waste). However, the technology for f@atment is expensive and limited
to largescale industries [, which could reduce its applicability, as it is a subject that
is still under constant investigation.

3.5.3 Other treatments

Wanget 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 padles, which settle on RCP surface, causing a double effect: filling of
RCP pores and providing nucleation sites for cement hydration (FR3gL8® 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 attribtiexreasons:
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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.

Zhanget al [89] used chemical activators to speed up hydration and hardening process
for RCP: alkalis (CaO and Ca(Ohand salts (N&sQ: and CaS@. A combination of
Ca(OH) and CaS@in a 1:1 ratio yielded the best Al (80.27%) due t3"'C&Q? and

OH', which promoted the formation of acicular Aft amatanglement to fill the gaps. In
addition, OHstimulates RCP pozzolanic activity, thus forming more comp&gtand
improving mechanicatrengthof compounds.

3.6. Microproperties of cementbased materials with RCP

3.6.1 Hydration

Incorporating RCP promotes early hydration, below 30 min B84576,79,91]. In
thermaitreated RCP (up to 900 °C), early hydration can be promoted up to 481hin |

RCP improves heat evolution rate and reduces induction period, thus increasing heat in
hydration accumulated during the first days [85/6,81,105,110,143,144]. This is
attributed a nucleation effect in RCP to foster hydrated product formation and improve
hydration degree in PC [259,139]. However, at older stages, released heat
accumulged is lower, and indicates hydratipromoting effect weakens over times{6
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 releage/$91]. Between 5 and 10% of RCP
presents reaction kinetics similar to reference and a greater hydration heat accumulated
in 6h [@)]. 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 hydratior2aft€ri
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the other hand, Het al [25] and Liuet 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 +sdita (NS)

with RCP increased heat flux rate and ém@ded appearing exothermic peaks, since NS
worked as a precipitation nucleus and growing hydration products, thus acceleg&ting C
dissolution [%].

Figure3.19 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 hiax peak, a negative trend is denoted; the higher
RCP content, the maximum peak is reduced.

Heetal [25]
Chen et al. [62]
Deng et al. [61]
Wang et al. [114]
Wuetal [129]
Heetal [25]
Chen et al. [62]
Deng et al. [61]
Wang et al. [114]
Wuetal. [129]

Time peak heat released variation (%)
Heat flow peak variation (%)

0 IIO EIO BIO 4I0 SIO
RCP (%)
Figure3.19. 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[39]. Chenet 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 cemenrbased materials. lgt 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 P&§8,144]. 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, Steehaking slag (SS) and Phosphorous slag (P&) He et al. [25] found

that hydration heat in coarse RCP (D50=142 um) is lower than those treateet by
grinding (D50=4.1 and 2.3 um). Early acceleration was attributed, besides nucleation
effect, to loose ions and alkalis during wet grinding procedure §R5y@&nget al [66]

and Wanget al [67] also reported the same results by using RCP nanopatrticles. 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 evif&8jt 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 [258].

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) andhcalciu
aluminate phases in cement 7l4Xiao et al [55] indicated acceleration in hydration
reaction is not only due to fineness, but also to reactive oxides present en8i8bOs.
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 ] . P et al ¢1&0kreported 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 m&3rial [
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 treatntgnt [10

Xu et al [8]] 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 @t 80w eéver,

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 [3,10

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 GaG@Qvas also
observed that releasing accumulated heat increased (72h) in cement pastes including
carbonated RCP, due to Cagdacelerating €S hydration and ¢\ in cement. Simérly,

Yu et al [79] indicate the main RCP compound is CaC®hich can accelerate:E
hydration and have aucleation 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 Cagjfarticles (nucleation effect).

Figure3.20 summarizes the variations in accumulated heat in relatitve t@ference. 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 TAntents are higher (0.78%), accumulated heat

in hydration decreases [4]1 Wanget 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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Figure3.20. 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 treatmést [25,
47,60,64,65,68,95,97,106,114,116,120]. Main compounds detected include: CH
[25,37,38,4347,55,62,64,65,71,75,78,84,89,90,97,106,110,114,116,120,121,1 29,148],

calcite (CaCo) [25,3739,43
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 (Sie) [25,3843
47,55,56,62,64,69,71,75,80,84,90,94,95,114,149], as well as diffraction peaks in
anhydrous calcium silicates 4& and GS) that are reduced as age of cementitious
matrices increases62,64,65,68,84,106,114,116,120,121,129]. In fewer studies, the
following have been reported: crystallizedSH [58,62,94,106,121,149], varetite [14],
tobermorite [@,150], CAHC [106,121], CAMC [106,116,120,121,129], gypsum §3,71],
dolomite [71], tobermoritg25], sodium calcium aluminosilicate hydrate (NCASH)J[L4
mica, kaolinite and feldspar 36 In cementitious matrices including RCP treated with
TA, no other characteristic peaks are observed, thus indicating TA does not generate new
products or compounds [4]L

CH and AFt are attributed to PC hydration [Z574,78,114,121], although CH can also

be attributed to residual CH in RCP8[T14]. Calcite is due to carbonating hydrated
products (such as CH) and introducing RCP (or aggregates)
[37,38,4,62,64,65,69,71,78,97,120,121]. C3S and GS come from unhydrated cement,
which indicates cement hydration has not been comple#®@8[®13,121]. Detected
gypsum also comes from cemeiit] Quartz is produced by fine aggregates present in
RCP [38,4,45,56,62,64,71,75,114,149]. Other mineral fractions such as dolomite
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[56,64,71], tobermorite [B®,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 [29,4347,56,61,62,64,75,96,97,110,121,129]. On

the other hand, a reducing CH diffraction intensity could also indicate a greater cement
hydration [6,116,120]. CH may be consumed by active particles in RCP, which are
activated during the grinding process and act as pozzolans [24%5180,151]. In this

sense, the following phases formed during pozzolanic reaction were detected:
tetracalcium aluminate hydrate (C4AH13), carboaluminate hydrate (C4ACH11), and
ettringite [6)].

Diffraction intensity in AFt and €5-H are also reduced when increasing RCP content,
indicating a decrease in Al and Si levels due to R&BEP4]. 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
[38,39,4361,62,74,75,94,120]. Depending on the coarse and fine aggregates that the RCP
originates from, diffraction intensity in quartz and calcite varids4A55,149].

XRD results described above are similar to cementitious matrices including RCP
thermally treated at a temperature up to 6003%4061]. Realet 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 gyps6Md1,148] and amorphous SiO

[43] were observed.

Using carbonated RCP weakens CHSCand GS maximum intensities, which would
indicate a better cement hydration. On the other hand, carbonated RCP increases CaCO
diffraction intensity and CAHC and CAMC. Ca@Q@ormation is caused by CH
carbonation and AFt transformation into stable AFm, thus refining porous structure in
cementitious matrix [14,120,121,129].

Even though XRD results indicate that the mineralogical compaosition 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 CaG@ the carbonated RCP [@120].

3.6.3 Microstructure

In cementitious matrices including RCP, hydrated products such as ettringite, CH, and C
SH (Figure 3.21a and3.21b) are detected [38®50,62,64,65,67,69,72,78,90,148].

CaCQ crystals from RCP were also observed (Fig&2lc) [®]. In general,
microstructure of cementitious matrices including RCP is loose and porous when
compared to the reference [26,313,60,64,71,89,95,144,148,152]. The latter is caused by

RCP, thugeducing the amount of hydratable components in mixtures and, consequently,
decreasing hydration products, resulting in an inferior microstructdrég5,85].

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 dé2%5]. Using percentages below

30% RCP could not alter cement matrix and would even form a compact microstructure,
affected by physical filling [5,87,90,95,104]. This is caused by two mechanisms: a)
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increasing contact ratio between water and clinker (by the same wi/c ratio) to generate
space for hydration products, and b) increasing nucleation sites for hydration products
(fine RCP patrticles) 149]. In this sense, fine particles present in RCP such as §aCO
C-S-H and other hydrated products, act as nucleation Sifies0p]. In the new cement
matrices, RCP particles are surrounded b$-B (Figure 3.21c), proving filling and
nucleation effect promoted3,44,61]. Additionally, quartz and calcium pasles in RCP

have a relatively high microhardness that further enhances a filling effedf][4. Topi |
and Pr d]gark ouf thiat RCP would improve hydration level, since RCP low
density does not restrict any access to water, thus having fewdrydoated cement
grains.

50.0um

Figure3.21. Microstructure in cementitious matrices including RCP: a) hydrated
products 72, b) ettringite formation{2], and c¢) RCP particlsurrounded by &-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 [2313,46,58,61,85,87,95]. 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 latterlse @&xplained by rapid
hydraton caused by RCP fine size, which leads to microstress and, consequently,
microcracks [8,152].

The finer RCP forms, the more microstructure densifié8895]. Heet al [25] reported

that microstructure including RCP was dense, similar to the reference for D50=2.3 pum.
Denget al. [65] found that very fine RCP (D50= 0.59 um) could generate a denser
microstructure than the reference, where pore structure was refined by a higher amount
of hydrates and a filling effect (FiguB22). 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 matrix7p 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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Figure3.22. Fine RCRenhanced microstructure. Sources|[6

Thermal treatment is effective in improving microstructure of RCP cementitious
matrices, even at high RQbercentages6p,81,89]. However, treatment temperatures
higher than 1000 °C soften particles (Fig8r&3), 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 étlhteported RCP thermal
treatment from 300 to 900 °C provided a cementitious matrix with better microstructure
than untreate®CP. Other authors recommend that RCP particles be treated in a 600 to
1000 °C ranged0,89] in order to form matrices including a denser microstructure than
the reference, since higher temperatures (1200 °C) are adé#se [

Besides physical filling effect, RCP may participate in hydration side reactioBk [15
Hydratable components in cement matrix (CH) may react with amorphous silica present
in RCP, thus improving hydration level446,75,87]. 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 compactit@4]] CO. curing
favored microstructure in cemebased matrices including RCP4]6 Although using

RCP could weaken cement hydration, using graphene oxide (GO) may compensate these
effects and improve hydration degreedL4n this sense, itis 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 cemased composite$3,154,155]. Pore
diameter can be divided according to its influence on cement matrix durability as follows:
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harmless pore (<20 nm), leBarmful pore (2660 nm), harmful pore (5@00 nm), and
more-harmful pore (>200 nm) [65157].

As RCP content increases, total pore diameter and volume grows
[39,4344,46,52,53,58,60,64,73,75,80,84,87,90,94,107,121], especially the harmful and
moreharmful pores39,47,61,63,114] (Figure3.23a). Cheret al [63] reported 10% RCP
increases harmless pore content and decreaseshanonéul pore content, but 40% RCP
presents adyv e retsak[76) recemumerd sising Bprta2§% RCP, since it
maintains constant porosity. Vit al [87] reported a higher pore refinement and denser
microstructure in ITZ with 15% RCP, higher percentages (30 and 45%) had negative
effects. Several author39,4344,46,47,58,61] have demonstrated the adverse effects on
porosity in mixtures with 30% &P (Figure3.23b and3.23c). However, the appropriate
amount of RCP needs to be assessed in a particular wap|[Z8y7example, Heet 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.
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Figure3.23. Pore size distribution a) at different percentag8lsgnd thermally treated
by b) Maet al [39], ¢c) Wuet al [61] and d) Wuet al. [43].

Pore volume increase is caused by decreasngent content and increasing RCP (less
reactive material) [@5242,84,158], in addition to RCP porosity and highater
absorption that represent less cement hydrat@®46,47,52,53,58,61,84,107,121].
However, as curing age increases, porasityld be reducedbp,64,72,73,121], due to a

greater matrix hydration over timé&3,72] and RCP particles present in capillary pores

that absorb water and connect the por&3p).

On the other hand, RCP fineness has a direct influence on pore structure because a fine
RCP could refine the pore structure [2546,63,68,80,90,94,110] (Figure 3.24a). This
modification is due to a) filling effect rather than pozzolanic reactiorbBXs8,80,86]
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and b) nucleation effect, contributing to a more complete hydration rea68@&3][ He

et al. [25] reported an RCP with a D50 of 142 ym had a negative effect on pore structure
due to its fineness and pore structure, while for a D50 particle of 2.1 um, a pore refinement
was present (Figur8.24b and3.24c). 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 irhaondul

and harmful pores {#46,63].
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Figure3.24. Pore diameter: a) during 12 h and 28 dagk [ 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 generatesmsalmparticles that refine
capillary pores in the mixtures (M0 nm), thus reducing the maximum pore diameter.
For matrices including RCP treated with @ was observed that pore volume is similar

to the reference in the 11 um range, which is attributed to the filling effect and
hydration acceleration when calcite is preseft].1

Thermal treatment is beneficial when improving porous microstructure in cementitious
materials. At a proportion of 30% RCP, 800-ti@rmal treatment hadlawer 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 por&$J. Similar results were reported for 50% RCP
treated at 600 and 800 °6(] (Figure3.25). Wuet al [61] also indicated pore refinement

for mixtures with RCP treated up to 900 °C (Fig8r23c). However, it is reported that
using RCP treated at 1200 °C has an adverse effect ontpdsesause RCP particle
softness weakens its filling effeetd,60,61] (Figure3.23c and Figur&.23d). Reakt al

[37] and Wuet al [43] recommended that RCP be treated in a 600 to 1000 °C range to
produce pore refinement in cementitious matriceseial [81] indicated RCP thermal

and mechanical activation is efficient in order to reduce cement matrix porosity, with the
best results achieved for-bdin grinding at a temperature of 750 °C.
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Figure3.25. Size and distribution of pores fomntreated and therm#deated RCP(0].

Finally, using other SCMs such as FA, SF, and NS may significantly improve porous
structure of cementitious matrices by pozzolanic reacti@68p On the other hand,
accelerated carbonation cure for cementitious matrices is efficient in reducing porosity,
since CaC®is more effective in filling the pores46L34].

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 thwatch
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 includindRCP

3.7.1 Workability

In general, workability decreases when incorporating RCP due to its highly porous and
an irregulasrough microstructure, which increases SSA eaugses strong hygroscopicity

and increased demand for water B9146,49,53,60-
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 $72,93,159] (Figure 3.26). However, at higher RCP percentages
consistency loss is significant 9443]. Thermaltreated RCP, at 65000 °C, also
reduces consistency, whichatributed to higher RCP water demadd,$0]. Additional

SCMs (FA and SF) usage in adequate amounts may either improve or have a slight
negative influence on consistency.
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Figure3.26. Consistency variation concerning the reference and RCP usage.

As fineness [8,53,61,120] and RCP percentage §41,77,98,120,143,152] increase,
fluidity reduces significantly and requires a greater amount of wa89(0,98]. In this

sense, Wt 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 presene® df Eluidity also decreases

with the se of thermatreated RCP, up to 800 °G9 i 900 °C p1], due to
decomposition of hydration products, increasing SSA and formation of new active
components in RCP (CaOp&and GS), thus increasing water demai®,p1]. On the

other hand, Kalinowsk&Vichrowskaet al [105] were able to maintain fluidity with
thermally and mechanically treated RCP, at 650 °C in 60 min, respectiveitréxed

RCP increases fluidity when compared to untreated RCP mix8d20). This is due to
CaCQformation, which fills RCP porous structure by reducing water demaicilad.

Wu et d. [129] indicate RCP treated with G@t 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 Cag@blymorphs. Conversely, high contents of RCP
treated with CQ indicates a greater presence of CaC@hich would increase water
requirement and, therefore, reduce fluidit2Q61]. Figure3.27 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 [Z152,55,59,84,96,148], regardless RCP
fineness $3]. RCP rough surface increases friction between particles and increasing
water demand reducesrkability of these mixtures [21,38p Figure3.28a 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 studies3 2&juixe



41

100
RCP [46.60,61.63.69.98.105,110,120,143.150]
80 4 300 °C treatment [61]

& 600 °C treatment [61]
< 60 A 900 °C treatment [61] g
gl 1200 °C treatment [61]
= 40 4 CO: treatment [120.129]
= I O  CO:treatment [116]
S 204 Lineal (RCP [46.60.61,63.69.98,105,110,120.143,150])
- .
= Lineal (300 °C treatment [61])
= 0+
= ‘
g
é 20 71 ® RCP/y=-0.388x - 2.552
= - RZ=0233

40 1 & CO: treatment/y =-1.053x + 4.295

3 RZ=0.492
-60 — T S e O A —
0 10 20 30 40 50 60 70 80 90 100

RCP (%)

Figure3.27. Flowability variation from baseline including RCP use.

(55
f=]

(=]
(=]
}

—_
(=]
I

[=]
I

—_
[=}
|

Slump variation (%)
. b
[=]

L
[=]
I

'

=

[=]
I

i
S

40

o
o |
<)

60
RCP (%)

309
. 26.67
20
i 13.85
104
~ ,
X C
e L
= 0T
=]
E=| [ -4.90
E L
;. -10 1
o 13351379
a C
g 201 -20.00
= :
73} [
=30 1
: -40 {f -40.00
80 100 C
50 £

Figure3.28. Slump reduction of slump when using RCP: a) dispersion of results and b)
representation in boxes and whiskers. Source5]1A42,49,52,59,107,117,152].

In general, thavorkability 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. Howevey literature also indicated some solutions to improve workability of
mixtures including RCP. Wet 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 lubricanteéo redu
internal friction p1,93117]. Ma et al [60] and Mehdizadelet 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 finahjich is attributed to fine particles
(nucleation effect) [378160,65,68,72,80,90,91,143]. The greater the amount of fine RCP
(containing CS-H, calcite, among others), the more setting times are reduced by
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promoting hydration (nucleation), since fine RCP contains more 6&6v[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 obse8}ed [15
Figure3.29 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 RCRs there
considerable increase in the setting time, particularly for the final setting time.
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Figure3.29. Setting time variation versus RCP. Source: 258160
63,67,71,72,91,107,129].

Regarding origin, Wit 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 anchon-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 Denget al. [65] and MorenaJuezet al. [69], initial setting times were
similar within assay error (5 min). Regarding final setting time, Rxrad) [65] indicated

a tendency to acceleration due to Ca@igh content and RCP fineness. However, initial

and final setting times tend to prolong when increasing RCP size and conte@igR5,4

63], Figure 3.29 indicates this increase is significant from 40% RCP.eHal [25]
demonstrated that coarse RCP (D50=142um) prolonged setting time, agdpos
smaller particles (D50=2.3 and 4.1 um) where setting time was shortened .dLi{b8]

and Wuet al. [61], unlike Houet al [143], indicate 30% RCP prolongs setting times
because loose and porous RCP structure absorbs part of free water, resulting in
incomplete hydration. Liet al.[58] and Cheret 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 pdgsent [
However, Reaét 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 weakefigd Treatment
including CQ at 100 and 140 °C reduced setting time, due to the carbonation products,
thus generating more nucleation sites9J12

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 [25293107] were within a
standard range of 4.5 + 1.5% according to ASTM C94/C24Ml [1&]. Air content
values reported in the literature with regard to the reference is presented in3Bgure
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Figure3.30. Air Content Variation. Source: [29,52,93,107].

3.7.3.2 Frestdensity

Using RCP reduces density in fresh state when compared to P8D,$2159,93,107],
attributed to RCP irregular nature, porosity, and low density, as well as a lower cement
content, resulting in fewer hydration products §2], Realet al [59] point out greater
demand for water in RCP mixtures promotes less compactness and greater air
incorporation, thus decreasing density in fresh state. Bagdg450] 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 partiglgs [

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 suffdc8unet al [152] also
reported the same effect on viscosity in T500 flow time affidriviel time tests.

3.7.3.4 Waterequirement
The higher the content of RCP, the more water demand increast3125,159], which
is attributed to RCP irregular shape, rough surface, and fin€3®3%][ Hou et al [143]
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also indicated this increase is due to the microcracks and micropores of the R&P. He
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. Chatnal [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 3Dqui#idction

[143].

3.8. Mechanical properties of cemenbased materials withRCP

In general, there is a reduction in mechanical properties when using RCP that presents a
decreasing trend as percentage for replacing PC with RCP increases32338
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 phasesSGnd GS) [2352,58,61,71,72,74,93,116,120] and

low reactivity in RCPparticles #3,49, 53,58,72,93107], which causes less formation of
hydration products and a reduction in cement matrix compactness (porous microstructure)
[23,2439,4347,49,55,58,60-62,75,79,85,102110,116,120,163]. 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 cemdydsed materials [21748,102116,152].

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% [25,389155,63,66,67,75,79,90,94,95,109,117,120,121,144,149,165],

and b) if particle size is smallfilling 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, élal [23] demonstrated 30% of RCP only presented
3.91% reduction in CS during 28 days, attributed to RC80%), 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 and2fiénd
unhydrated cement particles, which react to form new hydrated produ@dg; C
[23,99,63,73] and carboaluminate§?,166]. Secondly, very fine particles (less than 10
pm) have a filling effect, and may accelerate cement hydration by nucleation, densifying
microstructure and, therefore, improving mechanicatrength [23,25,9,
63,66,67,72,73,75,80,121,165]. However, the filling effect has a greater influence at early
stages $0,56,59,67,73], and larger particles have low reactivity and little filling effect,
resulting in a significant reduction in compressive strength {246460,66,72)].
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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 aits,eHilgaire

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. Gothteehand,

for higher percentages, the average variation between 7 and 28 days is similar, indicating
high RCP amounts would not affect cement hydration process.

40

3 days/y =-0.735x + 0.166
R*=0.535
7 days/y =-0.836x + 2.332
20 + R2=0452

_~—~
e 28 days/y =-0.872x + 0.936
s RZ=0.466
= 91 days'y =-0.938x +2.116 3 days
e 0 A A R*=0.490
= 7 days
= A 365 days/y = -0.904x - 1.142
= A [ R?=0.523 A 28 days
= A i
E 220 4 X ﬁ 91 days
EJJ 365 days
v Afﬁ A Pt Lineal (3 days)
% 404 » B0 Lineal (7 days)
=] =
2 g 3% ............ Lineal (28 days)
§ 0 1 ﬁ <] e Lineal (91 days)
= Lineal (365 days)
s &0 2
o A

-80 1 A %

pat
AR
A
-100 L L L " . L L " L L L " L A ‘4} N g
0 20 40 60 80 100
RCP (%)

Figure3.31. Compressive strength versus RCP percentage. Source: 391425,
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 compressisteength due to early acceleration; an effect that
slows down at later stage$]66,68,76,79,88,90]. Zhanget 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 [38,85,75,79,86].
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Figure3.32. Compressive strength during 7 and 28 days. Source: [29,25,
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 daysg42,106]. CaCQ comes from natural aggregates and
carbonation during hydrated phases in cement paste. It may react with cesdnt C
form hemicarboaluminate and monocarboaluminate phasé$ [@@ the other hand,

SiO; and AbOs present in RCP (in addition to its microhardness and density) may
participate in pozzolanic reactiord[46], thus improving CS in the long term, especially

in RPM [45]. Other authors already indicate RPP has fewer negative effects on CS
becausetihas a greater amount of unhydrated cement particles, which may participate in
a new hydration reactio®(,103].

RCP thermal treatment also improves cementitlmased CS composites when compared

to untreated ones [30,61,81,89,105,110]. Some authors have pointed out the best
results were presented in a 6000 °C range [34,3,50,105,109,110], which is attributed

to RCP morphological change and formation of new anhydrous compounds (CH
decomposition in CaO) [343], thus generating nucleatimites. The latter accelerates
hydration and improves mechanical behavid1,109,110,166]. Other authors
[39,4381,89] recommend a 75Q000 °C range, where the largest active components are
formed: CaC® decomposes into CaO, and hydrated products decompose>Hhtan@

CsS, which may patrticipate in a new hydration react8$h43. However, treatment with
temperatures above 1000 °C is ineffective for CS due to RCP smooth microstructure,
decomposition of hydration products, and inactive gyp<t81110]. Figure 3.33 presents
variation results for compressive strength versus themmesaled 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, F&y84ecompares 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 besw&00 and 900 °C.
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Figure3.33. Variation in compressive strength versus percentage of thzgatdd
RCP. Source: [389,4350,60,61,89,105,109].
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Using mineral admixtures together with RCP may improve mechanical performance in
cememtbased materials. SF, FA, GGBFS and metakaolin (MK) may compensate for the
negative effect caused by cement dilution, since it leads to form@&gi@nd CA-S-H

gels, n addition to pore refinement due to the filling effect,{#,62,75,82,93,96].
Although it is indicated that FA may have positive effectsG#, these are minor
compared to other mineral additions, since FA has a larger particle 5j4¢,62,93].
Utilizing other materials such as NSJ&nd GO [14], including residues such as RBP
[47], also showed positive results. Figu:85a shows variation results for compressive
strength using different SCM, with an average reduction of 11.26%, but also positive
values (Figure3.35b).
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Figure3.35. Variation in compressive strength in RCP mixtures using SCMs: a) data
dispersion and b) boxes and whiskers. Source:
[21,23,4,55,58,62,63,65,75,82,84,86,93,96,152].

As with thermal treatment, a higher CS is reported in cementitious composites including
carbonated RCP than untreated RCR1%6,117,120,121,129]. CS increase is caused by

a greatenumber of nucleation sites and porosity reduced by Ga@€@icles present in

the matrix (filling effect) [16,120,167]. On the other hand, CaG@ RCP may react

with clinker tricalcium aluminate ($8\), preventing ettringite transformation into
monosulfoaluminates (stabilization) and forming CAMC, which accelerates CS at early
stages [16,117,120,121,129,168]. RCP treatment with CDis effective for particles
below 75 pm and up to 130% replacement 120]. Figure3.36a presents the results

of the variaibbn of the CS versus the percentage of RCP treated with &&@ecreasing

trend is observed with the increase in the percentage of RCP. It is observed that the CO
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 RTCIR88%
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compared to the RCP treated with £Q.61%, demonstrating a significant improvement
(Figure3.36b).
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Figure3.36. Compressive strength variation versus-@€ated RCP percentage a) data
dispersion and b) boxes and whiskers. Soureg976116,117,120,121].

Another important aspect is the carbonation temperaturest\Vali[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 C@increases CS, due to chemical reaction in hydrated produ@s (C

H and CH) including Coto form CaCQ, particles which reduce material porosity][6

Other studies indicate RCP treatment with TA may improve C4.[Ohce in an alkaline
activation system, up to 30% RCP, positive results in CS are preséit [1ging
polyvinyl acetate (PVA) fibers with RCP increases CS, since the fiber is hydrophilic and
provides good bonding with the cement matri&|[7

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 andti€@&tment 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 cemremsed 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 [23,383,46,47,50,55,60,63,69,72,74,78,82,85,91,93,97,103,150]. Other

authors even reported improvements, $%,82,86,110,144]. FS loss mainly occurs in the
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first days, but this loss is minor at later stages due$or€duction, which is responsible

for developing initial mechanicatrength 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 Sunret al.[86] indicate 30% RCP

has minimal influence on FS, while Gabal [56] point out reduction is significant at

40% RCP. However, other authors indicate using up to 508éclmically feasible,
depending on its applicatio8%,97,101]. Figure3.37 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 reductiorflexural strength is low after 365 days. However,

R? is not significant (0.011), and few data are reported in literature for this stage. In a
more specific analysis for 7 and 28 délygure3.38), 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 28ay average is gater than fay average, and the opposite trend is
present in CS (Figur@32). The latter allows verifying FS loss occurring during the first
days and decreasing at later stages.
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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
[38,55,74,77,82,85,86,144,10]. RCP filling effect reinforces cement matrix and
improves resistance to tensile stress, which is reflected in FS res@isUsthg RCP

with PVA fiber decreases the maximum bending load and increases maximum
displacement by bending, thus presenting a strain hardening phenomenon, mainly
including small parti@ds and high RCP volumes4]7 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 studiesg®3] 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% RCB][IHEgure 3.39a summarizes

FS variation results in mixtures including RCP and SCMs, with an averad@.88%
(Figure3.39b).

FS results are positive when RCP is treated, both thermally and by@&dus authors
recommend an activation temperature in the 600 to 1000 °C r&0ge,L05], due
calcium oxide formation, which consumes free water (w/c reduction) and may participate
in a new hydration reaction. These statements are verified in F3gte 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 lowestdRfew ata.
However, Reret al [37] and Maet 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.



Figure3.41 compares the variation in flexural strength and RCP treatment temperature.
For percentages below 10% RCP, a linear trend (not significant), without influence by
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Figure3.39. Variation in flexural strength in RCP mixtures including SCMs: a) data
dispersion data and b) boxes and whiskers. Sours&g][63,67,78,82,86,93,96].
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RCP thermal treatment on the FS is observed. For percentages up to 30% RCP, a
temperature rege (6001000 °C) presenting minor variations may be distinguished;

however, it is only a nesignificant trend. For other RCP percentages no clear trend of
values presented in literature is available. It is expected that a low replacemenggercent
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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 wjith CO
positive results have already beeported in FS, since carbonation process has increased
CaCQ patrticles that may improve mechanisaength[97].

20

y=-0.005x-2.273 }'275E705X1—0.070X741.003
R2=0.280 R2=0.069
—_— 0 7
0]
\oi e e e e s s O
S o S SR S |
- D
=
£ 20
g
-
g
-
=
Fﬁ -40 T
=
W
=
wn
= -60 | o 0-10% RCP
E 11-30% RCP
; 31-60% RCP
=N 61-100% RCP
------------ Lineal (0-10% RCP)
Polindmica (11-30% RCP)
=100

200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

Figure3.41. Variation in flexural strength versus treatment temperature. Source:
[37,4350,60,61,89,104,109].

Under flexural loading, there is no clear increase in {4 ultimate load when 10
30% RCP is incorporated, but 30% RCP increased -HBE ultimate displacement.
When RCP substitution level is 50%, both peak load and-BBE displacement are
lower than plan UHP-ECC [9%].

2.8.3Tensile strength (TS)

Like for previous mechanical properties, using RCP reduces TS, whether it is direct or
indirect (splitting) [8,55,59,77,79,84,96,104,107,152,163]. However, RCP impacton TS

is minimal when compared to C83. This negativetrend is attributed to RCP low
reactivity [107] and a dilution effect (forming fewer hydration products), which especially
impacts early stages 3®4]. Tanget 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 (180%) 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,$8]. Positive effects are explained by the
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pozzolanic reaction and RCP hardness greater th&HCwhich generate a resistant
micro skeleton [5,109].

Figure3.42 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. Figur8.43 verifies a TS reduction (on average}19.29% for 7 days,

and a decrease #0.74% 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.
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Using fibers could counteract RCP negative effects on TSetyal [79] report an
increase in TS including polyethylene (PE) fibers and 25% RCP, highlighting a tensile
strain hardening phenomenon. éti 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 dié@ behavior of cemesiased
materials, incgases ultimate strain, and reduces ultimate strésg4]4 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 tensiéobetue to
activity rate and microstructuregj

It can be ascertained that TS has not been widely studied in the literature. The proposed
treatments and SCMs used do not genersigréficant 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 cemebpdsed materials. Therefore, the use of natural and/or
recycled fibers could represent a viallternative 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 B1156,76,93,144]. 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 actj@g]. In thermal
treatment, when providing a denser structure, the negative effect of untreated RCP gets
compensated, and DEM has no significant impad&0].[ 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, @liadira

[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 present5[,56,87,88]. At lower RCP percentages (approximately 15%), a
decrease in carbonation depth when compared to the reference is obsgr\edd¢gRCP
particles have a filling effect that densifies microstructure, slowing dows D@y

[56,88]. Canteroet al. [5]] indicated that including 10% RCP showed no significant
increase in carbonation depth. However, for higher RCP percentages (more 886)25
dilution effect generates fewer hydration products (CH a$H), and a possible second

RCP hydration reaction would reduce CH content. This situation would causesra low
CO. consumption, together with a lower Cag@ontent, resulting in a loose
microstructure and facilitating carbonation depth,83]. These results are represented

in Figure3.44, 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. Figd4é& 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 stage28days) when compared to results for 28 days.
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Figure3.44. Variation in carbonation depth versus time.
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Figure3.45. Variation in carbonation depth versus the test age. SoGics6,B7].

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 requirentests, i
recommended to use a 10% RCP for this property (Figde® to ensure the durability

of the cementitious matrices.
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3.9.2 Freezethaw 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 resistance3Bgjure
[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 patrticles increasesfreszexpansion stres|8

Li et al [53] indicate resistance to freezing and thawing depend&weeral factors, such

as pore structure, saturation level, tensile strength, and cooling rate. On thandne

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 réensis
strength. These factors decrease resistance to freezing and thawing pros@sses |
However, Suret al [86] indicate that using spontaneous combustion gangue powder
(SCGP) may partially offset RCP negative impact on this property and, as R6&sfne
increases, other properties could be improssi [
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Figure3.46. Mass loss rate versus freg¢haw cycles. Source58,56,86].

3.9.3 Shrinkage

3.9.3.1 Autogenous shrinkage

Autogenous shrinkage strain and stress significantly decrease as PC substitution with
RCP increases (Figut@47a) [23,4,79,80,88,97,110], 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 (FiguBst7b). A totalof 15% RCP
(D50=2.52 um) favored autogenous shrinkage reduction, but 5 and 10% RCP with the
same D50 were not effective (less than the reference) (RBgie).
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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 ag&4389174,98].

RCP filling capacity, nucleation effect, and low activity benefit resistance to drying
shrinkage in dydration process [461,82,85]. On the one hand, reduction in hydration
products (GS-H and CH) produces macropores and relatively little capillary tension. On
the other hand, inactive RCP patrticles act as a filler to resist capillary stress against water
loss, thus reducing drying shkage [4,61,75,80,82].

In order to achieve this positive effect, small percentages1d®b are recommended
[59,144,152]; however, 30% RCP percentage has been shown to be feasible in literature
(Figure3.48a) [4,61,75,82]. 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 [8,47,52,53,59,61,75,97,144]. Increase is linear at early stages (approximately

7 days), but growth rate decreases with time [8&453,61,85]. Realet al.[59] indicated

that using SP improves the dispersion and hydration of RPC and PC, thus leading to
densermicrostructures, greater rigidity, and less amount of evaporable water, making
40% RCP favorable for drying shrinkage.

Regarding the origin (Figurd.48b), RCP and RMP have greater resistance to drying
shrinkage than an RPP, due to their abundant quartz and ;Qadtixles of high
microhardness, as well as filling effect that restricts drying shrinkaggt7[45].
Regarding fineness, a coarse RCP is negative for drying shrinkage (E#4f8ce due to

its high porosity and water loss, which is an opposite result related to finer BG8.[4

RCP and SCGP combination led to a reduction in resistance to drying shrinkage, due to
increasing €S-H by the pozzolanic reaction, thus reducing macropores and increasing
micropores. Increasing capillary pores gives a higher capillary pressure and a greate
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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 GGB§35[4Using PVA fiber
reduces drying shrinkage with RCP (FigiB48d), as PVA fiber improves volume
stability and delays water evaporatios|[#inally, Wuet 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 evaporatiod][11
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Depending on the requirements needed, a high fineness RCP (greater water demand)
could release frewater 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 cerbased materials with drying shrinkage similar to that

of the eference.

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 corro§6d7[170,171]. In
general, substituting PC with RCP contributes to increasing transport properties, thus
affecting cemenbased material durability3p,5261,66,86]. 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 [4].

3.9.4.1 Water absorption

Absorption increases with RCP replacement rate, especially at high percentages such as
30-50% [3944,47,56,60,66,86,97,101]. 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 tragslaito an increase in pore size and
number, mainly harmful and mekarmful pores, thus opening routes for water
penetrabn. This leads to greater absorptiat8p4,61]. RCP particle size has a direct
influence on absorption; large particles have less filling effect and pozzolanic activity
[44,66].
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Figure3.49. Variation in water absorption regarding the reference. Source:
[39,4344,47,60,61,97].

Regarding the origin, Wat 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 Si@) Consequently, RCP and RMP microstructure is denser, while RPP
contains a greater amount ofSeH with a porous structure.

RCP thermal treatment may reduce absorption when compared to untreated RCP mixtures
[4360,61,105]. However, if replacement is greater than 30%, absorption increases,
regardless of treatment temperatu®][ Thermal treatment decomposes hydrated
products and calcite, thus generating active componep®: GS and CaO (CH and
CaCQ decomposition), which may participate in a secondary hydration reaction,
improving pore structure and decreasing water absorpg®361]. The best results
were presented ia 6061000 °C range39,4360,61,106]. However, for 1200 °C, the
results were similar tahose of untreated RCP due to smooth microstructure, low
nucleation effect, and weak packit[61].
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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 Cag>@as a beneficial effect on the pore
structure and water absorption7/J[9Using SCMs (MK, SF, FA and SCGP) or other
residues (RBP) in adequate proportions refines the microstructure and reduces water
absorption [4,86,97].

3.9.4.2 Capillary absorption

Capillary absorption coefficient rises with increasing RCR,6¢, mainly at high
percentages (>30%) ¢30] (Figure 3.50a). However, the finer the RCP is, a capillary
absorptionreduction 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 coefficiéf}. [Figure 3.50b summarizes
variation results for capillary absorption coefficient with untreated and thérezaéd
RCP, where, on average, thermal treatment is beneficial to any RCP percentage.
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Figure3.50. a) Variation in capillary absorption coefficient regarding the reference. b)
Thermal treatment for variation in capillary absorption coefficient. Source:
[3944,47,60,61].

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%) (Figure3.51a) and RCP sizes442,60,61,66,97]. However, sorption coefficient

and timevarying sorption both decrease with increasing absorption duration and
substitution rate43,44,61]. Thermal treatment may improve initial sorption and time
varying sorption yield when compared against a mixture including untreated RCP
[43,60]. Sorptian and variable sorption coefficients decrease when treatment temperature
is increased, thus presenting better results in al600 °C range (greater resistance to
water absorption¥3,60]. Figure3.51b 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 absorbéf [9
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Figure3.51. a) Variation in sorption coefficient regarding the reference. b) Thermal
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3.9.4.4 Wateintrusiondepth

Water intrusion depth increases as RCP is incorporated, which confirms mixture porous
structure $2,60]. Thermal treatment could be favorable for reducing watgusion
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 particlég,p1.

Using carbonated RCP decreases water intrusion depth when compared-to non
carbonated RCP . The use of SCM (MK, SF, and FA) or other pozzolanic residues
(RBP) may also reduce water penetrationy94].

3.9.4.5 Chloride lon Intrusion

Implementing RCP increases chloride ions due to higher diffusivity coefficients as RCP
increases39,43,51,64,82,85Low RCP activity reduces hydration products, increases
pore size and, therefore, porosit§9[43,64,8% However, adverse effects such low
activity could be compensated by RCP fineness improving particle packsgp]|[6
Zhanget al.[68] reported a chloride ion permeability reduction up to 4% RCP aret He

al. [88] recommended RCP percentages less than 10% to reduce chloride ion pegmeabilit
(filling effect). On the other handther researchers 7&8] point out AbO3 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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Figure3.52. 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 (CaQSCand GS), a temperature between

800 °C [98] and 1000 °C is recommenddd][ Higher temperatures (1200 °C) result in
adverse resistance to chloride ion penetration due to soft RCP microstructure and gypsum
formation §3].

A carbonation curing reduces chloride ion intrusion due to the greater compactness and
refined microstructure @, as CQ 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 fineB28S][

In general, water transport in cemdratsed 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 ag)daGdthe
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 cemeased materials, incorporating RCP reduces
thermal conductivity and increases specific heat capaditg(7,108]. Due to its greater
porosity, RCP may provide greater insulation and thermal inertia than conventional
concrete, which is within a recommended range for residential buildingd. [10
Conversely, Kinet al. [101] presented results for thermal conductivity and fire resistance
that were similar to the reference. Yaetaal [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 treatmdi® with
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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 mechamsictahgthinduced by TA

[114]. These results indicate that RCP usage at high percentages has an effect on the
durability of cemenbased materials, confirming the necessity for some form of treatment
to improve performance.

Nanaindentation test shows RCP increases-hgarated phase content, as well as pore
phase content. A total of 15% RCP reduces the average elastic moduh&Hingel,

while 30% RCP increases the average elastic modulusSiiH@or an UHPC matrix up

to 12.66% [23]. High density G-H (200 34 GPa) is not observed for 50% RCP, thus
being an adverse percentage for hydration products. On the other hardemsgly C

S-H increases after thermally activating RCP, as it helps hydration reaction, especially
RCPtreated at 800 °C. This presents results similar to paste without RCP, which are
higher than those containing untreated R&®R. [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 effést filling pores and providing a
dense microstructure [4]L

3.10. Gther applications

RCP may be used in ulttagh performance engineered cementitious composites {UHP
ECC) [23,B,95]. Heet 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, Yacet al [95] recommend 30% RCP to produce UHHEC with

good mechanical strength and ductility. ¥ual [79] used up to 50% RCP to develop
UHP-ECC, noting a significant reduction iautogenous 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 RGRJHP-ECC.

A sustainable 3D printed mortar (3DPM) including RP may be prepared. A 3DPM
including 1630% RP has good extrusion and buildabilityJ[lQianet 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 tHehs&CP.

Other investigators have studied RCP addition to Hienforced Cementitious
Composites (FRCC) @77,172] . For e x a mpl[E72] propbsE g pldsraa
treatment with polymer fibers and an improvement in theibatrix interface including

RCP, to improve synthetic fiber adhesion to cementitious matrix. Leangl [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 $rain-hardening FRCC characteristicA]7Li et al [77] reported RCP and

PVA fibers increase load capacity and crack resistance in-$aaje reinforced beams,
including StrairHardening Cementitious Composites (SHCC). On the other hand, the
authors also pointed out that it is still necessary to developoagetior 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 produceadtlad materials for
construction purposes. For example, Fabh@l [22] and Fanget al [173] proposed a
two-step carbonation process, usingGd a recyclable N&0Os solution, to convert

RCP into a) Caich waste and b) Sich gel. Both could be used as active filler in PC and

be part of a NaOH/N&iOz solution, respectively. In this sense, Ske¢ral. [174] also
propose a carbonation process to synthesize amorphous NS by extracting kaisen p
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)1Z7. When using

AA an improvement in ITZ is possible, with 30 um compared to 60 um (reference).
However, mechanical properties are lower than those for concrete with natural
aggregates, and a 40% increase in drying shrinkage is evidé&ht [lehget 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 tharsome results reported in literature. Kursefaal [177] reported an
improvement in physical and mechanical AA properties when RCP goes through a
carbonation process. brder 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 ferri&.[ARhough a
complete reuse of the RCP is proposed with a lower environmental impact, subsequent
studies could determine and/or estimate the reduction ye@@sions 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 syster9|.[14
Liang et al. [80Q] studied ultrafine RCP (D50=0.76um) usage in pastes including -alkali
activated binder (AAB), GGBFS and FA. Results indicated an increase in compressive
strength and a significant shrinkage mitigation. ketual. [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. Hi@l [83] used RCP and alkaline activators
(water glass and sodium hydroxide) to synthesize geopolymer specimensei\&ng

[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 putmsed 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 stabilization80]. Wanget 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. K&hdagd 1

RCP as raw material to produce high flexural strength ceramic tiles using spark plasma
sintering (SPS) process. Jiagttal. [122] substituted RCP with sand, thus highlighting a
filing effect and favoring hydration; however, at higher RCP percentages, drying
shrinkage increases, as well as pore volume and total porosity, while mechanical
properties decrease. Nagif 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 exampleetal [182] and Liuet al

[183] used RCP to remove phosphorus (P) from wastewater, whose potential depends on
waste origin, particle size, and thermal and chemical treatmengt Biu[54] used RCP

as an alternative desulfurization absorbent »(S&ntrol) to avoid limestone
overexploitation.Kaliyavaradhanet al. [132] studied CQ uptake in RCP, with the
maximum CQ 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 Cg&emission and energy consumption [2332387,88]. Heet al. [25] indicated

for 20% RCP of D50=2.3 um, both production cost and &@ission are reduced to 15%

and 17.5%, respectively. Although cost and.@@ission decrease when using a higher
D50 RCP (142 and 4.1 pm), it is not technically satisfactory due to a significant reduction
in compressive strength. ke al.[23] point out that, as RCP percentage RCP increases,
nonrenewable energy consumption (NREC) and carbon emissions per cubic meter
(kg/m®) by UHPC mix are reduced. However, lower percentages are recommended in
order to avoid compromising compressive strength.

Sun et al [82] indicate that higher COemission from RCP depends on energy
consumption required for grinding. G@&mission 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-cambonated region, which increases,@0sorption

and offsets C@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
requres grinding combined with calcination at 183850 °C #3]. 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 €fissions, in addition to consuming
fewer natural resources. Let al [48] evaluated cost and G@mission for concrete
including 10% RCP (D50=2.52 ¢&m) through a
production of 300000 #{local production plant). Results show a reduction in costs, solid
waste, cement consumption, energy, and €@issions. Authors indicate the annual cost
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of cement and COemission in a C30 concrete may be reduced in approximately 10
million Chinese yuan and GQ4000 t CQ, respectively.

All environmental impact analysis studies conclude that the RCP usage is sustainable,
mainly in reducing both C£emissions and costs. However, the need for indicators that
relate the performance of the materials to the emission eid@ighlighted, 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 limregarsng

RCP usage in cementitious matrices has been presented. Main conclusions are presented
below.

RCP chemical composition of RCP is similar to PC, with,®i€Ing the first component,
followed by CaO and ADs, whose contents vary according to residue origin. CaO is
produced by hydration products, unhydrated cement particles, and:Cati@ SiG

and AbOs 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. iFroealthe
activation, an 80000 °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. .Ctbeatment improves RCP
microstructure, making it less porous due to Ca@®mation. CaC®@ 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 |iibeezk

For RCP lower content (<30%) and greater fineness (D50<20um), 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. Fstsite density decreasdse 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 cbowws
aggressive agents (G@nd chloride ions). Active components in therntnahted RCP

(up to 1000 °C) may improve mechanistdength in the same way that CaG@ormed

by CQ treatment, has a filling and nucleation effect that favors mechaatrealgh.

Durability also has a decreasing trend. Higher content and lower RCP fineness leads to
the intrusion of aggressive agents C&nd 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 tensiotdsing SCMs may offset RCP adverse effects on
cement matrix mechanicastrength 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 ance@@sion 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 CleaneProduction(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 laboratoryn total, 13 different mixtures were evaluat@dhe 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 evaluat®y isothermal calorimetry,-Xay 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 elecon microscopyThe results show that RCP and MK influence the fresh
state properties by increasing both the yield stress and plastic visddtyadditions

also promote early hydration of Portland cement during the first hours; however, the
hydration rée decreases over time due to the dilution effébe quantity of hydrated
products tends to be comparable to the reference, except for calcium hydroxide, which is
reduced due to the pozzolanic activity of MAKhe 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 comfsing performance.
Keywords: Isothermal calorimetry. Xay 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[C&2,184,18h The

reuse of CDWs is highly recommended as a sustainable strategy to mitigate these negative
impacts, decreasing the amount of waste in landfil§. It is estimated that concrete
represents 30 % of the total CDW, being one of the CDW's main compqa8&s
Concrete waste can be recycled as aggregates by crushing and sieving, and the
classification depends on thpar t i cl e s i z mcycled drse 7aggregatm
(RCA); between 475 mm 150 Om, recycled fine aggregat
recycled concrete powder (RCIBE,61,188. Although RCP can be produced during the
crushing processes of recycled concrete, it is generally obtained through a grinding
procesg24,189.

On the other hand, Portland cement is the most widely used material in the construction
industry; however, its production emits approximatel§ % of the world's total C©O
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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
proposed19(.. Among the wide variety of materials proposed as SCM, there has been
extensive research into the use of RCP in recent {/&2y584.

I n general, RCP is composed of), byhted um car
products, and nehydrated cement particles, suggesting a potential use as an alternative
binder[114,19]. During the crushing or mechanical grinding process to produce RCP,

t he cement mi ner al phases, such as alite (
participate in the new hydration proc¢$82]. Conversely, the physical effects of RCP,

such as filling and nucleation in cement matrices, have also been highljgBig2].
However, RCP decreases the rheological properties of cdrasatl materials, which is

due to its irregular microstructure and highater demand40,4]. 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 cembased materials. According to ldeal

[29], a considerable decrease in compressive strength was observed when RCP was
utilized with a particle size of 142 um £§). On the other hand, for a&RCP of 2.3 um,

it was advised to use a maximum of 30 % replacement of cement by RCP without
compromising the mechanical properties. In a similar study, Horsaki8jaemployed

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 studyoGarek

[51] observed that the durability of cemdsstised materials is negativelypacted by

high amounts of RCP (~30 %), attributing this to a decrease in hydration products.

In order to improve the performance of RCP in cenfimsied matrices, various treatment
methods have been proposed, such as thermal, carbonation, and alkaline activation, as
well as mechanical (grinding)24,49. 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 paft&ledt is
recommended to use temperatures above 800 achieve smaller particle size and
generate reactive elements in the RGR,109. The use of C@treatment has been
demonstrated to enhance the microstructure of RCP particles (denser and less porous),
promoting RCP utilization87,14]. Mehdizadelet al [195 suggested that carbonated

RCP has a finer particle size than untreated RCP, which can be attributed to the formation
of fine CaCQ particles and an improvement in particle distribution. Kaliyavara@tan

al. [132 have indicated that the formation of CaC€an homogenize RCP particles,
leading to a positive impact on the performance of cenmmumitmatrices. In terms of
alkaline activation, Zhanet al [89] utilized chemical activators to enhance the hydration
process and mechanical properties of cerbased 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 (€5-H). Depending on the characteristics of the RCP, amorphous SiO
and AbOs particles may then react with CH to formSH and GA-S-H through a
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pozzolanic reactiof96]. 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 hydraxin1964. MorencJuez

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.etlali[143

pointed out that 10 and 20 % RCP can provide a higher initial heat flow. On the other
hand, Cheret al [197] 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 reppditgd]. Conversely, the
utilization of RCP could potentially result in lottgrm adverse impacts on the hydration

and mechanical strength of cemdiaised material$65,197. Therefore, in order to
enhance these properties, some studies have suggested the incorporationoofabdditi
SCMs, such as FA, SF, and metakaolin (MK), to R€R193. However, there is limited
research on cemeRCP 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 cemé®, Rnd 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 sadig wnd has

the potential to enhance the performance of cefnas¢d material§198,199. Thus,

using MK and RCP to prepare ceméiaised materials could represent a technically
viable and environmentally friendly alternative in construction indUgfry86,96.

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 RCPssource
is based on the assessment of material feasibility in relation to its availability. In the
literature, RCP has been evaluated from both C[B®,143 and laboratorytested
specimeng39,93. 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 [k 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 ternamytures, with the objective of
determining whetér 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 euwahted by isothermal calorimetry (up to seven daysjaydiffraction

(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, atudy 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 rexu 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 1B2Fcement (LafargeHolcim), MK
(Metacaulim do Brasil Industria 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@RCesidues of
hardened concrete from a precast plant; demolition (REPobtained from the
demolition of a hospital in Rio de Janeiro, and laboratory (REB), residues of
concrete gecimens tested in the laboratory. Initially, the material was collected after
sieving with a maximum size of 150 um. Subsequently, the material underwent a grinding
process for 30 minutes in a ball mill in order to obtain a particle size distributiantolos
Portland cement. This was established based on the recommendations of the literature to
use RCP as SCNR4,189. The cementitious materials were characterized physically,
chemically, and mineralogically. The particle size distribution was determined by laser
diffraction (Malvern Mastersizer® 2000Density was found using a helium picnometer.
The SSA was determined using Blaine fineness, according to ASTM [QROY The
particles' morphology was examined by scanning electron microscopy, using a
HITACHI-TM 3000 equipment. The chemical composition was found byayX
Fluorescence (XRF) using a Shimadzu ED20 spectrometer. The loss on ignition was
obtained following he recommendations of NBR NM1&01]. The mineralogical
composition was determined by-rdy diffraction (XRD) using a BrukeAXS D4
Endeavor diffractometer.

4.2.2Mix 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 literatjit¢,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 CQ emissiong202. Technically, although research has shown that legdl$

of RCP can have a negative impact on the performance of céased materials, some
authors have proposed an approximate range of PP4lt should be noted that the 30

% replacement also includes another SCM, MK, which has been recommended for use in
cementitious mixture$199,203, even when combined with RJB2]. 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 RIBF1

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 wi/c ratio of the cement pastes was 0.4. Tddlesummarizes the
proportions by mass of the pastes.

A Chandler Engineerirf§ 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 orminute stop time, to conclude at a high speed (3000 + 50 rpm)
for 2.5 minutes.
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Table4.1. Proportions of the cement pastéshly 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 inBubsections 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
Ultra (Brookfield) with two vanes, 3 and \¥75. Once the pastes were prepared, they
were immediately placed in a 5.63 cm diameter beaker. The shear rate protocgeatkvelo
by Tinoco et al[205 was applied to determine the flow curves (Figudg. The protocol
consisted of an initial phase of pshearing for 200 seconds, varying the speed from 0 to
0.2 st. Subsequently, the speed was kept constant {.®s70 seonds 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 5referred to as the ascending ramp. Finally,
the speed was reduced to 02irs 20 steps of 10 seconds, referred to as the descending
ramp.

50

Ascending ramp

[ e Descending ramp
40 +

Shear rate (1/5)

10

Time (s)
Figure4.1. Shear rate protocol. Based on Tinoco €aly.

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
nornlinear behavior of the mixtures, respectively.

L Q)

L ¢ ) )
whereUis the shear stress (PH)is the dynamic yield stress (Pa), p is the plastic viscosity
(Pa.s)[ is the shear rate $§ and c is the second order parameter fPa.s

4.2.3.21sothermal calorimetry

Isothermal calorimetry tests were perfornedtudy 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 Instrumentse Test was conducted at 25 °C for 7 days
(168 h). In the analysis of results, the-prduction period was disregarded, as the pastes
were prepared outside the calorimeter.

4.2.3.3TG

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 §@a@@themolecular 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
BrukerAXS D4 Endeavor difitaerenetCo Kul thadkb
measurements were made in the range of 5 to
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 agatchpeatie

with isopropanol alcohol, as recommended by Scrivener €2@§. 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 7[21&]. Four cylindrical specimens

were used per mix, with 2.5 cm of diameter and 5 cm of height, in a ShimadEu 109

kN) equipment. The axial deformation was calculated by means of the longitudinal
variation of the specimens, using electric transducers [DVDhe test displacement
velocity was 0.1 mm/min, and the elastic modulus was calculated using ASTM C469

[209.
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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 sectionpresents 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 HFigurik can be
seen that RCP (C, D, and LAB) and Portland cement have similar granulometry; whereas
the MK has a larger particle size. Tadl@ verifies that the By of RCP and Portland
cementaresimilar, close to 14 um. RCP has finer particleso{Bhan Portland cement
and MK. However, RCP D90 is larger than Portland cement and comparable tedVIK D
(~60 um).Among the RCP sources, the particle size distributions are quitersiwiila
only slight variations due to their origin

100

RCP-LAB
—%— RCP-D
—&— RCP-C
----- 4 Metakaolin
—&— Portland cement

o0 |
80 1
70 4
60 1
s0 |
0]

30

Cumulative volume (%)
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10.0
Particle size (um)

100.0

Figure4.2. Distribution of the particle size of the materials.

Table4.2. Physical properties of materials.

Parameter Portland cement MK RCP-C RCP-D RCP-LAB
D10 (um) 2.06 2.35 1.72 1.77 1.71
Dso (Um) 14.14 20.28 14.42 13.19 13.82
Doo (M) 47.79 59.07 60.67 57.23 62.49

Specific gravity 3.05 2.71 2.68 2.66 2.61
o) . . . . .
Specific surface 3.762.77 120269 | 925222 | 8.614.72| 7,988.73

area (cri/g)

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 cemdratsed materialgl4,69. In the present investigation,
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with 30 minutes of grinding, the RCP (C, D, and LAB) achieved a simdatdthat of
Portland cement.

Table4.2 also shows thepecific gravityand 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 itreported that RCP has a higher SSA than
cement due to the irregular particles and hydration products present i[2RTC89.
Regarding the chemical composition, Portland cement has a high content of CaO,
followed by SiQ, Al>0s, and FeOz (Table4.3). The cement meets the requirements for
the CP ItF classification (Brazilian blended cement with carbonate material), since its

l oss on ignition (LOI) wacenteftOvasie8s then 4501 2 .

%, as indicated by the NBR 1669Z09. The MK presents a high content of.@,
followed by SiQ and FeOs; this chemical composition is characteristic of the MK
[198,199. The RCPare characterized by presenting the same oxides, but in different
proportions. RCKC has the highest CaO content, while RRBnd RCPLAB present a
higher amount of Si® Subsequently, the ADz and FeOz compounds in the three RCP
sources follow in quantity. The RCP cannot be classified as a pozzolanic material
according to ASTM C6181(, as the sum of the F@3+Al>03+SiO, compounds is less
than 70 % and the LOI is greater thato6

Table4.3. Chemical composition of materials (in %).

Oxide Portland cement Metakaolin RCP-C RCP-D RCP-LAB
CaO 67.94 - 36.76 21.45 32.44
SiOz 10.31 39.45 34.32 42.92 37.02
Fe03 3.98 7.28 5.22 6.85 4.41

Al 03 2.94 46.01 8.94 13.65 10.18
SG; 2.94 1.11 2.70 2.10 2.33
K20 0.37 0.00 1.76 3.50 2.95
SrO 0.32 0.01 0.16 0.12 0.21
TiO, 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
ZrO; - 0.28 0.19 0.18 0.03
Rb,O - - 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 &@ AbOs come from the fine
aggregate$110,211, while the CaO originates from the hydration products, calcium
carbonate and coarse aggred#étt89,109. The chemical composition results indicate
that RCPD and RCPLAB have a higher proportion of fine aggregates, and &G@uld
possess a higher amount of cement paste, a0 coarse aggregate.

The mineralogical composition of the materials is presented in HMgdir€linker phases

such as €S, GS and Ferrite (6AF) are distinguished in Portland cement, as well as
calcite peaks attributed to the mineral addition of Portland cement (limestone filler). The

50
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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 condéfe6]. The calcite can be attributed to

the coarse aggregate and carbonation of the cemen{@h&®@,193. Although hydration
products such as portlandite (CH) are reported in the litefi@a@0,72, only RCRLAB

presents a slight CH peak. This situation can be attributed to the aaomoprocess of

the three sourcd494]. Other studies have also detected the presence of clinker phases in
the RCH22,68,78; however, the results show the absence ofmairated cement grains

in the RCP (C, D, and LAB).
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Figure4.3. Mineralogical composition of the materials.

Figure4.4 shows théinders' mass loss and derived mass loss (DTG). In Portland cement,
three stages of mass loss can be distinguished (FMglag The first stage, up to 350°C
(~0.30 %), is attributed to the dehydration of: a) hydrated calcium sulfategrinyite

(Aft), and c) some phases 0f3cH [212,213. The second stage shows a mass loss (~0.65
%) in the range of 35850 °C, corresponding to the dehydration of CH; however, this
dehydration can be considered insignificg2it4]. Finally, the third stage shows that,
from ~600 °C, decarbonation of Cag@ccurs[215 togetherwith the most significant
mass loss (10.10 %), which is within the limit for the type of cement[@8€H The MK
presents a mass loss of ~1.25 % up to 350 °C (Fgydeg, which is attributed to water
loss. On the other hand, in the range of-8380 °C, there is a mass loss of ~1.24 % that
can be associated with the dehydroxylation of kaolinite, transforming it into reactive
metakaolinf216,217.

In the case of the RCP (Figu#e4b), 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 RCREE!) [120,12]. For 350450 °C, there is the
presence and dehydroxylation of ¢+29,173, which is only perceptible for RCPAB
(~0.39 %), a result that is confirmed by XRD patterns (Figu8e The mass loss due to
combined water was 1.60 %, 1.14 %, and 2.02 % for-RCRCRD, and RCFLAB,
respectively. Fom ~550 °C, a considerable mass loss is observed, which is attributed to
the presence of CaG(Q195,218, 6.76 %, 6.43 %, and 7.97 % for RCR RCRD, and
RCRLAB, respectively.
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Figure4.4. Thermahlnalysis: a) Portland cement and MK, and c) RCRCRD, and

The morphology of the particles of the materials is presented in FHgburé@ortland
cement is presented in FigtdaThe MK particles are characterized as being irregular

RCRLAB.

(Figure4.5b)[219. RCP patrticles 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 Sigarticles can be observed, mainly,
in addition to hydration products adhered to the surface of larg&les, characteristics

which have also been reported in the literafdre59.

3.3.2 Rheological properties

Figure4.6 presents the rheological behavior of the pastes, shear stress versus shear rate.
As a complement, Tabk4 summarizes the main fit parameters for the linear Bingham
model and the modified Bingham model (polynomial second degree). In all cases, there

was an

i ncreaseand & hvehemrcaamepeaeresd U o
hand, the modified Bingham model presented a better fit, WittaRes greater than 0.99
for all pastes, while for the Bingham linear model, tRe&ues were below 0.9(n this
sense, the modified Bingham model was considered for the analysis.

t he

The rise il indicates an increase in adhesion and friction between the Portland cement,
RCP, and MK particles. The increase in u suggests a higher resistance to the flow of the

r



79

utilized cementitious materials [220]. According to Deaal [41], the use of RCP leads

to an increase ik and p 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 |, revealing improved compatibility and segregation resistance. In
addition, Houet al [143] highlighted that the rise 1@, 1, and thixotropy enables the use

of RCP in cemenbased materials for 3D printing, where incexhdemands for viscosity

and thixotropy are required.

Figure4.5. SEM images: a) Portland cement, b) MK, c) RCRI) RCPD, and e) RCP
LAB.
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Figure4.6. Flow curves for the pastes studied.
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Table4.4. Rheological parameters for the Bingham model and the modified Bingham

model.
. Bingham model Modified -Bingham model
Mixture G(Pa)| n(Pas) | RZ | G(Pa) | n(Pas)| c(Pad | on | R
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 centiged materials’ workabilitgue to
its porosity, irregular microstructure, and high SSA; these characteristics increase the
demand for watef39,53,110, Indeed, Tablel.2 and Figured.5 confirm the irregular
microstructure and higher SSA of RCP, regardless of the source, cortipdredement.

Therefore, using RCP inflummdes .t Fori mxraenps
pastes 70PC30C, 7 0 P C3 0ohvas 185074 %, 7143A.& %,0ahdA B t h
128.28 % higher than the reference, respec

70PC30LAB was 123.22 %, 89.66 %, and 31.70 % higher than the reference,
respectively. These adverse effects of RCP on the rheology of cemest\pastealso
reported by Suet al [152] and Dunet 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
70PC30 MK h a sooftahpasteb, iL, j6B. 2894t higHér than the reference. In fact,
the influence of MK on rheology i®of more si
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
rheologcal properties of pastes can be mainly attributed to two reasons: a) the high SSA
of MK, which is the material with the highest SSA (TaBl2), and b) the pozzolanic
activity of MK, which would increase the water demand and decrease the workability of
the pastef221,222.

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 pa3tais 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 ioaod®48228. of U
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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 RCBource presents the highest
rheological parameters in all cases, followed by theR@RAd RCPLAB sources. These

reaults confirm SSA's influence on the pastes' rheology, as SSA has the order RCP
C>RCRD>RCRLAB (Table4.2).

4.3.31sothermal calorimetry

The results of the heat flow and cumulative released heat are presented ir4Rigure
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>
70PC10MK20R®>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 toa 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 partigl@s/id

the nucleation effect associated with the SSA of the material{8824]. The SSA of

MK is 3.45 times greater than that of Portland cement (T4Rlg which explains its
effect in increasing the kinetics and reducing the induction period. Furthermore, the SSA
of RCRC, RCRD, and RCPLAB is 2.47, 2.45, and 2.14 times higher than the SSA of
Portland cement, demonstrating a minor influence. Thesegeswel also in agreement

with Gencelet al [119, Li et al [77], and Wuet al. [129, who additionally attribute the
nucleation effect at early ages to the Ca@@articles 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 sitedr&biony
products[55,69. An advance of the first heat peak (shift to the left) is also observed,
which is associated with the hydration ofS}58,211. The mixtures with the highest

MK content present a more accentuated shift to the left, followed byastes 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 dil[2&n

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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LAB, and f) cumulative heat for RCEPAB.

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 Si@ind AbOs in MK with the CH of the cement paste forms
secondary €5-H, in addition to calcium aluminate hydrates and aluminosilicate hydrates
(CsAH13, CASHs, and GAHe) [198,204,22#t Regarding the RCP, some authors have
pointed out a pozzolanic potenti§h5,11(Q. The possible formation of hemi or
monocarboalunmates has even been mentioned due to the reaction of:Gat@Qhe
aluminous phases in the mixtJ225,226. 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).
Zhanget al [68] and Wanget 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 (Mknd RCP). Conversely, the intensity of the heat flow

di ffers from t ho[d4d, Wahget@alg6d]jahd Chertal [63}, why e k
reported an increase in the intensity of the first peak; howthese authors used lower
substitution percentages and finer RCP partidteghis 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 associ#tesuiiate
depletion, that is attributed to the dissolution eA@nd the final formation of ettringite,

which occurs when the calcium sulfate phase is exha{@27228. Lagier and Kurtis

[229 indicated that this second peak would depend on the StB& K 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 A hydration due to the increaseMK's dissolution rate anthe MK
reaction itself22¢. 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 thencefefdese
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 ageg55,91,94. In this case, the use of 30 % RCP, regaslilef 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. Let al [23( also noted that for 30 % RCP and & Bf approximately 13

um, 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. Zbhadg[68] reported that only with the use

of ultrafine RCP (3=0.249 pm) 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. Tadbke 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.
Pr o gtal11( observed that after 5 days, the samples with RCP released more heat
than the reference, suggesting a reactivation of the old clinker. Howtusr,
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
(Figure4.3). 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 RCPRCRD, and RCHLAB, respectively.
Meanwhile, the 20 MK+10 RCP pastes presented reductions comparable to the
70PC30MK mixture, at 7.52 %, 7.36 %, and 7.85 % for RCIRCRD, and RCFLAB,
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 referdi®al,23]. As stated by Olieiraet 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 ma
benefit from using RCP with a smallegddeven smaller than that of the Portland cement
employed (CP 1l 32).

Table4.5. Cumulative heat for different time periods.

Mixture Released heat (J/g cement)
3h 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 thise 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 vaks 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 increas this value, making it a viable strategy for enhancing the performance
of cementbased materials with RCP.

4.3.4 XRD

The pastes were characterized byray diffraction to determine their mineralogical
composition during the hydration process. Figdr8a and4.8b 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 resulti

ng
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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 2d of 20.9A and 26.6A. Bsehnchofmi ner al
SiO,, coming from the sanfB9,232,23B Calcite is found in all pastes, including the
reference and 70PC30MK, indicating the presence of carbonate material from Portland
cement . The calcite peak for 2d of 29.5A s
peaks of 23.1°, 39.5° and 43.2°. G&ds due to both the RCP (coarse aggregate and
carbonation process) and the cement (limestone fill@p4,12(. It can be seen that the
pastes with the highest MK content present slightly lower calcite peaks, especially
70PC30MK. This is due to thedathat the 70PC30MK paste does not have another
source of CaCg) as is the case with RCP pastes. These results can be verified by the
mineralogical composition (Figu#e3) and TG (Figurel.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 othe mineral composition, once the mineralogical
composition of eeh RCP source was also similar (Figdr@).

As expected, nohydrated cement particles such a$S0GS, and GAF appear in the

XRD pattern of the -dayold pastes, indicating incomplete hydratij@®,84,94. It is
observed that the 100PC paste has the high&sp€ak, while the pastes with RCP+MK
presented a decrease in the intensitys8&,@vhich 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 Mi8,64,8], as presented in SubsectihB.

It is important to note that/S and GS present similaintensities 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 18.1e and to a | esser extent at 28.
paste presented the highest Portlandite peaks, followed by the 30 % RE® paen 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 nig@jrdhe
intensity of the portlandite decreases with the increase ircdfitent, which is attributed

to the pozzolanic reaction, with the 70PC30MK paste having the lowest Portlandite
content . Additionally, a slight AFt peak i
presented from isothermal calorimetry (Subseci@ni3).

For 28 days, the XRD results showed minerals from the RCP with fevhydrated

cement particles and a higher amount of hydration products. Muscovite and quartz were
present in the RCP pastes, with intensities similar to 4th@ylresults, highlighting tlire
crystalline structure. Calcite was detected in all pastes, presenting a similar intensity as
the tday results. When the pastes of the three RCP sources were compared, the minerals
found had similar intensities: 70PC30C~70PC30D~70PC30LAB,
70PC10MK20C~7BC10MK20D~70PC10MK20LAB, and
70PC20MK10C~70PC20MK10D~70PC20MK10LAB.

The nonhydrated cement particles&and GS appear with lower intensity than the 1

day pasted114], and the presence ofs&F 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).
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Figure4.8. Mineralogical composition of the pastes for a) 1 and b) 28 days.

100PC

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 alreadylreduc
the intensities of the portlandite, which is almost imperceptible for the 70PC30MK
mixture. When comparing the portlandite intensities with oyl pastes, the reduction

was significant, confirming the pozzolanic activity of MK. AFt could also bectiete

but at a lower intensity thanthedlay pastes. Finally, Mc appeal
with the disappearance of&F; 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 cenizd4]; 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 reducti®odland cement content;

c) in pastes with 30 % RCP to the Ca{d8d the RCP with aluminum (Al) phases of
Portland cement, a situation previous reported in the litergflt®,129; and d) in
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RCP+MK pastes, to the role of MK as an aluminizing agent in the reactivity of £JaCO

RCP and Portland cement syst€i283,225.

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[68]al
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 Ca@Dthe RCP, regardless of the sourgdditionally,

the use of MK also contributes to the formation of Mc, which is an alternative source of
Al, apart from GA and GAF 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.

435TG

Figures4.9, 4.10, and4.11 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 eparation of free water and chemically bound water48-8, as well

as AFt and M¢192,214,23hk The mass loss peak in the B00°C range can be attributed

to the free water and decomposition 65¢ and AFt[236-238; while the peak (DTG)

in the range 13150°C is due to M¢121,238,23R The mass loss in the range of 350
and 450°C corresponds to the dehydroxylation of &8l 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 GaCurs[47].
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Figure4.9. DTG curves for RCI at ages a) 1, b) 7, ¢) 28, and d) 120 days.
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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 {&ak of C
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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 (Subd&:8pn
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 €&6GQ

RCP and even Portland cement. On the other hand, in the range of 200 and 350 °C, the
mass losef 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 (Subsecti.4). The higher the MK content, the
lower the mass loss in this range, validating the consumption of CH by the grozzol
reaction of MK. In the case of CaGQCat temperatures above 600 °C, the reference
presents the highest Cagdntent 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 CaCQ, as in the case of RCP pastes. The elevated €a@ent is anticipated, as the

CP Il 32 cement utilized can have a range of 11 % to 25 % carbonate materiairaccord

to NBR 16697209.

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 €f20-247. In the

other pastes, there was an increase in the rangesdil @nd 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 alsorgfé¢hence and 30

% RCP pastes. These results would be in agreement with Lothenbéacf28dawho
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 (Fig&a. 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 isothe@@imetry (Subsectios.3.3). On

the other hand, the formation of Mc in the pastes with 30 % RCP indicates that the CaCO
source of the RCP could offset some effects of cement reduction (€82l Finally, it

is observed that the CaGPeaks of all the pastes decreased compared tcdag age,
confirming the CaCe@reaction for the formation of Mc.

For 28 days, there has been the presence®HCAFt and Mc in all pastes, the latter
being more prominent in pastes with Mégecifically 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 possilpozzolanic potential, albeit limited.
RegardingCaC®( . 6 00 AC) , no significant changes
of 7 days. Finally, for 120 days, the peaks associated with the Mc remained constant
compared to 28 days, while the temperature ealog GS-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 CaGO
significant changes were observed. For a more complete analysis of the TG results,

W
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Figures4.12, 4.13, and4.14 summarize the results of the CH content, free water, and
CaCQ versus the age of the samples, respectively.
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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 manip24d}ion

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 ceni@dt. In the case of pastes with 30 % RCP,

the CH content is lower than the reference, a situation attributed to thenaterials in

the RCP (dilution effect)58,6]. 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. Adtionally, the results show no significant difference in the CH
content by the RCP source. It is important to emphasize that the pastes wittPABCP
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have a higher CH content (not significant), which can be attributed to the CH of the
residue composition (Figuee4b).
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Figure4.14. CaCQ content in the analyzed pastes.

Regarding the chemically bound water content (Figui8), 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 pastannot 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 réswduggest 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. Vétial [47] also stated that the use of RCP reduces

the quantity of hydrated products, particularly CH ar8-B, which affects the formation

of mechanical strength in the pastes.

It can be verified that the CaG@ontent decreases from 1 to 7 days (Figudel),
confirming a partial consumption of Cag@ith Al phases (Portland cement+MK) for

the formation of Mc. However, it is essential to note that the reduction of £aGke

first days is ~5 %, which suggests that the amount of Mc is low, confirming XRD patterns
for 28 days (Figuret.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 Figile 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 s ame20days,thentraase was.300 Yo, For
34.80 %, and 22.82 %, respectively. This behavior can be attributed pozhelanic

activity and the filler effect of the MK, which improves the microstructure and, thus, the
mechanical properties of the ceméiatsed materialg7,199.
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Figure4.15. Compressive strength for: a) RCPb) RCRC variation, cRCPD, d)
RCPRD variation, €) RCR.AB, and f) RCRLAB 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 @, IRCH?

D, and RCRLAB, respectively. Li et al[23( noted a 50% decrease in compressive
strength for mixtures with 30% RCP and similar particle sizg {3 um) on the first

day. After 28 days, the decrease in compressive strength was 25.56%, 20.77%, and
23.98% forRCRC, RCRD, and RCPLAB, respectively. This reduction is higher than

that of the 70PC30MK paste, whose range #5336, considering the three RCP sources.
These results indicate the negative effect of substituting high percentages of RCP (30 %)
on compessive strength, as reported by other investigatjdds 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 ma{@3g. On tre

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 (7OPC30RCP). These results can be compared
to the isothermal calorimetry and TG (Subsecto® and4.5), where pastes with 30 %

RCP present the lowest cumulative heat and combined water content regardless of the
sourcelt should be noted that mixtures containing 30% RCP exhibit a reduced growth
rateof 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
compreswe 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 stht@§.

The 20 MK+10 RCP pastes present a reduction of 21.28 %-(CEF2.70 % (RCHD),

and 15.95 % (RCRAB) 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®RGECRD, and RCP

LAB, respectively. However, for 120 days this increase tends to be lower, with 18.71 %,
16.84 %, and 17.30 % for R&P, RCRD, and RCPLAB, respectively. When the
mixtures are copared with the 70PC30MK paste, the reduction is in the range-85 20

% 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 70PC20MK1BRCP (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 RBPage, 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[M#0,199,21]. On

the other hand, the filling effect of smaller RCP particles (less than 10 um) can contribute
to improving the compactness of the microstruc{@®, and, to a lesser extenteth
reaction of some RCP particles can form hydration products, for example,z@GaCO
produce Mc (Subsectioh3.4 and4.3.5) [44,12]. Oliveiraet 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 RCARCRD, and RCPFLAB, respectively.
However, arincrease 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 % feC RRPR

D, and RCPLAB, 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-RCRCRD, 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 frolil2, 1316 %, 1215 %, 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 fora p valu
of less than 0.05. Lastly, when the results of the three RCP sources by age are compared,
there are no significant differences (p
source for 10 MK+20 RCP pastes is indistinct. @\l [47] also reported@mparable
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 cemieased 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
paticles 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 R@P1], wherein small RCP particles
contribute to the pozzolanic reaction of CH with the amorphous &1@ AbOs of MK,

in addition to the filling effect of both materials (MK+RCP), which results in the increase
in compressive strengfii52. However, the synergistic effect was more efficient & th
combination of 20 MK+10 RCP, with no significant difference with 30 % MK. These
results agree with the TG (Subsecti#B.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 adayereduction compared to the reference. This
decrease of one day can be explained by the lower amount of hydrated products (Fi
4.13), less heat cumulative up to the first day (Figui®, and the notfiormation of
additional hydration products, such as Mc (Figdu&a). These results suggest that the
synergistic effect of RCP+MK does not influence initial ages, with the fessits
occurring at 7 and 28 days.

Other authors have indicated that the incorporating mineral additives with RCP can
maintain or improve the properties of cembased material63,74,21]. Wuet al [44]

and Wuet al. [47] found that using 120 % 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. Chenal [63] noted that FA and SF can provide complete
hydration and improve the compactness of cerbased materials. Canteet al [93]

and Suret 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 day setd. [1Hrats@hegklighted that the use of SCM (such as FA) can
improve the compressive strength of cereaed materials with RCP (28 and 90 days),
attributing this result mainly to the pozzolanic reaction. Hence, the utilization of
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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 productsSE and CGA-S-H) and the
refinemen of pores in the cement matri¥5,83. 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

Figure4.16 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 fdieteace

and 70PC30MK, although there may be a slight decrease due to the addition of MK.
Statistically, these values are similar
established that the use of 30 % MK does not significantly influence thie etaslulus,
maintaining the value for all ages tested. Qian ani®8li and Dinakaet al [24§ also

pointed out that the elastic modulus presents small variations in cbasad materials

with the increase of MK, confirming the namgnificant 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 RCE, RCRD, and RCPFLAB, respectively. Although there was an
improvenent 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(RAERD, 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 thedemsity and rigidity

of the RCP particle$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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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 RCARCRD, and RCFLAB,
resgectively, while at 120 days, the reduction is only 7.58 %, 7.60 %, and 7.13 % for
RCRC, RCRD, and RCPFLAB, respectively. Regarding the 70PC30MK paste, there is

a similar trend; for 1 day, the reduction is 21.92 %, 16.63 %, and 17.34 % feCRCP
RCRD, and RCRLAB, respectively, while for 120 days, it is only 6.17 %, 6.20 %, and
5.71 % for RCRC, RCRD, and RCPFLAB, 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 neafctio

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
decreas is found at 120 days, 12.95 %, 11.94 %, and 11.67 % forRCGERD, and
RCRLAB, 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
resuls 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 RCGE, RCRD, and RCFLAB, respectively. When comparing the
results ofthe 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 day
Cantercet 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 findhgs 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
exhbits 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 (Subset8a@), it

has no significant effect on losigrm 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 makhtals
incorporating MK and RCP in concrete can be a feasible alternative with the pdtential
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

Figures4.17,4.18,4.19, and3.20 show the SEM images of the references (100PC and
70PC30MK), RCRC, RCRD, and RCPLAB, 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 pilacts[71,87,148. AFt (particles with elongated shape),

CH (hexagonal distribution), and theSeH gel formation.To confirm the presence of
hydration products, a SEMDS analysis was conducted (Fig4r21). The points for
analysis were determined based on the morphology of the hydration products. The results
confirm the presence of CH, AFt, andStH, and also reveal the presence of quartz
particles from RCP. This corresponds with findings from previous st{@B:247,248

that indicatd 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 8-& and CH gel is observed. For 28
days, inthe reference mix, the presence e6E, CH, and, in a lesser amount, AFt can

be noted, a situation verified with the results of XRD (Subsecti@¥) and TG
(Subsection.3.5). In the case of 70PC30MK;%H gel is observed, but not the presence

of CH. This is attributed to the pozzolanic reaction of MK with CH to forn8-8 gel, as

well as GA-S-H (a secondary hydration reactiof§3,74. 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 (Figurd.12) results.
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Figure4.17. Microstructure of the pastes: a) 100PC (1 day), b) 70PC30MK (1 day), ¢)
100PC (28 days), and d) 70PC30MK (28 days).
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Figure4.18. Microstructure of the pastes: a) 70PC30C (1 day), b) 70PC20MK10C (1
day), ¢) 70PC10MK20C (1 day), d) 70PC30C (28 days), €) 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 propées of cemenbased materials [60,148,152]. These findings can be
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confirmed in Subsectiong.3.6 and4.3.7, 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 dreeCH reacts to form G-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 detion 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. O#r authors have used SCM as FA and SF, which increaSed C

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 quantitpf 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 icnostructure becomes more compact, with the mixtures of
70PC20MK10RPC showing similar characteristics to the references (100PC and
70PC30MK) at 28 days.

Figure4.19. 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 RCI35,60,75,8% a result attributed to: a) the first hours of the
hydration reaction (Subsectioa.3.3) and b) the synergistic effect of RCP+MK,
demonstrated in the TG and compressive strength results (Subge8tiniand4.3.6).
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 fissyf%152,198 Yanget al [75] pointed



