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RESUMO

DA SILVA, Sérgio Roberto. Uso de residuo de construcdo e demolicdo (RCD),
cinza volante e cal hidratada para producdo de concretos aplicados na
construcdo civil. Porto Alegre. 2022. Tese. Programa de PO4s-Graduacdo em
Engenharia e Tecnologia de Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO
RIO GRANDE DO SUL.

A pesquisa foi desenvolvida em duas etapas: Etapa 1, o objetivo foi avaliar o
efeito do agregado reciclado misto (ARM) como agregado graudo nas propriedades
mecanicas (resisténcia a compressao e modulo de elasticidade), fisicas (absorcao
d’agua, porosidade e massa especifica), na difusdo de CO2 e microestruturais (MEV
e microtomografia de raios X) em concretos com ARM nos teores de substituicdo de
25, 50 75 e 100% em substituicdo parcial ao agregado natural e concreto de
referéncia. As relacbes a/c foram 0,40, 0,50 e 0,60. Foram gerados modelos
matematicos para calcular o médulo de elasticidade a partir de uma fc2s e relacéo a/c
desejada e o teor de ARM necessério. Etapa 2, o objetivo foi avaliar a eficiéncia da
adicdo de cal hidratada dolomitica em concretos de cimento Portland, cinza volante
(CV) e agregado reciclado (AR) como agregado graudo, como forma de melhorar as
propriedades mecéanicas nas menores idades, bem como diminuir a profundidade de
carbonatacao. Para tal, foram produzidos concretos com 20% de CV em substituicao
parcial ao CP, adicdo de cal hidratada nas propor¢cbes de 5 e 10% do total de
aglomerante em massa e relagdo agua/aglomerante de 0,55. O ARM e agregado
reciclado de concreto (ARC) foi na proporgcéo de 50% de substituicdo por agregado
graudo natural. Para isso, foram realizados ensaios mecanicos (resisténcia a
compressao axial, médulo de elasticidade), fisicos (absor¢do d’agua, porosidade e
massa especifica), na difusdo de CO:2 e analise microestruturais (MEV e
microtomografia de raios X). Os resultados da Etapa 1 mostraram que concretos com
teor de ARM de 50% e relacao a/c 0,50 apresentou queda na fc2s € Ec2s de 18% e
54,9% respectivamente quando comparado ao concreto de referéncia. O aumento no
volume de vazios foi de 33% quando comparado ao concreto de referéncia. Os
resultados da Etapa 2 mostraram que a adi¢éo de 10% de cal hidratada em concretos

com 80% de CP, 20% de CV e 50% de ARC apresentou resisténcia a compressao



aos 63 dias 12,47% maior quando comparado ao concreto sem cal hidratada. O Eczs
melhorou 3,78% em comparacao ao concreto sem cal hidratada. A espessura média
da ITZ dos concretos com e sem 10% de cal hidratada foi de 3,61 um e 6,28 um
respectivamente. A adi¢cdo da cal hidratada em concretos de cimento Portland com
CV e RA restabelece o teor remanescente de Ca(OH)2 na matriz antecipando as

reacoes pozolanicas em idades precoces.

Palavras-Chave: concreto; FA; ARM; ARC; cal hidratada.



ABSTRACT

DA SILVA, Sérgio Roberto. Use of construction and demolition waste (RCD), fly
ash and hydrated lime for production of concrete applied in civil construction.
Porto Alegre. 2022. PhD Thesis. Graduation Program in Materials Engineering and
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.
The research was developed in two stages: In stage 1, the objective was to
evaluate the effect of mixed recycled aggregate (MRA) as coarse aggregate on the
mechanical properties (compressive strength and elastic modulus), physical (water
absorption, porosity, and bulk density), in the diffusion of CO2 and microstructural
(SEM and X-ray microtomography) in concretes with MRA in the substitution levels of
25, 50, 75 and 100% in partial substitution to the natural aggregate and reference
concrete. The w/c ratios were 0.40, 0.50 and 0.60. Mathematical models were
generated to calculate the elastic modulus from an fc2s and desired w/c ratio and the
required MRA content. Stage 2, the objective was to evaluate the efficiency of adding
hydrated dolomitic lime in Portland cement concrete, fly ash (CV), and recycled
aggregate (RA) as coarse aggregate, as a way of improving the mechanical properties
at the lowest ages, as well as reducing the depth of carbonation. For this, concretes
were produced with 20% of CV in partial replacement of the CP, the addition of
hydrated lime in the proportions of 5, and 10% of the total binder in mass and w/b ratio
of 0.55. The MRA and recycled concrete aggregate (RCA) was 50% replaced by
natural coarse aggregate. For this, mechanical (compressive strength, elastic
modulus), physical (water absorption, porosity and bulk density), CO2 diffusion and
microstructural analysis (SEM and X-ray microtomography) tests were performed. The
results of Stage 1 showed that concretes with MRA content of 50% and wi/c ratio of
0.50 presented a decrease in fc2s and Eczs of 18% and 54.9%, respectively, when
compared to the reference concrete. The increase in the volume of voids was 33%
when compared to the reference concrete. The results of Stage 2 showed that the
addition of 10% hydrated lime in concretes with 80% CP, 20% CV, and 50% ARC
presented compressive strength at 63 days 12.47% higher when compared to concrete
without lime hydrated. Ec2s improved by 3.78% compared to concrete without hydrated
lime. The average ITZ thickness of the concretes without and with 10% hydrated lime



was 3.61 um and 6.28 um, respectively. The addition of hydrated lime in Portland
cement concretes with CV and RA restores the remaining Ca(OH)2 content in the

matrix, anticipating pozzolanic reactions at early ages.

Keywords: concrete; FA; MRA; RCA; hydrated lime.
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1. INTRODUCAO

Este capitulo apresenta a contextualizacdo, justificava, hipotese, objetivo,

delimitacdes bem como a estrutura da pesquisa.
1.1 CONTEXTUALIZAC;AO

Ao longo dos anos, as infraestruturas tem sido construidas basicamente com
concreto, aco e madeira, além do vidro, que sao considerados 0s principais materiais
utilizados na construgdo contemporanea (SEDDIK MEDDAH, 2017). A industria da
construcdo civil produz grande quantidade de residuos sélidos proveniente de
construcdo e demolicio (RCD) (SOLIS-GUZMAN et al., 2009). No Brasil, em 2020,
foram produzidos 47 milhdes de toneladas de RCD que corresponde a 221,19
kg/hab/ano (ABRELPE, 2021). Um dos grandes desafios do uso do RCD como
matéria-prima para a producdo de novos concretos € variabilidade em sua
composicdo bem como as impurezas e contaminantes que influenciam nas
propriedades mecanicas e de durabilidade dos concretos (CUNHA, 2017). A extracao
de matérias-primas, o beneficiamento de materiais para a construcao civil, as
construcdes de edificagcbes bem como reformas e demoli¢cdes geram residuos solidos
gue, depositados de forma inadequada, podem trazer diversos problemas, tais como:
proliferacbes de agentes transmissores de doencas, degradacdo das areas de
manancial e de protecdo permanente, obstrugcdo dos sistemas de drenagem,
assoreamento de rios e corregos bem como ocupacdo de vias que degradam a
paisagem urbana (SILVA; DE BRITO; DHIR, 2016).

O uso de residuo de construcao e demolicdo (RCD) em substituicdo parcial aos
agregados naturais para a producdo de concretos, em pequenas quantidades,

apresentam resultados bastante promissores tanto nas propriedades mecéanicas e de



17

durabilidade quanto no que tange ao ciclo de vida, como observado no estudo de
Martinez-Lage et al. (2020). Entretanto, a variabilidade dos residuos, com diferentes
composicdes, propriedades fisicas e mecanicas, para elevados teores de substituicao,
pode apresentar resultados negativos em funcdo do aumento de porosidade, e
absorcao de 4gua, que leva a um acréscimo da relacdo a/c, considerando uma mesma
trabalhabilidade, tornando a pasta do cimento mais fraca e porosa (BRAVO et al.,
2017;WANG; PARK, 2015;BRAVO et al., 2015a;CHOUSIDIS et al., 2016).

O setor da construcéo civil também tem participacdo na geracao de dioxido de
carbono (CO2) (CAMPOS et al., 2020). Além disso, as emissées de CO2 cresceram
para 36,3 Gt em 2021, de acordo com Global Energy Review (INTERNATIONAL
ENERGY AGENCY, 2022), e apenas o carvao foi responsavel por mais de 40% do
crescimento global das emissdes de CO2 em 2021 que foi de 15,3 Gt, superando o
pico de 200 Mt de 2014. Meyer (2009) e Aprianti (2015) destacam que a reducgéo da
producdo de cimento Portland seria uma das alternativas para diminuir o impacto
ambiental. Uma das formas seria a utilizacao de subprodutos gerados por processos
industriais como cinza volante (CV) em substituicdo parcial ao CP, e materiais
reciclados proveniente de RCD como agregado graudo e agregado miudo em
substituicdo parcial ao agregado natural. Acar e Atalay (2013) ressaltam que muitas
usinas termoelétricas foram construidas em um periodo de 80 anos devido a crescente
demanda para geracdo de energia elétrica. Os estados do Rio Grande do Sul,
Maranhéo e Ceara, considerados os maiores produtores de cinza volante no Brasil,
produzem 2,66 milhdes de toneladas/ano (CIRINO et al., 2021).

De modo geral, a adicdo de cinza volante em substituicdo parcial ao cimento
Portland em massa apresenta uma influéncia positiva no que tange as propriedades
mecanicas e relacionadas com a durabilidade em concretos com RCD, quando
comparados com concretos com agregado reciclado e sem cinza volante nas maiores
idades. Outro fator importante da adicdo de cinza volante em substituicdo parcial ao
cimento Portland é o impacto ambiental positivo. O uso de cinza volante em concretos
contribui para a reducéo da extracdo de reservas naturais de argila e calcario para a
fabricacdo do cimento e, consequentemente, contribui para a redu¢cdo do consumo
energeético para a producdo do clinquer. Alguns estudos mostram que o uso de

adicdes minerais tendem a diminuir o pH da solug&o dos poros em fungdo do consumo
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parcial ou total do hidroxido de célcio (ANJOS et al., 2020; ZHAO et al., 2016). A
diminuicdo do pH da solucédo dos poros tende a aumentar a porosidade e a absorgao
d’agua (HUANG et al., 2021).

Pesquisas buscam potencializar o uso de cinza volante em concretos, pastas e
argamassas com ativadores alcalinos. Os ativadores mais comuns utilizados nos
estudos sdo hidroxido de sbédio e sulfato de sédio (DE VARGAS et al,
2011;RODRIGUE et al.,, 2018). O emprego desses ativadores alcalinos vem
apresentando resultados promissores, porém necessita de alto consumo de energia e
tem efeitos negativos significativos na trabalhabilidade (RAKNGAN et al.,
2018;RAKNGAN et al., 2018). A alcali-ativacdo da CV dependera da sua composicao
guimica, do teor de silica reativa, da morfologia, da granulometria , do tipo de ativador
empregado bem como sua concentracéo e do processo de cura (CIRINO et al., 2021;
DE VARGAS et al., 2011). Quanto maior a area superficial da cinza volante maior sera
a suareatividade pozolanica, ou seja, a finura da cinza volante tem influéncia no indice
pozolanico (MYADRABOINA et al, 2017; GUNASEKARA et al., 2015) e
conseguentemente maior sera a resisténcia mecanica do concreto (GUNASEKARA et
al., 2015; KIATTIKOMOL et al., 2001). Segundo Blissett e Rowson (2012), a
composicdo quimica das cinzas volantes é a base para avaliar a sua adequacdao para
uso como material pozolanico.

A norma internacional ASTM C618:2012 classifica a cinza volante em “C” e “F”,
sendo classe “C” para as cinzas volantes que apresentam na soma dos principais
oxidos ((SiO2 + Al203 + Fe203) teor inferior a 70% e classe “F” para os que apresentam
teor maior ou igual a 70%. A Norma Brasileira NBR 12653 (ABNT 1992) classifica a
cinza volante como classe “C” para as cinzas volantes que apresentam na soma dos
principais 6xidos teor superior a 70%. A estrutura cristalina no processo de hidratacao
também é outro fator inerente nas propriedades das cinzas volantes (DURDZINSKI et
al., 2015). Grandes varia¢gfes na quantidade de 6xidos dentro de uma mesma classe
de cinza volante estdo associadas a sua origem e no processo de calcinacdo séo
observados em diferentes estudos (CHOUSIDIS et al., 2016; MYADRABOINA et al.,
2017; HANUMANTHA RAO et al., 2016; TOSUN-FELEKOGLU et al., 2017; WRIGHT
et al., 2014; SHAFAATIAN et al., 2013).
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A cura térmica de concretos com cinza volante alcali-ativada permite que o
processo de policondensacao seja acelerada resultando em ganho significativo da
resisténcia em idades inicias (HEFNI; ZAHER; WAHAB, 2018; DING; DAI; SHI, 2016;
HUSEIEN et al., 2019). Entretanto para cada ativador alcalino utilizado para o
processo de ativacao, existe uma temperatura adequada (DE VARGAS et al., 2011).

A adigéo da cal hidratada em concretos com cinza volante melhora a resisténcia
mecanica entre 10 e 15% quando comparado aos concretos somente com cinza
volante aos 28 dias de cura (BAGHABRA AL-AMOUDI et al., 2021). A presenca de
cinza volante com adicdo de cal hidratada na producdo de concretos melhora as
propriedades microestruturais e a penetracdo de ions cloreto (FILHO et al.,
2013;FILHO, 2008a). A caréncia de informacdes referente ao efeito da cal hidratada
em concretos de cimento Portland com CV e RA foi o carro chefe que instigou a
desenvolver este estudo, com vista em agregar conhecimento cientifico sobre o tema.
Nenhum estudo foi encontrado sobre adi¢do de cal hidratada em concretos de cimento
Portland, CV e RA.

1.2 JUSTIFICATIVA DA PESQUISA

As cinzas volantes, residuos provenientes da queima de carvao geradas pelas
usina termelétricas, sdo estocados em depdsitos ao ar livre e apresentam potencial
risco ao meio ambiente e aos ecossistemas circunvizinhos (CIRINO et al., 2021). A
vantagem da adic&o de cinza volante em substituicdo parcial ao cimento Portland para
a producdo de concretos é a sua eficacia no que tange ao fator econémico e
sustentavel, e motiva a sua aplicacdo no mercado como componente de concretos
estruturais (ALMEIDA; GOMES, 2021). Porém esta substituicdo resulta em um
concreto com menor teor de clinquer e consequentemente o Ca(OH)2 é reduzido na
matriz do concreto. Para compensar a reducédo do Ca(OH)2 alguns estudos sugerem
a adicdo de cal hidratada (GUNASEKARA et al.,, 2020)(HURTADO-FIGUEROA,;
ECHAVARRIA-PAEZ; CARDENAS-GUTIERREZ, 2019)(VALCUENDE et al., 2020).

O ineditismo deste trabalho € a avaliacdo, de forma conjunta, do efeito da
adicao da cal hidratada em concretos com cimento Portland, cinza volante e agregado
reciclado. Logo, a pesquisa desenvolvida neste trabalho justifica-se pelas seguintes

razoes:
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a) pela necessidade de avaliar experimentalmente as propriedades fisicas
(absorcao d’agua, porosidade e massa especifica), mecanicas (resisténcia
a compressdo e modulo de elasticidade), difusdo de CO2 e microestruturais
dos concretos com cinza volante, cal hidratada e agregado reciclado;

b) pela importancia de se analisar a distribuicdo dos poros em concreto de

cimento Portland, com cinza volante, cal hidratada de agregado reciclado;

c) pela busca de encontrar alternativa para o emprego do residuo sélido
proveniente de construgédo e demolicdo como agregado reciclado e cinza
volante em substituicdo parcial ao cimento Portland. Desta forma os
beneficios seriam a reducdo do consumo dos recursos naturais e a

diminuicéo das emissfes de CO2 no meio ambiente.

Considerando que o concreto é o material de construcéo civil mais utilizado no
mundo, a contribuicdo para uma reducdo no impacto ambiental decorrente de seus

processos produtivos é um desafio relevante para a sustentabilidade.

1.3 HIPOTESES DA PESQUISA

A reducdo nas propriedades mecéanicas e de durabilidade dos concretos
guando o agregado natural é substituido parcialmente por RCD dependera do teor de
substituicdo de RCD, pois quanto maior o teor de substituicAo maior sera os efeitos
negativos nas propriedades fisicas e mecéanicas do concreto (DIMITRIOU; SAVVA,;
PETROU, 2018). Entretanto, muitos estudos vém sendo desenvolvidos para encontrar
um teor 6timo de cinza volante e agregado reciclado a fim de tornar possivel o uso
combinado destes materiais para a producdo de novos concretos (ALI; GULZAR,;
RAZA, 2021; BISWAL; DINAKAR, 2021; VIEIRA et al., 2020).

Porém, alguns estudos mostram que a cinza volante com adicdo de cal
hidratada na producédo de concretos tem apresentado resultados positivos no que
tange as propriedades mecanicas e de durabilidade dos concretos quando

comparados com concretos com cinza volante sem adicdo da cal hidratada
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(BAGHABRA AL-AMOUDI et al., 2021; ADESINA; OLUTOGE, 2019:FILHO et al.,
2013).

Partindo desta premissa, a hipotese que se coloca nesta pesquisa é:

A adicdo de cal hidratada em concretos de cimento Portland, cinza volante e
agregado reciclado proveniente de construcao e demolicdo com agregado graudo,
tende a melhorar a resisténcia compressao, modulo de elasticidade, difusdo de COz,

bem como a morfologia da pasta de cimento.

1.4 OBJETIVO GERAL

O objetivo geral desta pesquisa é avaliar a potencialidade do emprego de
residuo da construcdo e demolicdo (RCD) como agregado graudo reciclado e cinza

volante com adicéo de cal hidratada na producéo de concretos de cimento Portland.

1.5 OBJETIVOS ESPECIFICOS
Como obijetivos especificos, podem ser destacados:

a) Investigar o efeito do agregado reciclado misto em concretos de cimento
Portland nas propriedades mecanicas (modulo de elasticidade, resisténcia
a compressao e resisténcia a tracdo), nas propriedades fisicas (absorcao
d’agua, porosidade e massa especifica), difusdo de CO: e analises

microestruturais (morfologia da pasta e porosidade).

b) Verificar as correlacbes entre as propriedades mecéanicas (médulo de
elasticidade, resisténcia a compressdo e profundidade de carbonatacéo)

considerando os concretos investigados;

c) Investigar o efeito da cal hidratada em concretos de cimento Portland com
cinza volante e agregado reciclado graido de duas fontes (ARM e ARC) nas
propriedades mecanicas (resisténcia a compressao e modulo de

elasticidade), fisicas (absor¢ao d’agua, porosidade e massa especifica),
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difusdo de CO:2 e analises microestruturais (morfologia da pasta e

porosidade).

d) Analisar as correla¢des das resisténcias a compressao aos 63 e 28 dias de
cura dos concretos de cimento Portland, cinza volante, e dois diferentes
tipos de agregado reciclado (ARM e ARC) como agregado graudo, para
avaliar o efeito da antecipacao da reacdo pozolanica com a adi¢cao da cal
hidratada,;

1.6 DELIMITACOES DA PESQUISA

Esta pesquisa limitou-se na producao de concretos com dois tipos de agregado
reciclado (ARM e ARC) como agregado graudo, cinza e de cal hidratada dolomitica.
O periodo do desenvolvimento deste trabalho coincidiu com o periodo da pandemia
gue aconteceu no Brasil entre 2020 e 2021, que torna o prazo mais curto para
realizacdo dos ensaios mecanicos e de durabilidades dos concretos em idades
superiores a 63 dias. Apesar das limitacdes, espera-se que este trabalho contribua
para o avanco no conhecimento do efeito da adicéo da cal hidratada em concretos de

cimento Portland, cinza volante e agregado reciclado.

1.7 ESTRUTURA DO TRABALHO

Este estudo foi desenvolvido em forma de artigo sendo composta por 5
capitulos, sendo que no primeiro capitulo est4d inserido a contextualizacao,
justificativa, hipotese da pesquisa bem como o objetivo geral e objetivos especificos.
No segundo capitulo esta apresentada uma revisado bibliografica que mostra as
principais pesquisas relacionadas ao tema. No terceiro capitulo esta inserida uma
introducéo do planejamento experimental que € dividido em duas etapas, método e o
artigo da etapa 1 e o método e o artigo da etapa 2. No quarto capitulo estédo
apresentadas apresentado as conclusdes finais e finalmente no quinto capitulo estédo

indicadas sugestdes para a continuidade de pesquisas na area.
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2. REVISAO BIBLIOGRAFICA

Este capitulo apresenta as caracteristicas fisicas do agregado reciclado,
andlise comparativa entre concretos com agregado reciclado misto e agregado
reciclado de concreto, uso da cinza volante em concretos com RCD, influéncia da
adicdo da cal hidratada em concretos com cinza volante e RCD e andlises
microestruturas dos concretos com cimento Portland, cinza volante, cal hidratada e
RCD

2.1 AGREGADO GRAUDO RECICLADO PROVENIENTE DE RESIDUO DE
CONSTRUCAO E DEMOLICAO (RCD)

O descarte de residuos de construcao e demolicdo é uma preocupacao que as
empresas que atuam na constru¢ao civil deveriam ter. O aproveitamento destes
residuos solidos pode trazer beneficios econdmicos, sociais e ambientais. Os RCD,
em geral, sdo constituidos de agregado natural, argamassa aderida, tijolos de barro,
gesso (MARTIN-MORALES et al., 2011). Estes residuos apresentam grande
variabilidade, sdo mais porosos e apresentam maior capacidade de absorgao d’agua,
0 gque leva a maiores relagbes a/c, e torna a pasta do cimento menos resistente
mecanicamente e porosa (BRAVO et al., 2017;WANG; PARK, 2015;BRAVO et al.,
2015a;CHOUSIDIS et al., 2016). A variabilidade dos RCD foi verificada por Bravo et
al. (2015). O autor coletou RCD de cinco unidades de reciclagem de diferentes regides
(Valnor, Vimajas, Ambilei, Eutopontal e Retria) da Europa. A composi¢cdo dos RCD
coletados esta apresentada no Figura 2.1.
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Figura 2.1: Composicéo dos agregados reciclados graudos coletados em diferentes regides da

Europa
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= Materiais betuminosos

m Outros

Composigao do agregado reciclado em massa (%)

Fonte: Bravo et al. (2015).

De acordo com a composicao do reciclado (CRA) de concreto como agregado
graudo em massa, a variabilidade dos matérias sdo bastante elevadas. Observa-se
gque em algumas origens o0s agregados reciclados contém em sua composi¢céo
materiais betuminosos em até 10%. A diferenca nas propriedades fisicas como
densidade aparente, absor¢ao d’agua, indice de forma e densidade das particulas
secas dos RCD de diferentes origens foram investigadas por Bravo et al. (2015) e esta
apresentada na Tabela 2.1.

Tabela 2.1 - Propriedades fisicas do agregado natural e agregados reciclados de diferentes origens.
Agregado reciclado graudo

Agregado
Ensaios natural Valnor Retria Ambilei Vimajas Europontal
Densidade Aparente (kg/m3) 1350 1095 1236 1288 1261 1285
Absorc¢édo d'agua (%) 15 8,6 8,4 9,9 6,4 55
indice de forma (%) 17 24 24 14 25 21
Densidade particulas secas
(kg/m3) 2609 2091 2137 1928 2243 2262

Fonte: Bravo et al. (2015).

A menor densidade e a maior capacidade de absorgao d’agua dos RCD estao
relacionados com a porosidade intrinseca do material, que tende a diminuir a
resisténcia mecanica dos concretos (CHOUSIDIS et al., 2016; WANG; PARK, 2015).
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A capacidade de absorgao d’agua em agregado graudo reciclado é superior quando
comparado ao agregado graudo natural. Segundo Martinez-lage et al. (2020) e Verian
et al. (2018) a maior capacidade de absor¢ao d’agua em RCD se deve a porosidade
da argamassa aderida, massa especifica menor em comparacao ao agregado natural,
em funcado da presenca da argamassa antiga ligada a sua superficie. Uma correlacao
entre a absorgado d’agua e a massa especifica dos RCD foi verificada por Verian et al.
(2018). De acordo com a analise realizada pelos autores (Figura 2.2), quanto maior

for a absorgao d’agua, menor sera sua massa especifica.
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Figura 2.2: Massa especifica e absor¢ao d’agua de agregado reciclado (RA) e

agregado natural (na) em varios estudos (VERIAN et al., 2018)

Segundo alguns estudos o agregado reciclado é formado de duas Zonas de
Transicao Interfacial (ITZ), sendo uma localizada entre o agregado natural e a matriz
de cimento antiga, e a outra localizada entre a matriz de cimento antiga e a nova matriz
de cimento (POON; SHUI; LAM, 2004; XIAO et al., 2013; DUAN et al., 2013). Kisku et
al. [59] fizeram um diagrama esquemaético (Fig. 3.3) das Zonas de Transicéo Interfacial
(ITZ) no agregado reciclado.
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Figura 2.3: Diagrama esquematico da antiga e nova ITZ — adaptado de (KISKU et al., 2017).

Na perspectiva de Zhang et al. (2019), o agregado reciclado é constituido de
trés ITZ. A primeira ITZ est& localizada entre 0 agregado novo e a nova argamassa
de cimento, a segunda ITZ esta localizada entre a argamassa velha e a nova e, por
fim, a terceira ITZ esta localizada entre a argamassa velha e o agregado velho. As

trés ITZ estdo apresentadas na Figura 2.4.
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Figura 2.4: Diagrama esquemético da microestrutura do agregado reciclado de concreto (ZHANG et
al. 2019)
A zona de transicao interfacial entre a argamassa e o agregado € a regido mais
fragil e influencia negativamente nas propriedades mecéanicas e de durabilidade dos
concretos (ZHAO; ZENG; ZHANG, 2017;BRAVO et al., 2015a). As caracteristicas
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fisicas do agregado reciclado, como a presenca de fissuras e maior porosidade,
também influenciam negativamente nas propriedades mecéanicas e durabilidade dos
concretos (KOU; POON, 2012). De acordo com Kong et al. (2010), um dos métodos
utilizado para melhorar a microestrutura do RCD ¢é a adicdo de materiais pozolanicos
na mistura do concreto. A seguir sera apresentada uma andlise comparativa entre o
ARM e ARC e a existéncia de correlacao entre propriedades mecanicas (resisténcia
a compressao axial e modulo de elasticidade) e de durabilidade (absor¢ao d’agua e

carbonatacao).

2.2 ANALISE COMPARATIVA ENTRE CONCRETOS COM AGREGADO
RECICLADO MISTO (ARM) E CONCRETO (ARC)

Martinez-Lage et al. (2020) realizaram uma anélise comparativa de concretos
produzidos com agregado reciclado misto (ARM) e agregado reciclado de concreto
(ARC) em laboratério. Os autores realizaram ensaios de resisténcia a compressao,
modulo de elasticidade, teste de penetracdo de dgua sob pressédo. O cimento utilizado
foi CEM Il 42,5 (similar ao CP II-Z). A absorcdo de agua do ARC variou entre 5,03 e
5,98%, enquanto que a absorcdo da dgua do ARM variou entre 7,59 e 8,79%. A massa
especifica do ARC variou entre 2290 e 2340 kg/m3, e do ARM variou entre 2120 e
2340 kg/m3. A relacéo a/c foi de 0,50 e os teores de substituicdo foram de 20 e 100%
(C-20-C e C-100-C) para concretos com ARC e 20, 50 e 100% (C-20-M, C-50-M e C-
100-M) para concretos com ARM. A agua de amassamento foi ajustada para
compensar 0 excesso ou a necessidade dos agregados reciclados. Os resultados

estao representados nas Figuras 2.5 e 2.6.
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Figura 2.5: Resisténcia a compressao (28 dias), médulo de elasticidade (28 dias) e penetracao de
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Figura 2.6: Resisténcia a compresséao (28 dias), médulo de elasticidade (28 dias) e penetracdo de
&gua sob presséo (P.A.) dos concretos com ARM - (MARTINEZ-LAGE et al., 2020)

Martinez-Lage et al. (2020) observou uma linearidade entre o teor de
substituicdo de agregado natural por ARC na resisténcia & compressao bem como no
modulo de elasticidade. Houve uma queda na resisténcia a compresséao de 15 e 25%
no concreto C-100-C e C-100-M, respectivamente, quando comparado ao concreto C-
0. No médulo de elasticidade, o concreto C-100-C e C-100-M apresentaram queda de
7 e 22%, respectivamente, quando comparado ao concreto C-0. Segundo os autores,

resultados similares foram encontrado por Bravo et al. ( 2015b) e Martinez-Lage et al.
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(2012). Quanto a penetracdo de agua sob pressédo, na visdo dos autores, todos os
concretos atendem a norma EHE-08, que corresponde ao baixo nivel de ataque
guimico para elementos de concreto submetido a agua com pH entre 6,5 e 5,5. Para
minimizar os efeitos negativos no que tange a grande variabilidade do RCD, muitos
estudos vém adicionando cinza volante em substitui¢do parcial ao cimento Portland e

serdo apresentadas na subsecéo a seguir.

2.3 ADICAO DE CINZA VOLANTE EM SUBSTITUICAO PARCIAL AO CIMENTO
PORTLAND EM CONCRETOS COM RCD

As cinzas volantes sdo materiais silicoaluminosos ou silicosos que, de acordo
com a ABNT NBR 12653 (1992) possuem pouca propriedade cimenticia, porém na
presenca de umidade, a reacdo pozzolanica ocorre pela interacdo da fase vitrea da
cinza volante com o Ca(OH)2 formando assim os compostos com propriedades
cimentantes (HOPPE FILHO, 2008a). A cinza volante € um pé heterogéneo que
normalmente apresenta forma esférica, cujo diametro € menor que 45 um e que pode
ser altamente reativo (ABOUSTAIT et al., 2016; DAL MOLIN, 2011). A superficie
especifica das cinzas volantes varia entre 300 a 700 m%/kg e sua massa especifica
variam entre 1900 e 2400 kg/m3, enquanto que a massa especifica do cimento
Portland é de aproximadamente 3150 kg/m3 (DAL MOLIN, 2011). Varios estudos
mostram que o emprego de cinza volante como ligante em substituicdo parcial ao
cimento Portland na producdo de concretos com RCD melhora as propriedades
mecanicas e de durabilidade, conforme apresentado na Quadro 2.1.
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Quadro 2.1: Estudos sobre as propriedades mecénicas e de durabilidade de concretos produzidos

com cinza volante e RCD

Propriedades | Tipo | Teores de substituigdo Resultados Autor
_ ARC | (AR 0% 50% 100%) Melhorou em maiores | Kurad et al. (2017)
8 idades
'2 % (CV 0% 30% 60%)
©c o
@ 5 ARM | (AR 0% 25% 50% 75% 100%) | Melhorou em maiores | da Silva e Andrade
@3 idades (2017)
@ = (CV 0% 15% 20% 25% 30%)
x €
I ARC | (AR 0% 25% 50%) Melhorou aos 56 dias | Shaikh (2016)
de cura.
(CV 0% 10%)
2 g ARC | (AR 0% 100%) Reducéo ndo Sunayana e Barai
3 A
significativa 2017
oz (CV 0% 20% 30%) g (2017)
3%
©
=3
3 Re ARC | (AR 0% 50% 100%) Aumentou Kou e Poon (2013)
g § (CV 0% 25% 35% 55%)
)
2 é ARM | (AR 0% 25% 50% 75% 100%) | Aumentou da Silva e Andrade
Qo 2017
388 (CV 0% 15% 20% 25% 30%) (2017)
o ARM | (AR 0% 25% 50% 75% 100%) | Melhorou da Silva e Andrade
& @ (2017)
23 (CV 0% 15% 20% 25% 30%)
5]
é ° ARC | (AR 0% 25% 50%) Melhorou Shaikh (2016)
(CV 0% 10%)

ARC = Agregado Reciclado de Concreto; ARM = Agregado Reciclado Misto; AR = Agregado Reciclado; CV
= Cinza Volante

A adicéo de cinza volante (CV) em substituicdo parcial ao cimento Portland tem
relevancia no desenvolvimento sustentavel, pois contribui na reducdo das emissfes
de COz2 e no consumo de energia (LIU; ZHANG, 2021). Segundo Gettu et al. ( 2019),
a adicdo de 30% de CV em substituicdo parcial ao cimento Portland pode reduzir em
aproximadamente 23% das emissdes de CO2 e a demanda de energia em torno de
21%. A melhora nas propriedades mecéanica e de durabilidade dos concretos com a
adicdo de CV pode estar atribuida a reacéo da cinza volante com o hidréxido de calcio,
que € um dos produtos da reacao do cimento Portland, produzindo assim o silicato de
calcio hidratado (C-S-H secundario) que, por sua vez, preenche ainda mais os poros
capilares e torna a microestrutura mais densa (GONZALEZ-COROMINAS;
ETXEBERRIA; POON, 2016;GETTU et al., 2019).

A reacao pozolanica da CV em comparacédo ao CP é mais lenta, e esta reacéo
pozolanica ocorre através da interacdo da fase vitrea da pozolana com o Ca(OH)2

gue, em contato com a agua, formam compostos com propriedades cimentantes
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(MASSAZZA, 2003). Esta mistura resulta em rapida dissolu¢cdo do Ca(OH)2 provendo
ions calcio e hidroxila para a solugéo, conforme apresentado na Equacédo 1 e 2.

Ca(OH)2 —» Ca** + 2(OH)’ Eq(l)
Ca(OH)2 —» Ca(OH)* + (OH) Eq(2)

Os Ca** sdo absorvidos rapidamente pela superficie das particulas da cinzas
volantes acarretando no processo de floculacdo destas particulas (MASSAZZA,
2003). Em seguida ocorre a dissolucéo destas particulas de cinza volante da seguinte
forma (BROUWERS; EIJK, 2003) (Equagéo 3-6):

SiOz + 20H" —» Si03% + H20 Ea(3)
AlbO3 + 10H- —» 2AIO> + H20 Ea(4)
CaO + H.O0 —» Ca?* + 20H- Eq(5)
Fe20s + 3H20 —»2Fe® + 60H" Eq(6)

Com o consumo de célcio e a reducao da solubilidade da cal hidratada, passa
a formar-se C-S-H. Segundo Mehta (1987), isso ocorre porque os 6xidos da CV ao
reagirem com agua e Ca(OH)z formam uma camada de C-S-H ao redor da particula
dificultando o acesso aos 6xidos da parte mais interna. Com isso, o calor de hidratacdo
da reacdo pozolanica é liberado mais lentamente tornando mais lento o
desenvolvimento da resisténcia. Sendo assim, concretos com adicdo de CV em
substituicdo parcial ao cimento Portland podem apresentar resisténcia mecanica
inferior em comparagéo aos convencionais nas menores idades.

Segundo Kurad et al. (2017), o decréscimo real do efeito combinado de CV e
ARC na resisténcia a compressao € menor do que a soma do efeito individual de CV
e ARC, especialmente apos 28 dias de cura. De acordo com os autores, um dos
fatores que levam a esse comportamento é a reacao pozolanica entre o dioxido de
silicio (SiO2) da CV e o hidroxido de calcio (Ca(OH)2) do ARC. Com o aumento de
Ca(OH)2 em funcao da crescente razao de incorporacéo de agregado reciclado, o SiO2
da CV tera mais Oxido de Caélcio (CaO) das particulas ndo hidratadas do cimento
antigo para produzir mais C-S-H que € o principal contribuinte para o

desenvolvimento da resisténcia do concreto.
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Nesse contexto, segundo Filho (2008b), a adicdo de cinza volante em
substituicdo parcial ao cimento Portland resulta em um concreto com menor teor de
cimento. Logo, a disponibilidade de hidroxido de calcio na matriz do concreto &
diminuida e, consequentemente as propriedades mecanicas e de durabilidades
tendem a ser menores nas idades iniciais (até 28 dias). A adicédo da cal hidratada em
concretos com cinza volante visa estabelecer um aumento de Ca(OH)2 na solucéo,
por sua vez, a reacdo pozolanica € antecipada melhorando as propriedades nas
menores idades. A seguir sera apresentada a influéncia da adicao da cal em concretos

com cinza volante.

2.4 INFLUENCIA DA ADICAO DE CAL HIDRATADA EM CONCRETOS COM CINZA
VOLANTE

Ainfluéncia da cal hidratada na reagéo da cinza volante esté intimamente ligada
a disponibilizacdo imediata de hidroxido de calcio que, junto com o Ca(OH):2
proveniente da hidratacdo do cimento, permite maior grau de reacdo pozolanica. A
soma do hidréxido de calcio oriundo da cal hidratada e da reacdo do processo de
hidratacdo do cimento resulta em maior concentracdo de Ca(OH)2 (LORCA et al.,
2014; BARBHUIYA et al., 2009) e, consequentemente antecipa o inicio da atividade
pozolanica (KUMAR; SINGH; SINGH, 2012) .

Além da cal hidratada contribuir para o inicio da reacdo da cinza volante, a cal
€ um acelerador da cinética de hidratacdo do cimento Portland devido a
supersaturacao de ions calcio em solugédo que ocorre em menos tempo e faz com que
a aceleracdo das reagOes seja antecipada. (HOPPE FILHO, 2008a). A seguir seréo
apresentados alguns estudos do efeito da cal hidratada nas propriedades mecéanicas
e de durabilidade em concretos com adicdo de cinza volante com diferentes

caracteristicas fisicas conforme apresentado no Quadro 2.2.

Quadro 2.2: Propriedades fisicas da cinza volante, cal hidratada e o cimento Portland utilizado em

cada estudo

Cinva Volante Cal hidratada

Cimento Tamanho Massa Tamanho Massa
Portland Classe particulas Especifica particulas Especifica

(km) (g/dm?) (um) (g/dm3)

Autores Pureza

(%)
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Valcuende etal. CEM 52,5

(2020) R (CPI) F 22,8 - - 2,30 92
Gunasekaraet ASTM Il

al. (2020) (CP 1l F 45 - - - 91
Barbhuiya etal. CEM 42,5N

(2009) (CP 11-2) F - 2,30 - 1,90 -
Filho (2008) CP V ARI F <75 2,48 58 2,26 -
Lorca et al. CEM 1525

(2014) R (CPI) F 23,7 2,50 48 2,30 87
Filho (2008b)  CP V- ARI F <75 2,38 47,27 2,26 91,3

O uso de cal hidratada nos concretos com cinza volante foram investigadas por
Valcuende et al. (2020), Barbhuiva et al. (2009), Filho (2008) e Mira et al. (2002). A
melhora nas propriedades mecanicas dos concretos variou de acordo com as

propriedades quimicas da cinza volante e o tipo de cimento empregado nos trabalhos.
2.4.1 RESISTENCIA A COMPRESSAO AXIAL

Para analisar a influéncia da cal hidratada na resisténcia a compressdo em
concretos com 50% de adicdo de CV em substituicdo parcial ao cimento Portland,
Valcuende et al. (2020) produziram o concreto de referéncia (C-0), concreto com 50%
de CV em substituicdo ao cimento Portland (CFA-OL) e dois concretos com 50% de
CV e diferentes teores de adicdo de cal hidratada (CFA-10L e CFA-20L) e relacéo
a/agl. foi 0,50. Os ensaios foram realizados nas idades de 7, 28, 91 e 180 dias e duas
amostras foram testadas em cada idade. Os corpos de prova foram curados em agua
(temperatura ambiente) até a data dos ensaios.

Com base nos resultados, Valcuende et al. (2020) observaram que, em idades
maiores que 7 dias, a cal hidratada reage com a cinza volante dando origem a novos
hidratos de silicato de calcio (C-S-H), resultando em maiores resisténcias a
compressdo quando comparado aos concretos sem a adicdo da cal hidratada. A taxa
da resisténcia a compressédo € aumentada quando a cal é adicionada ao concreto em
idades mais avancadas. Em um ano, segundo os autores, a resisténcia & compressao
dos concretos C-FA10L e CFA-20L foi 11% e 18% maior do que o concreto CFA-OL,

como mostra a Figura 2.7.
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Figura 2.7: Evolugéo da resisténcia dos concretos (VALCUENDE et al., 2020).

A resisténcia a compressao do concreto CF-20L, CF-10L e CF-0L foi 5%, 14%
e 26% menor quando comparado ao concreto CF-0 aos 180 dias. Resultados similares
também foram observados por Lorca et al. (2014) e, conforme os autores, o ganho
de resisténcia a compressao dos concretos com cinza volante e cal hidratada se deve
a autoneutralizacdo &cido-base da matriz por meio da reagdo pozolanica da cinza
volante com o hidréxido de calcio do cimento Portland e da cal hidratada.

Para avaliar o efeito da cal hidratada em concretos, Gunasekara et al. (2020),
a relacdo agua/aglomerante empregada foi igual a 0,3. As amostras de concretos
foram curadas em tanques de agua em temperatura ambiente até a data dos ensaios.
Foram produzidos concretos de referéncia (L00PC), concreto com 35% de cimento,
52% de CV e 13% de cal hidratada (HVFA-65) e concreto com 20% de cimento, 62%

de CV e 18% de cal hidratada (HVFA-80), cujos resultados encontram-se
apresentados na Figura 2.8.
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Figura 2.8: Desenvolvimento de resisténcia a compressao de diferentes concretos (GUNASEKARA et
al., 2020) - Adaptado.

Os autores observaram que o ganho de resisténcia dos concretos entre as
idades de 7 e 28 dias foi de 15,90% no concreto 100PC, 41,45% no concreto HVFA-
65 e 50,85% no concreto HVFA-80. Segundo os autores, 0s concretos com cinza
volante e cal hidratada apresentaram reacao de hidratacdo continua. A queda da
resisténcia dos concretos HVFA-65 e HVFA-80 em comparacdo ao concreto 100PC
aos 7 dias iniciais esté relacionada a menor rea¢éo pozolanica devido a cinza volante
adicionada, uma vez que a dissolucdo das camadas externas da cinza volante leva
no minimo 7 dias (GUNASEKARA et al., 2020).

O estudo realizado por Barbhuiya et al. (2009) mostrou que a adicédo de cal
hidratada melhora a resisténcia a compressao axial dos concretos. Para a produgéo
dos concretos dois teores de adigcao de cinza volante (30% e 50%) em substituicdo
parcial ao cimento Portland foram usados neste estudo. A relacdo a/aglomerante para
os concretos com 30% e 50% de cinza volante foi de 0,30 e 0,35, respectivamente.
Foi adicionado 5% de cal hidratada em massa do conteudo total de materiais
cimenticio em todos os concretos. Os concretos foram moldados em cubos de 150
mm e mantidos em ambiente interno (laboratério) a temperatura de 20°C por 24 horas.

ApoOs a desmoldagem, as amostras foram curadas submersas em agua até as idades
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de ensaio de resisténcia a compressao (3, 7 e 28 dias). Os autores observaram
melhoras na resisténcia a compressdo em todos os concretos com cal hidratada,

conforme apresentado nas Figuras 2.9 e 2.10.
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Figura 2.9: Resisténcia & compressao dos concretos com 30% de cinza volante e 5% de cal hidratada
nas idades de 3, 7 e 28 dias (BARBHUIYA et al., 2009).
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Figura 2.10: Resisténcia a compresséao dos concretos com 50% de cinza volante e 5% de cal
hidratada nas idades de 3, 7 e 28 dias (BARBHUIYA et al., 2009).

Segundo os autores, a melhora na resisténcia a compressao dos concretos
com cinza volante e cal hidratada pode estar relacionada a quebra das particulas das
cinzas volantes em funcdo do alto teor de hidréxido de calcio e a fase interna de
silicato possibilitando mais produtos de hidratacao (C-S-H adicional). Com base nos
estudos realizados por Mira, Papadakis e Tsimas (2002) e Barbhuiva et al. (2009), é
possivel verificar que quanto menor for o teor de éxido de calcio na cinza volante,
maior sera o efeito da cal hidratada nas propriedades mecéanicas dos concretos com
adicao de cinzas volante.

Comportamento similar foi observado por Filho (2008) ao produzir concretos
com 42% de cinza volante em substituigdo parcial ao cimento Portland e 16% de cal

hidratada. Foram produzidos trés diferentes tipos de concretos sendo: Concreto de
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referéncia (100% cimento Portland), concreto com 50% de adi¢do de cinza volante em
substituicdo parcial ao cimento Portland em massa e concreto com 50% de cinza
volante em substituicdo parcial ao cimento Portland em massa e adicdo de 20% de
cal hidratada do total de aglomerante em massa. Foram empregados trés teores de
relacdo 4gua/aglomerante (0,35, 0,50 e 0,65) e aditivo superplastificante de base éter
carboxilico modificado (policarboxilato). O ensaio de resisténcia a compressao dos
concretos foi realizado aos 28 e 91 dias de idade e os resultados estdo apresentados

no Figura 2.11.
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Figura 2.11: Resisténcia a compresséo dos concretos aos 28 e 91 dias (FILHO, 2008)

Todos 0s concretos apresentaram resisténcias menores quando comparados
ao concreto de referéncia. No entanto, o concreto com relacdo agua/aglomerante
0,50, com 50% de cinza volante e adicéo de 5% de cal hidratada aos 91 dias de idade
apresentou resisténcia a compressao axial 11,5% superior quando comparado ao
concreto com 50% de cinza volante e sem cal hidratada. O autor observou que 0s
concretos com cinza volante e cal hidratada aos 28 dias de cura apresentou um leve
decréscimo na resisténcia quando comparado aos concretos com cinza volante e sem
cal hidratada com a mesma idade de cura. Segundo o autor, ficou evidenciado que a
contribuicdo da cal hidratada para a resisténcia a compressao axial requer maiores

idades de hidratacao.
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2.4.2 Profundidade de carbonatacao

Para analisar a profundidade de carbonatacdo em concretos com cinza volante
e cal hidratada, Lorca et al. (2014) produziram corpos de prova com dimensdes de 40
x 40 x 160 mm que foram expostos em ambiente de laboratdrio por um periodo de 360
dias a partir de 28 dias de cura. As amostras foram rompidas por flexdo e uma solucao
de fenolftaleina a 1% foi aspergida na superficie fraturada. A profundidade de
carbonatacao foi testada no concreto de controle (C100), concreto com 50% de adi¢cao
de cinza volante em substituicao parcial ao cimento Portland (C50-1-0) e concreto com
50% de cinza volante e mais a adicdo de 20% de cal hidratada do total do aglomerante

(C50-1-20), cujos resultados estao apresentados na Figura 2.12.

Figura 2.12: Aplicacéo da solucao indicadora de fenolftaleina em uma superficie de fratura recente de
concreto. Da esquerda para a direita C100, C50-1-0 E C50-1-20 (LORCA et al., 2014).

Segundo os autores, o concreto C100 ndo apresentou nenhuma frente de
carbonatacdo e o concreto C50-1-20 apresentou uma pequena frente de
carbonatacdo. O concreto C50-1-0 ndo apresentou frente de carbonatacdo. As
manchas coloridas distribuidas aleatoriamente no concreto C50-1-0 sdo atribuidas a
presenca de algumas zonas da matriz em que a alcalinidade do C-S-H (hidratos de
silicato de calcio) era alta.

Para investigar a frente de carbonatacdo, Hoppe Filho (2008a) produziu
concreto de referéncia, concreto com 50% de cinza volante em substituicdo parcial ao
cimento Portland com e sem adi¢géo de 20% de cal hidratada do total de aglomerante
em massa. As relagbes dgua/aglomerante foram 0,35, 0,50 e 0,65 e o tempo de cura



39

bY

das amostras foi de 91 dias antes da exposicdo a carbonatacdo acelerada. A
carbonatacao foi realizada em camara climatizada com controle de umidade relativa
de 75 = 2%, temperatura de 20°C e com 5% de anidrido carbdnico (carbonatacéo

acelerada) . Os resultados estdo apresentados na Figura 2.13.
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Figura 2.13: (A) Profundidade de carbonatacdo em func¢éo do tempo de exposi¢cdo em ambiente com
5% de anidrido carbdnico. (B) Coeficiente de carbonatagdo dos concretos ((HOPPE FILHO, 2008a)).

Segundo o autor, a profundidade de carbonatacéo do concreto com 50% de
cinza volante foi o dobro quando comparado com o concreto de referéncia. A adi¢édo
de 20% de cal hidratada em relacéo ao total de aglomerante em massa no concreto
apresentou pouca eficiéncia na reducdo da espessura carbonatada em ensaio
acelerado. O coeficiente de carbonatacéo do concreto de referéncia é 50% menor que
o coeficiente de carbonatacdo do concreto com 50% de cinza volante. A adi¢éo de
20% de cinza volante apresentou uma pequena melhora no coeficiente de
carbonatacdo de aproximadamente 5% em comparagdo ao concreto com apenas
cinza volante. A evolucao das reacdes de hidratagcdo em ambiente natural € lenta e,
com o passar dos anos, grande parte dos poros capilares sédo substituidos por
mesoporos. Em maiores idades, o coeficiente de carbonatacdo pode diminuir a

diferenca em relacéo ao coeficiente de carbonatacdo do concreto de referéncia.
2.4.3 Analises microestruturais

A atividade pozolanica onde existe presenca de cal hidratada e umidade é
caracterizada pela alteragdo da microestrutura da pasta ao longo do tempo. Isto se

deve ao refinamento do diametro dos poros que repercute diretamente sobre as
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propriedades da pasta tais como permeabilidade, difusdo, absorcao capilar, entre
outras (HOPPE FILHO, 2008b). Gunasekara et al. (2020) analisaram a microestrutura
do concreto de referéncia (100PC), concreto com 35% de cimento, 52% de CV e 13%
de cal hidratada (HVFA-65) e concreto com 20% de cimento, 62% de CV e 18% de
cal hidratada (HVFA-80), cujos resultados estdo apresentados na Figura 2.14.

Dense C-S-H

gel matrix

P, ;;Anhxld_ride'. :
< cendent grains.

"

— 100 m —

HVFA-65:28d i

el LU T e

HVFA-65:7d

Unreacted
fly ash’

C-S-H gel
e ] 0 Y e

HVFA-80:7d

/"" 8 .
partially
.5 r&acted fly agh. _.’"- .

Av
¢ W ‘o
\ PO
N B a . .
» ‘l - g \ ‘.
4

v 1 00pm —

Figura 2.14: Desenvolvimento microestrutural do concreto HVFA-65 aos 7 e 28 dias e concreto HVFA-
80 aos 7 e 28 dias (GUNASEKARA et al. 2020) - Adaptado.

O concreto 100PC, aos 7 dias, apresentou poucos graos de cimento anidro na
matriz, e aos 28 dias foi observada uma matriz de gel C-S-H mais densa e uniforme.
Os concretos HVFA-65 e HVFA-80, aos 7 e 28 dias apresentaram uma microestrutura



41

mais heterogénea, com muitos grdos que nao reagiram ou reagiram parcialmente.
Segundo os autores, isso justifica a menor resisténcia a compressdo em idades
precoces. A adicdo da cal hidratada em concretos com cinza volante disponibiliza de
forma imediata Ca(OH)2 que permite a antecipagao do inicio da reagéo pozoléanica e
aumenta o grau de reacao da cinza volante nas idades inicias.

As analises microestruturais dos concretos analisados por Lorca et al. (2014)
corroboram com o observado por Gunasekara et al. (2020). Os autores realizaram a
analise microestrutural do concreto de referéncia (C100), concreto com 50% de cinza
volante em substituicéo parcial ao cimento Portland (C50-1-0) e concreto com 50% de
cinza volante e 20% de adic&do de cal hidratada no total de aglomerante em massa

(C50-1-20). As imagens estdo apresentadas nas Figuras 2.15, 2.16, 2.17.

Figura 2.15 : Micrografias de microscopia eletrénica de varredura (MEV) DO concreto C100 (LORCA
et al. 2014) - Adaptado.

De acordo com os autores, o concreto C100 (Figura 3.15-a) apresenta uma
matriz densa e formacao de produto de hidratacdo. Nas Figuras 3.15-b e 3.15-c sdo
observadas presenca de Ca(OH)2. O concreto C50-1-0 apresenta particulas esféricas

com superficies lisas sem reagir (Figura 3.16-a).
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Figura 2.16: micrografias de microscopia eletrénica de varredura (MEV) DO concreto C50-1-0
(LORCA et al. 2014) - Adaptado.

Os autores sugerem que as cinzas volantes que ainda nao reagiram, seja
devido a insuficiéncia de producdo de Ca(OH): pelo cimento para uma reacdo
completa (Figura 3.16-b). Os autores observaram macroporos que sugere a falta de
formacao de produtos de hidratagéo (Figura 3.16-c). Diferente do concreto C50-1-0, 0
concreto com cal hidratada (C50-1-20) apresentou uma estrutura densa conforme

apresentado na Figura 2.17-a.

Figura 2.17 Micrografias de microscopia eletronica de varredura (MEV) para argamassa C50-1-20.

As particulas de cinza volante do concreto C50-1-20 reagiram quase na sua
totalidade (Figura 3.17-a). Existe maior presenca inicial de Ca(OH)2 (Figura 3.17-b) e
formacao de etringita que preenche o interior dos poros (Figura 3.17-c). Com base
nas observacoes, 0s autores concluem que a natureza, a quantidade dos produtos de
hidratac&o e a reacao pozolanica sdo alteradas com a presenca de cinza volante e cal
hidratada.
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2.5 CONSIDERACOES FINAIS

A variabilidade da composicdo dos agregados reciclados proveniente de
construcdo e demolicdo, bem como seus constituintes para producdo de concretos
estruturais preocupa autores como Leite e Monteiro (2016), Limbachiya, Meddah e
Ouchagour (2012) e Silva, de Brito e Dhir (2014). Segundo os autores, a resisténcia a
compressdo, modulo de elasticidade, massa especifica e profundidade de
carbonatacdo desses concretos estdo diretamente associadas a agregados
reciclados. Como solucéo para esses problemas Silva, de Brito e Dhir (2014), sugerem
uma classificacdo dos residuos da constru¢cdo por meio do processo demolicdo
seletiva.

Estudos investigam a influéncia das cinzas volantes em concretos na
hidratag&o no cimento bem como o processo de reacdo pozolanica. Segundo Mehta
(1987), o calor de hidratacdo da reacdo pozolanica é liberado mais lentamente
tornando mais lento o desenvolvimento da resisténcia. Assim, concretos com adi¢ao
de cinzas volantes em substituicdo parcial ao cimento Portland podem apresentar
resisténcia mecanica inferior em comparacao aos convencionais nas menores idades.
Com o objetivo de minimizar os efeitos negativos que os residuos industriais causam
em concretos como queda nha resisténcia a compressao e modulo de elasticidade nas
idades iniciais de cura, aumento na profundidade de carbonatacdo, entre outros
(SUNAYANA; BARAI, 2017)(KURAD et al.,, 2017; DA SILVA; DE OLIVEIRA
ANDRADE, 2017; SUPIT; SHAIKH; SARKER, 2014), muitos estudos buscam analisar
efeitos combinados de outros produtos como a cal hidratada em concretos com
cimento pozolanico. Segundo Filho (2008), o hidroxido de célcio proveniente da cal
hidratada e mais o hidréxido de célcio oriundo do produto de hidratacdo do cimento
resultam em maior concentracdo de Ca(OH)2, que sera consumida pela reacéo
pozolanica em idade precoce. O efeito combinado de cinza volante e cal hidratada em
sistemas cimenticios € bastante relevante e merece uma atencédo especial para o

desenvolvimento de mais pesquisas.
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3. PLANEJAMENTO EXPERIMENTAL

3.1 INTRODUCAO

O planejamento experimental da pesquisa foi dividido em duas etapas,
conforme observado na Figura 3.1. Na etapa 1 estudou-se as relagbes entre as
propriedades mecéanicas e carbonatacao de concretos com agregado graudo reciclado
misto (ARM). Verificou-se a influéncia do ARM na resisténcia a compressao axial,
modulo de elasticidade e profundidade de carbonatacdo do concreto estrutural, bem
como suas correlacbes. Os teores de substituicdo de agregado graudo natural por
ARM foram de 0, 25, 50, 75 e 100% e relagbes a/c 0,40, 0,50 e 0,60. Foram realizadas
analises das propriedades mecanicas (resisténcia a compressao, resisténcia a tracao
e mobdulo de elasticidade), fisicas (porosidade e absor¢do d’agua), analises
microestruturais (microscopia eletrénica de varredura e microtomografia de raios-X) e
de durabilidade (carbonatacéo acelerada nos concretos).

Como resultado foram observados decréscimos significativos nas propriedades
mecanicas e de durabilidade dos concretos com ARM quando comparados com o
concreto de referéncia. O ARM é composto por elevada propor¢cdo de materiais nao
estruturais que resulta em queda na resisténcia a compressao axial entre 20 e 50%
qguando utilizado taxa de substituicdo de 25 a 50% (ROBALO et al., 2021). Verificou-
se na Etapa 1 que o médulo de elasticidade e a resisténcia a compressao axial diminui
linearmente com o aumento do teor de substituicdo de agregado natural por ARM. A
queda nas propriedades mecéanicas e de durabilidade nos concretos com ARM
gquando comparado aos concretos de referéncia também foi observado por Juan-
Valdés et al., (2018) e Martinez-Lage, Vasquez-Burgo e Velay-Lizancos, (2020). Para
melhorar as propriedades dos concretos com ARM seria necessario 0 aumento no
consumo do cimento para que a resisténcia a compressao axial se aproxime ao
concreto de referéncia. Quanto maior o teor de ARM, maior sera o consumo do

cimento.
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Figura 3.1: Diagrama-Resumo da Etapa 1 e Etapa 2 do programa experimental

Tendo em vista que as caracteristicas fisicas do agregado reciclado de
concreto (ARC) sao melhores quando comparados aos ARM (LOTFI et al., 2015), na
Etapa 2 foi utilizado ARC, ARM, e cinza volante com cal hidratada foi utilizada com
objetivo de reduzir os efeitos negativos que os agregados reciclados causam nas
propriedades mecanicas, fisicas e de durabilidade. Martinez-Lage et al. (2020)
verificaram em seus estudos que o efeito negativo nas propriedades mecanicas dos
concretos com ARM sdo maiores quando comparados aos concretos produzidos com
ARC. Segundo Kou e Poon (2013), os melhores teores de substituicdo para um bom
efeito combinado € entre 15 e 45% de cinza volante e 25 e 40% de agregado reciclado.
De acordo com estudos realizados por Kurad et al. (2017), Shaikh (2016) e Kou e
Poon (2013), a adicado de cinza volante em substituicdo parcial ao cimento Portland
tende a reduzir as propriedades mecanicas dos concretos nas primeiras idades. Esta
reducdo se deve ao menor teor de cimento Portland, substituido pela cinza volante
gue diminui a quantidade de Ca(OH)2 na matriz do concreto (HOPPE FILHO, 2008a).
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A adicao da cal hidratada tem como objetivo restabelecer o teor de Ca(OH)2 na
matriz do concreto (BARBHUIYA et al., 2009).

Na etapa 2 foram avaliadas as propriedades mecanicas (resisténcia a
compresséao axial e modulo de elasticidade), fisicas (massa especifica, porosidade e
absorcdo d’agua) e de durabilidade (profundidade de carbonatacdo) em concretos
com ARM, ARC, cinza volante e cal hidratada. No item a seguir sera apresentado o

planejamento do experimento da etapa 1.

3.2 ETAPA 1 - RELATIONSHIP BETWEEN THE MECHANICAL PROPERTIES AND
CARBONATION OF CONCRETES WITH CONSTRUCTION AND DEMOLITION
WASTE

A metodologia empregada visou avaliar as correlagdes entre as propriedades
mecanicas (Resisténcia a Compressao, Mdédulo de Elasticidade) e profundidade de
carbonatacdo. Procedimento experimental, métodos, resultados e discussdo séo
apresentados neste capitulo em forma de artigo, o qual foi publicado na revista Qualis
Eng. Il A2: Case Studies in Construction Materials, v.16, (2022) e00860.

Link: https://www.sciencedirect.com/science/article/pii/S2214509521003752
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ARTICLEINFO ABSTRACT

Keywords: The use of construction and demolition waste in the construction industry has been a constant
Construction and demolition waste issue for several years due to the amount of waste generated as well as the need to reduce the
Coarse recycled aggregate consumption of natural aggregates. This study has the aim of optimizing recycled aggregate from

Physical-mechanical properties

_ A construction and demolition to verify its influence on the elastic modulus in structural concrete.
Microstructural analysis

For this, the substitution of coarse natural aggregate by coarse recycled aggregate was evaluated
at replacement percentages of 0%, 25%, 50%, 75%, and 100% for concrete with different water/
cement ratios (0.40, 0.50, and 0.60). With these criteria, macrostructural tests (compressive
strength, splitting strength, porosity and water absorption), microstructural tests (scanning
electron microscopy and X-ray microtomography), and accelerated carbonation were employed.
The results showed that the mechanical and durability properties in relation to CO, diffusion
decreased as the substitution content of natural aggregate for recycled aggregate increased. The
lower the a/c ratio, the denser the concrete and, consequently, the concrete properties are
improved. Results showed that there are correlations between the mechanical properties and the
carbonation of concrete with recycled aggregate. Through the proposed equations, it is possible to
estimate elastic modulus from a given compressive strength at 28 days and with a w/c ratio
ranging from 0.4 to 0.6. Based on the compressive strength and w/c ratio, it is possible to estimate
the amount of substitution of natural aggregate needed in concretes for an expected elastic
modulus.

1. Introduction

Construction and demolition waste (CDW) consists mainly of concrete blocks, mortar, bricks, plain and reinforced conerete, and
asphalt, as well as ceramics, plaster, and wood [1]. The use of this recycled aggregate in the construction industry can generate
financial and environmental benefits, reducing the amount of natural resources used and the amount of waste that would be deposited
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in landfills [2]. Due to the current economic and environmental crisis, the demand for more sustainable development in the con-
struction industry requires a different approach using concrete technology [3]. Replacing 100% natural coarse aggregate with recycled
concrete aggregate can save more than 35% of waste generation and 50% of abiotic depletion [4]. There are two kinds of recycled
aggregates (RA) that can be used in concrete after separation, crushing, and sieving: recycled concrete aggregate (RCA) and mixed
recycled aggregate (MRA). The main difference between these materials is related to their origin: while RCA comes from the demo-
lition of concrete, MRA is composed mainly of old concrete, bricks, and masonry, which leads to a higher variability. The determi-
nation of a mean value for the physical-mechanical and durability properties of concrete made with RA is therefore a challenge
considering the possibility of application of this material on a large scale.

According to Lotfi et al. [5], the use of RA in concrete can result in better mechanical properties and durability, provided that a
lower water/cement (w/c) ratio is adopted. In this way, the use of more than 50% of recycled aggregate can be achieved by limiting use
of the concrete to applications with moderate exposure conditions. According to the author, recycled aggregate is more porous than
natural aggregate, as the mortar adhered to recycled aggregate has a weak and porous structure. The greater the replacement content
of natural aggregate by recycled aggregate in the production of concrete, the more significant will be the reduction in mechanical
properties and durability of these concretes. According to Lotfi et al. [5], for the production of concrete with high levels of replacement
of natural aggregate by recycled aggregate, a technology consisting of a combination of smart demolition, autogenous grinding and a
new technology for dry separation of recycled aggregate is needed. However, according to the authors, the replacement of content
above 50% should be done with more care, and its applications should be limited. According to Guo et al. [6], compared to concrete
using NA, the durability of RCA is lower because of the old bonded mortar adhering to the RC particles [7]. The mixing procedure
proposed by Fathifazl et al. [8], called the equivalent mortar volume (EMV) method, considers this residual hydration potential in the
proportion of concrete to RCA, maintaining the same performance conditions as the mixture without recycled aggregate.

The use of 100% RA content may cause up to twice the carbonation depth of the corresponding reference mixtures [9]. Carbonation
is related to concrete porosity, and the incorporation of recycled aggregate creates a more permeable concrete and therefore greater
carbonation depth [97. The sustainability evaluation of concrete with MRA is based on a holistic approach. Bravo et al. [10] evaluated
the mechanical and durability properties of recycled aggregate concrete with and without superplasticizer, where carbonation was the
property most affected by the porosity of these materials.

Andal et al. [11] verified that the use of RA and classified as of good quality, presented mechanical properties similar to those of the
reference concrete for a partial replacement content of 30%. However, when all natural coarse aggregates are replaced by mixed
recycled aggregates, the tendency is that the compressive strength (f;) decreases by between 25% and 45%, while the elastic modulus
(E.) decreases by between 28% and 36% [4]. Kumar [12] evaluated the use of recycled concrete aggregates and the f, and flexural
strength of RCA were lower than those of natural aggregate concrete. Thus, as the amount of RA used as a partial replacement in-
creases, the strength of the concrete mixture decreases [13]. According to Nepomuceno et al. [14], when using masonry aggregate,
there is a 11.1% decrease in f, for concrete with a replacement level of 75%, when compared to the reference concrete. The flexural
strength shows a linear decrease as the replacement increases, with a reduction of approximately 6%. The research carried out by
Duarte et al. [15] showed a drop in f, values of up to 30% at 7, 28 and 56 days with 100% use of recycled aggregate.

The microstructure of concrete with recycled concrete aggregate is less dense than that of the reference concrete [16]. Under these
conditions, concrete demonstrates greater porosity and weakening of the aggregate—paste interface [9]. The water excess generates
porosity in the calcium silicate hydrate (C-S-H) gel formed by spaces between its layers. The presence of ettringite within the pores
suggests that this porosity is due to pores of the paste being bound to the recycled aggregate [17]. Djerbi [18] suggested that RCA can
be influenced by pre-saturating the RA with water, which can be released in the new paste, damaging the microstructure, forming a
new interfacial transition zone (ITZ). Pradhan et al. [19] observed that the mortar adhering to the recycled aggregate and the presence
of microcracks resulted in greater water absorption. The authors found that the thickness of the ITZ in natural aggregate concrete was
40-60 um, while in recycled aggregate concrete it increased to approximately 60-80 yum.

Of the mechanical properties influenced by the use of RA, the elastic modulus (E) is the most significant, as this characteristic is
fundamental to the design of reinforced concrete structures when considering the overall stability of the structure from the service
limit state [20]. However, owing to the variation in mixtures, the existing formulae used to calculate E. for natural aggregate concrete
cannot be used for recycled aggregate concrete [21]. According to Silva et al. [22], the water compensation method during mixing
provides recycled aggregate concrete with smaller decreases in E. owing to the improved interfacial transition zone between the
aggregate and the new cement paste. E; showed a reduction of 30.83% compared to the reference concrete, which is associated with
the higher deformability of the recycled aggregate. According to Wang et al. [23], the E of recycled aggregate concrete decreased by
between 18.9% and 23.6% with 100% aggregate replacement. The E, value of the concrete with 50% aggregate replacement decreased
by between 6.8% and 16.0%. According to the author, these results indicate the possibility of applying recycled aggregate for
structural use, if the replacement content of natural aggregate by recycled aggregate is less than 50%. Adessina et al. [24] obtained
similar results when the total substitution of natural aggregate by recycled aggregate reduced the E. of the concrete by up to 20%.

Some studies have examined the performance level of concrete containing recycled aggregate in terms of the use of the material for
structural concrete. Brito et al. [20] concluded that studies should focus not only on the mechanical properties, but also on the
durability and the verification of the structural performance of recycled aggregate concrete. The use of RA as a building material is still
regarded with caution by builders because recycled aggregate is often considered to be a material with high variability in its properties
and has unpredictable behavior.

There are many new studies on carbonation depth analysis in concrete with recycled aggregate. A study by Mi et al. [25] concluded
that the greater the strength of recycled concrete, the lower the carbonation depth. Another study carried out by the same authors was
an analysis of the inhomogeneity of concrete with recycled aggregate under the effect of loading [26]. Another developmental study by
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Mi et al. [27] was an evaluation of the degree of carbonation of the recycled aggregate concrete based on the width of the carbonation
zone. According to the authors, this method can help engineers to assess the service life of a structure with greater precision based on
the width of the carbonation zone from the carbonation depth. Mi et al. [28] developed a carbonation model that, according to the
authors, can provide very reasonable results. For the construction of the model, the authors used Fick’s second law and the law of
conservation of mass and also took into account the influence of the transition zone of the interfaces of the aggregates.

The carbonation process of concrete must be given special attention, as according to Shen et al. [29], structural concrete exposed in
areas with a high concentration of COjy, such as industrial areas, can cause the deterioration of the reinforcement. This is because the
carbonation front, upon reaching the armature, will be placed in an environment of low alkalinity. According to Mi et al. [26] concretes
with recycled aggregate after the load effect are more heterogeneous than control concretes regarding carbonation depth distributions,
and this can be attributed to the fact that concrete with recycled aggregate presents old mortar and new mortar. Furthermore, ac-
cording to the authors, the microstructure of the mortar and the width of the corrosion zone have a very significant impact when
submitted to loading. The diffusion capacity of CO3 in these two mortars are different. To differentiate the old mortar from the new
mortar, the authors Mi et al. [27] used red iron oxide to color the old mortar during the preparation of the concrete. In this way it was
possible to identify the different mortars (old and new) at all depths. This technique allowed to invest the carbonation depth of
concretes with greater precision in the zones of traction, compression and in the load-free zones.

In this way, the present investigation has a main goal investigate the synergic effect of important aspects such as durability,
microstructure and mechanical properties. An important comparison of values obtained from E. based on the FIB model code,
Eurocode and Brazilian standards was performed. In addition, the influence of the parameters of the increase in recycled aggregate
content in the variation of the water/cement ratio of the concrete in this property was investigated. Through analysis of the results
obtained in this study, it is possible to verify the relationship between the mechanical properties (f. and E,) and durability (void volume
and depth of carbonation) in concretes with RA with substitution levels varying between 0% and 100%. In this way, it is possible to
establish equations that allow the estimation the E. of concretes with RA at 28 days from the characteristic strength of the concrete at
28 days (fa) and the w/c ratio. The novelty of this work is a general proposal that allows the estimation of the elastic modulus of a
given compressive strength, having as dependent variable the ratio w/c (between 0.4 and 0.6) and f.zg (MPa). Based on the analysis of
the results, the equation can be used in a situation where the engineer has the f.»g parameters and the concrete w/c ratio that would be
used in a real case.

2. Experimental procedure
2.1. Materials

Concrete samples were prepared using Brazilian early age Portland cement, similar to ASTM C 150 111, with a specific surface of
3.05 g/cm3, bulk density of 0.98 g/cm3, particle mean diameter of 14.16 ym, and mean compressive strength at 28 days of 54.1 MPa.
The natural aggregate (NA) used has basaltic origin, and the coarse recycled aggregate (RA) was prepared from CDW, which was
collected from a building site located in the city of Porto Alegre, Brazil, and classified using a mechanical crusher. The gravimetric
composition of the CDW consisted of 43% concrete, 26% ceramics, 9% natural aggregate, and 22% of different materials such as paper,
wood, plastic, metal. The semi-quantitative chemical analysis of the X-ray fluorescence of cement and RA is presented in Table 1.

The coarse and fine aggregates, natural and recycled, were evaluated according to the bulk density [30], fineness modulus and
maximum size [31], apparent specific gravity and water absorption for fine aggregate [32] and coarse aggregate [33]. The physical
properties of the natural and recycled aggregates are presented in Table 2.

The variation in the physical properties of RA can be explained primarily due to its origin and the availability of materials in
different regions. Can be observed that values of specific gravity varying between 2.54 and 2.67 kg/dm® and the water absorption
between 3.1% and 8.6% according to similar research [10,32-34], mainly due to the differences observed in RA composition. The
particle size distribution of the sand, NA and RA are presented in Fig. 1, measured according to NBR NM 248 [31].

X-ray diffraction (XRD) was performed using a Shimadzu model XRD 7000. The results showed the presence of quartz, calcite,
albite, and magnetite as crystalline phases in the entire RA sample (Fig. 2).

2.2. Mix proportioning

The concrete mixtures were proportioned for a workability equal to 90 + 10 mm with a mortar content of 53%, with w/c ratios of
0.40, 0.50, and 0.60 (Table 4), without the use of superplasticizers. Four replacement levels of NA by RA (0, 25, 50 75% and 100%), in
mass were used. Due to the difference in the specific mass between the NA and RA, the volume compensation method suggested by
Lovato et al. [34] was used based on Eq. (1).

Table 1

X-Ray fluorescence for materials used.
Materials Si0, AlLO; Ca0 MgO K,0 S04 Na,O LOI
Portland cement 16.9 3.5 64.4 27 1.2 4.2 0.1 3.89

RA 524 116 15.6 23 1.1 0.6 0.2 11.37
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Table 2
Natural and recycled aggregates properties.
Properties Fine natural aggregate Coarse aggregate
NA RA
Maximum size aggregate (mm) 4.75 19 19
Fineness modulus 2.57 7.1 6.98
Specific gravity (kg/dm®) 2.61 2.92 2.23
Bulk density (kg/dm?) 1.50 1.54 1.24
Water absorption rate (%) 0.8 04 58
Where: NA = natural aggregate; RA = recycled aggregate.
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where Mpa = recycled aggregate mass, in kg; Mna = natural aggregate mass, in kg; yra = recycled aggregate bulk density, in kg/dm®;

Yna = natural aggregate bulk density, in kg/dm®.

Due to the porosity of the RA, it was pre-moistened for 24 h, as recommended by da Silva and Andrade [35]. The mixtures obtained

are presented in Table 3.
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Table 3

Mix proportioning of concretes.
Mix design Proportioning” Aggregates (kg/m”) C (kg/m")

Fine NA RA

0.40-RO 1:1.37:2.10:0 692.92 1062.31 0 505
0.40-R25 1:1.37:1.58:0.53 675.08 776.22 198.96 492
0.40-R50 1:1.37:1.05:1.05 657.25 503.81 387.41 479
0.40-R75 1:1.37:0.53:1.58 640.78 245.59 566.56 467
0.40-R100 1:1.37:0:2.10 624.32 0 736 455
0.50-RO 1:2.08:2.73:0 810.17 1063.41 0 389
0.50-R25 1:2.08:2.05:0.68 789.34 777.06 199.18 379
0.50-R50 1:2.8:1.37:1.37 768.51 504.37 387.84 369
0.50-R75 1:2.08:0.68:2.05 749.77 246.03 567.57 360
0.50-R100 1:2.08:0:2.73 731.02 [ 737.85 351
0.60-RO = 1:2.79:3.36:0 885.46 106.34 0 317
0.60-R25 1:2.79:2,52:0.84 860.33 77.05 199.17 308
0.60-R50 1:2.79:1.68:1.68 837.98 50.58 388 300
0.60-R75 1:2.79:0.84:2.52 815.63 24.56 566.48 292
0.60-R100 1:2.79:0:3.36 796.08 0 73.2 285

* Cement: sand: RA: NA.

2.3. Properties evaluated

The mechanical and physical tests were carried out in accordance with current Brazilian standards (1zble ), after curing in a
humid chamber.

There are several equations that can be used to estimate the E, of concrete from f,. The Brazilian standard NBR 6118 [40] suggests
the Eq. (2] to determine the E; at 28 curing days for an fx between 20 and 50 MPa.

E = ag x 56001/, (2)

where E is the initial tangent concrete deformation module; ag is a parameter that depends on the nature of the aggregate and in-
fluences the E; fy is the characteristic strength at 28 days.

The Fédération Internationale du Béton [41] suggests that the concrete initial tangent E; (Eq. (3)) can be estimated by considering
the concrete equivalent factor whose factor is equivalent to that presented in Table 2 for an fy between 12 and 80 MPa.

\:
E=215 % 1%, x \/(r%fn_ .

The COMITE EURO-INTERNATIONAL DU BETON [42] also considers the aggregate nature. The secant E. is calculated based on the
formula represented by Eq. (4).

E.=22xagx (f;_;") 83 . f. in MPa (4)
Where: fuy is the average f; of concrete at 28 days.

2.4. Accelerated carbonation

For accelerated carbonation testing, an open circuit chamber with 3% CO; concentration was used, with humidity between 65%
and 75%. Before the test, the samples were submerged in water for 28 days followed by 24 h of exposure to air in a laboratory
environment for drying. A phenolphthalein solution (1%) dissolved in a mixture of 70% ethyl alcohol and 30% distilled water was used

Table 4

Mechanical and physical test methods.
Properties Brazilian Standard Dimensions Amount  Age (days)
Water absorption by immersion (A) NBR 9778 [36] Cylinders (100 x 200 mm) 3 28
Porosity (P)
Bulk density (B)
Compressive strength (£ NBR 5739 [37] Cylinders (100 x 200 mm) 6 7, 28 and 63
Splitting strength NBR 7222 [38] Cylinders(100 x 200 mm) 6 7, 28 and 63
Elastic modulus NBR 8522 [39] Cylinders (100 x 200 mm) 3 28
Accelerated carbonation Procedure adopted by da Silva and de Andrade {35] Prismatic (100 % 100 x 300 mm) 2 45-150 days
X-Ray microtomography Specific procedure Cubes (8-2.5 mm) - 28

Scanning electron microscopy Specific procedure Pieces (2-5 mm) - 28
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to determine the carbonation depth with a caliper, according to RILEM [43] recommendation. Measurements were taken at 45, 60, 75,
90, 105, 120, 135, and 150 CO; exposure days in a four-point slice of a fractured sample (Fig. 3).

The concrete carbonation front when exposed to CO; tends to stabilize over time. To analyze this behavior, Fick’s second law was
used [44], being function of the square root of time (t). According to Khunthongkeaw et al. [45] the carbonation coefficient (K) is
inversely proportional to the concrete carbonation resistance, as expressed in Eq. (5).

X, =Kt ()]

where X, is the carbonation depth (mm), t is the exposure duration time (months), and K is the corresponding carbonation coefficient
(mm/month®%).

2.5. Scanning Electron Microscopy (SEM)

In order to analyze the interface transition zone (ITZ) between aggregate and paste and perform the chemical characterization of
concrete samples produced with RA, Scanning Electron Microscopy (SEM) was used. The equipment used energy levels of between 0.3
and 30 kV and a point resolution of 1.2 nm. The cracked sample test was coated with carbon, after wet curing for 28 days before the
analysis.

2.6. X-ray microtomography

The X-ray microtomography test was performed using a Bruker SkyScan 1173 model, with an operating energy of 50 kV, electric
current of 0.3 mA, and resolution of 10 pm. The test was conducted on cubic samples of size 1 cm, extracted from the specimens after
28 days of curing. The same technique was used by Lu et al. [46] to study the structure and connectivity of concrete pores. Gallueci
etal. [47] used this technique to quantify the anhydrous cement content and the tortuosity of the pore network in cement paste. Saha
et al. [48] carried out a study of X-ray microtomography images in concrete and concluded that it is an effective method to analyze the
voids in a concrete sample.

2.7. Statistical modeling and analysis

Experimental planning was carried out using two-way analysis of variance (ANOVA) in order to observe the effect of different NA
substitution contents for mixed RA. Subsequently, mathematical models were generated with the respective statistical significance
analysis, with a confidence interval of 95%.

3. Results and discussion

With the results obtained in experimental program, mathematical models were developed for mechanical properties and durability
parameters of concretes, being expressed by Egs. (6)-{12).

o= 92,4032 — 34.3604 x & — 0.1116 x RA — 32.6673 x Zé? 6)

Forp = 1.84832 — 1.95644 x log (%) —0.00910 x RA — 0.08315 x Age® x log (%) @)

E, = 35.42662 — 5.37947 % log() — 0.30860 x RA +0.00129 x RA? (8)
6

upper face of the prismatic CP
o e et T,

TP ot

1
Side B

L, e, L8

o, non-carbonated area

Fig. 3. Representation of carbonation depth measurements.
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P =2.299 +3.307696 x %+ 0.102096 X RA — 0.000431 x RA> —0.012198 x % % RA 9)
A = 2253005 4 M350 4 0.100582 x RA (10)
D =2.57— 100 x =~ 111766 x = x RA— 1.28 x % +0.00003 x RA” a1
econ = —4.90395 4 2.74207 x ; + 0.00436 x RA | 0.20438 x Age® (12)

where f. = compressive strength (MPa); fi; s = splitting strength (MPa); E; = elastic modulus (GPa); P = porosity (%); A = water
absorption (%); D = bulk density (kg/dms); ecpy = carbonation depth (mm); RA = recycled aggregate replacement (%); age = age of
concretes (days); w/c = water/cement ratio.

The analysis of variance (ANOVA) for the response variables are presented in Table 5. All the effects of the isolated variables and
their interactions were statistically significant.

3.1. Elastic modulus (E_)

It was observed in this study that the E. was reduced as the substitution content of RA increased (Fig. 4). It was also observed that
the replacement of the natural aggregate by recycled aggregate had a greater influence on E, than the increase in the w/c rario.

The 0.40-R50 and 0.40-R100 concrete mixtures (Fig. 4-a) have E. values that were 30.3% and 44.6% smaller than that of SI-R0
concrete, respectively. The decrease in the concrete E. values for 0.60-R50 and 0.60-R100 (Fig. 4-c) are more significant, being
32% and 47.2% smaller, respectively, compared to RO. In addition to the w/c ratio and aggregate size, the E. of the aggregate and the
porosity are factors that influence E. [49]. The porosity of the transition zone (ITZ) between the cement paste, aggregates, capillary
voids, microcracks, and Ca(OH)3, found in the ITZ, are also factors that influence E. behavior [50]. It can be seen in Fig. 5 that there isa
correlation between E. and f, in all concrete mixtures.

According to Barbudo et al. [51], the reason for the difference in correlation between the mixtures may be a function of the amount
of mortar adhered to the particles, which is related to the amount of RA. Despite the good relationship between E. and f;, according to
Wang et al. [23], the recycled aggregate influences f; because of the increase in the ITZ between particles and paste and the w/c ratio,
while E. is influenced by the decrease in aggregate stiffness. The current Brazilian standard NBR 6118 [4(1] assigned a factor (az) for
each type of natural aggregate in order to estimate E, from the equations. For basalt and diabase, granite and gneiss, limestone, and

Table 5
ANOVA for developed models.

Response Source SS DF MS F test p-value

£ Model 49,408.28 4.00000 12,352.07 4509.169 0.000000
Residual 161.62 59.00000 2.74
Toral 49,569.90 63.00000
R® =0.939

fis Model 530.72 4.0 132.68 2136.99 0.000000
Residual 3.35 54.0 0.0621
Total 534.069 58.0
R*=0.815

E, Model 38,795.36 4.00000 9698.840 7485.646 0.000000
Residual 53.12 41.00000 1.296
Total 38,848.48 45.00000
R*=0973

A Model 1395.809 4.00000 348.9524 408.8680 0.000000
Residual 24.750 29.00000 0.8535
Total 1420.560 33.00000
R?>=0.828

p Model 6914.300 3.00000 2304.767 716.6837 0.000000
Residual 93.260 29.00000 3.216
Total 7007.560 32.00000
R® =0.849

D Model 51.35376 6.0 8.558960 16,196.10 0.000000
Residual 0.00264 5.0 0.000538
Total 51.35640 11.0
R® = 0.987

Ex2 Mode) 120.1349 4.0000 30.03371 460.3145 0.000000
Residual 9.2649 142.0000 0.06525
Total 129.3998 146.0000
R? = 0.834

SS = Sum of squares, DF = degrees of freedom, MS = Mean square.
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Fig. 5. Relationship between elastic modulus and f. of concrete.

sandstone aggregates, ag values of 1.2, 1.0, 0.9, and 0.7 are assigned, respectively. The elastic properties of constituent materials as
well as the interface area between the aggregate and the paste has a strong influence on the concrete elastic properties [52]. Uysal [53]
states that the effect of using coarse aggregate has a stronger influence on E, than on f..

Based on the results obtained in the study of E. of concrete using RA and adopting an fy, of 50 MPa, a value of o was estimated for
each mixture tested based on Brazilian and international standards. The results of aj; are presented in Table 6.

It was found that the normative values of ¢ based on the COMITE EURO-INTERNATIONAL DU BETON [42] standard are very
similar to those found in the Brazilian standard NBR 6118 [40]. Based on these results, it can be concluded that a concrete with up to

Table 6

Equivalent oy factor for concretes evaluated.
Mixture Elastic Modulus (GPa) «g estimated

NBR 6118 [40] FIB Model [41] EUROCODE 2 [42]

0.40-R0O 41.05 0.86 0.77 0.96
0.40-R25 334 0.70 0.63 0.78
0.40-R50 28.43 0.60 0.54 0.66
0.40-R75 24.74 0.52 0.47 0.58
0.40-R100 2248 0.47 0.42 0.53
0.50-R0O 40.03 0.84 0.75 0.94
0.50-R25 3214 0.68 0.61 0.75
0.50-R50 27.01 0.57 0.51 0.63
0.50-R75 23.32 0.49 0.44 0.55
0.50-R100 21.07 0.44 0.40 0.49
0.60-RO 39.60 0.83 0.75 0.93
0.60-R25 30.99 0.65 0.58 0.72
0.60-R50 25.86 0.54 0.49 0.6
0.60-R75 2217 Q.47 0.42 0.52

0.60-R100 19.91 0.42 0.38 0.47
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50% of NA replacement by RA has an ax of approximately 0.60, as in the case of 0.40-R50. Considering a replacement level equal to
25%, the values approximate the results for the limestone aggregate.

In addition to the correlation between E. and f, the relationship between E. and the bulk density (D) was also examined for all the
concrete mixtures, as presented in Fig. 6.

The concrete bulk densities for 0.40-R25, 0.40-R50, 0.40-R75, and 0.40-R100 showed a decrease of 4.65%, 7.84%. 9.61%, and
0.91%, respectively, when compared to concrete 0.40-R0. Cantero et al. [54] observed that concrete (w/c = 0.45 and 28 days curing)
with 20%, 25%, and 50% RA content presented a bulk density reduction of approximately 3.1%, while concrete with 75% and 100%
RA content showed a reduction of 4.2% compared to the reference concrete.

3.2. Compressive strength (f)

To analyze the f. (Fig. 7), the regression model (Eq. (6)) was used for all replacement content considering the w/c ratios
investigated.

The concrete 0.50-R25, at 28 days curing, presented f; values that was 8,7% lower than the reference. At 63 days curing the
concrete 0.60-R100 had a 61.60% lower value of f. compared to 0.60-R0. The concrete 0.60-R25 with 28 days curing had the closest
value of f, to 0.60-R0, at 7.37% lower. Cantero et al. [54] did not observe a decrease in f. with up to 50% RA and observed a decrease of
7% in the concrete with 100% RA content when compared to the reference concrete. The RA used in that study presents approximately
87.82% of old concrete and stone products and 10.93% masonry materials in their composition, which explains the low reduction in
feag.

The variability of RA has a direct influence on the mechanical and durability properties of RA concretes. The recycled aggregate
used by Zieliniski et al. [55] for the production of concretes consisted of 25% concrete, 25% mortar and 50% ceramic. The water
absorption of recycled aggregate was 3.5 times higher compared to natural aggregate. The authors observed that the drop in
compressive strength of concretes with recycled aggregate compared to control concretes, in general, is greater than 20%. Cantero
et al. [54] used mixed recycled aggregate to produce concrete. The mixed recycled aggregate consisted of 43.98% concrete, a concrete
and mortar product, 43.84 natural stone, 10.93% masonry, 0.02% floating particles and 0.02% other materials such as glass and
plaster. The w/c ratio was constant in all mixtures (0.45). In this study, with recycled aggregate, the authors observed that concretes
with 20%, 25% and 50% similar axial compressive strengths compared to control concrete. Concretes with 75% and 100% recycled
aggregate drop by 3% and 7% respectively. According to Xiao et al. [56], the old mortar from the recycled aggregate have porosity and
cracks that allow an increase in water consumption. In this way, the transition zone regions of the recycled aggregate take less water for
hydration and consequently influence the concrete properties. According to the authors, in general, the increase in replacement level
tends to decrease the compressive strength of concrete, however, if the content of recycled aggregate is lower than 30%, the decrease in
compressive strength in comparison to control concrete will not be significant. Already Etxeberria et al. [57] observed in their studies
that concretes with 25% recycled aggregate can present axial compressive strength very close to the reference concrete. However,
concretes with more than 50% recycled aggregate need to have between 4% and 10% less w/c and 5-10% more cement than control
concrete to achieve the same axial compressive strength at 28 days.

Seddik Meddah [58] reported that the negative effect of RA in f; values depends not only on the concrete properties but also on the
method used for the production of concretes with RA. According to Pedro et al. [59] the decrease in f. with RA when compared to
reference concrete is due to the presence of adhered old mortar, which results in a higher effective w/c ratio and a transition zone
between the matrix and the weaker aggregate.

wib ratio ——0.40 - - 050 ---- 0.60
45+

R*=0.94

18 20 2.2 24 26
-Bulk density (kg/dm3)

Fig. 6. Correlation between concrete elastic modulus and bulk density.
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Fig. 7. RA influence on compressive strength of concretes.

Based on the results for f, of concretes after 28 and 63 days of curing, it is possible to verify the growth rate as a function of the w/c
ratio (Fig. 8). It was observed that the highest growth rate of f. over time was for concrete 0.60-R100 for a w/c ratio of 0.6.

The higher the w/c ratio, the higher the f. growth rate with age (Fig. 8). The concrete strength growth rates of 0.40-R25, 0.40-R75,
and 0.40-R100 compared to 0.40-R0 are 0.12% 0.42% and 0.62%, respectively, while concrete with a w/c ratio of 0.6 showed a
resistance increase of 0.23%, 0.91%, and 1.41%, respectively. According to Eckert and Oliveira {61 ], this behavior may be related to
the lower stiffness of the RA, resulting in a lower degree of restriction between the particles as well as the internal curing of the RA that
attenuates the shrinkage stress by reducing microcracks. Another possibility is that the greater the amount of RA in concrete, the
greater the number of aggregates with water excess in the capillary pores [60], and this water is released according to Juan-Valdés
et al. [61].

3.3. Splitting strength (fesp)

As observed in the f. behavior, fu ¢ decreases with the substitution of natural aggregate by recycled ones (Fig. 9).

When analyzing the effect of the w/c ratio on concrete with RA, it can be seen that the mixtures 0.40-R50, 0.50-R50, and 0.60-R50
showed a decrease in fi o at 28 days of 10%, 11.4%, and 16.1%, respectively, when compared to the reference concrete (0.40-R0, 0.50-
RO, and 0.60-R0). The RA effect in the concrete was seen in the mixtures 0.50-R25, 0.50-R50, and a decrease in the fu s, at 28 days, is
5.7% and 11.4%, respectively, when compared to the reference concrete (0.50-R0). Other smaller values were found by Cantero et al.
[54] in the concrete, with 3% for 75% RA and 4% for 100% RA at 28 days and a w/c ratio of 0.45. This may be related to the amount of
fragile material in the RA, as according to Lovato et al. [34], cracks tend to propagate in the most fragile aggregates, thus reducing the
fersp- Zielinski et al. [55] observed that concretes obtained with recycled aggregate do not present differences in tensile strength when
compared to control concrete. On the other hand, Oner et al. [62] observed in their studies that the tensile strength tends to decrease
between 25% and 30% when compared to control concrete.
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Fig. 8. Influence of w/b ratio in the compressive strength growth rate of concrete with RA and w/b 0.4, 0.5 and 0.6,
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3.4. Carbonation depth

To measure the carbonation depth, the greatest and smallest depths measured from the sides of the prismatic specimen were
considered and the average of each side represents the carbonation depth. The base and top were not considered and the average of the
sides represented the carbonation depth of the sample. This method was suggested by Pauletti [63] and Kulakowski [64]. The use of
accelerated carbonation techniques to evaluate the carbonation resistance of concrete with RA are shown in Figs. 10 and 11. The
0.60-R25 concrete had a greater carbonation depth (e,2) when compared to the 0.60-R0 concrete.

Carbonation resistance is higher in concrete with lower w/c ratios and lower percentage of NA replacement by recycled aggregate
(Fig. 12).

The concrete 0.60-R100 showed carbonation depths (o) at 45 and 120 days that were greater by 29.80% and 18.70%, respec-
tively, when compared to 0.60-R0. The concrete 0.40-R50 showed e, at 45 and 120 days that were greater by 14.90% and 9.35%,
respectively, when compared to 0.40-R0. Similar behavior was observed by Debieb et al. [65], Zhao et al. [66], Kou and Poon [67] and
Silva et al. [9] Studies have observed that natural aggregate replacement levels by recycled aggregate increases carbonation depth by
up to 100%. According to Kisku et al. [68], the increase in carbonation depth is closely linked to factors such as water/binder ratio,
natural aggregate replacement content by recycled aggregate, binder content, additives as well as curing conditions. Buyle-Bodin and
Zaharieva [69] report in their studies that the carbonation depth almost doubles when the specimes are cured in water and, according
to the authors, this behavior is related to high internal moisture of concrete with recycled aggregate.

The increase in e, is directly related to the increase in the w/c ratio rather than the increase in the RA content. According to Silva
et al. [22], the carbonation depth is associated with the more porous structure of RA and the presence of old pre-carbonated mortar. It
can be seen that the greater the age, the lower is the rate of increase of carbonation depth. This is because layers of insoluble salts such
as CaCOjz are formed in the capillary pores over time, reducing the penetration capacity of CO; in these pores [70].

Fig. 13 presents the correlation between K as a function of time for concrete mixtures 0.40-R0, 0.40-R25, and 0.40-R100. According
to the results observed, the carbonation coefficient tends to decrease as the time of exposure to CO, increases.

In 2 months of exposure to CO, the concrete 0.40-R0 showed a carbonation coefficient of 4.13 mm/month®® while the 0.40-R25

a) b) ) d)

Fig. 10. Carbonation of concrete RO with w/c = 0.60: (a) 60 days; (b) 75 days; (c) 105 days; (d) 120 days.
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Fig. 11. Carbonation of concrete R25 with w/c = 0.60: (a) 60 days; (b) 75 days; (c) 105 days; (d) 120 days.
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and 0.40-R100 mixtures showed values of 7.22 and 12.34 mm/month®5, respectively. Limbachiya et al. [71] observed the same
carbonation coefficient tendency in concrete with recycled aggregate, where the replacement percentages were 0%, 50%, and 100%
and the w/c ratio was 0.50, with 3.5% CO concentration. The reference concrete showed a carbonation coefficient in 20 weeks of CO,
exposure of about 2.54 mm/week’> and the concrete with 50% and 100% recycled aggregate content showed values of 2.85 and
2.98 mm/week®® [71]. Bosque et al. [72] carried out accelerated carbonation tests at 1% concentration of CO, in concrete with 25%
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and 50% recycled aggregate content with a w/c ratio of 0.45. This study observed a carbonation coefficient of 1.05 and
1.19 mm/year’® greater compared to the reference concrete, corroborating with the results obtained in this study.

3.5. SEM with EDS and X-ray microtomography

The reference concrete (Fig. 14 (a)) showed that the calcium silicate hydrates (C-S-H) appeared uniform, although it contained
pores between the characteristic layers of the C-S-H gel. In the EDS results (Fig. 14 (b)), a large amount of Si and small peaks of Ca and
O can be observed. Fig. 15 (a) shows the sample concrete with 50% replacement of RA. The C-S-H microstructure appears less dense,
with the presence of needle-shaped ettringite. Based on Fig. 15 (b), a large amount of Si and small peaks of Ca and O can be observed.

Fig. 16 shows a concrete sample with RA. It is known that the recycled aggregate contains old adhered paste and consequently an
old interfacial transifion zone. Therefore, the new cement paste is more compact and denser than the old paste involved in recycled
aggregate, according to Thomas et al. [73]. Fig. 17 shows the recycled aggregate interface with the old paste (a) and the new paste (b).
In contrast, Fig. 18 shows the microstructure of the 100% replacement concrete and the presence of some ettringite and Ca(OH);
crystals. This behavior was identified by Li et al. [74], who showed that in the interfacial transition zone (TTZ), there is a significantly
weak microstructure with large porosity and Ca(OH); crystals.

As an old paste adhered to the aggregate is very similar to a new paste of new concrete, two criterions were adopted to identify it as
two pastes. The first criterion was visually analyzed the sample and verifying the difference in porosity between the two pastes, as
presented in Fig. 16. The second criterion was the slight difference in color that exists between the old paste and the new paste. In this
study, it was observed that an old paste had a slightly darker color than a new paste. According to Gracioli et al. [75] with the use of
recycled aggregate, the microstructure demonstrates ettringite needles and the structure of the C-S-H is less evident. The same
behavior was identified by Guedes et al. [76]. Xiao et al. [77] presented a microstructure with voids and Ca(OH); crystals near the ITZ.
Compared to the old ITZ, there are more C-S-H gels in the new ITZ.

Figs. 19-21 show the porosity of concrete using the X-ray microtomography technique. The dark gray composition represents the
paste, and the light gray part corresponds to the natural or recycled aggregate.

The results indicate that the concrete porosity increases with the addition of RA. For 0.50-R0 (Fig. 20), the reduced void volume
occurs in spaces where there is no aggregate present. In Fig. 21, the difference in porosity between natural and recycled aggregates
becomes clear. The space occupied by natural aggregate has no apparent voids, while the volume filled by RA shows a higher con-
centration of voids. In Fig. 21, with 100% RA, the void volume is predominant in all regions of the sample. The increase in void volume
can be explained by the high absorption rate of the RA, which is the only difference between the tested traits, since the w/c is set at
0.50. In concrete and cement paste, porosity significantly impairs strength, may increase its permeability, and compromises material
densification [78]. The presence of voids within the RA justifies the method of pre-wetting the aggregate adopted in the molding of the
specimens. In this way, the aggregate does not absorb water intended for cement hydration. In research conducted by Leite and
Monteiro [79], microtomography images showed that mixtures with recycled aggregate developed interconnected macropores around
the material. To reduce the large pores, resulting in improved behavior, the use of recycled aggregate should be reduced to less than
50%.

From the results of water absorption and porosity for concrete in the hardened state, it was found that these properties are
associated with natural aggregate substitution by recycled aggregate and with the w/c ratio (Fig. 22), and the results obtained in the
microtomography were corroborated.

Based on the results, it was observed that as the substitution content of NA by RA is increased for the same w/c ratio, there is an
increase in the water absorption due to the increase in the number of voids and consequently the specific mass reduction of the
analyzed concrete. However, it is observed that the lower the w/c ratio, the smaller the effect is on these properties. The 0.40-R50
concrete showed an increase of 70% and 56% in the water absorption and porosity, respectively, when compared to the reference
concrete 0.40-R0. The RA used in this study contains a large amount of material with an angular shape and rough surface. According to
El-Hassan et al. [80]1, more air is retained the concrete capillary pores, making them more porous and consequently lighter. Bravo et al.
{81] analyzed water absorption in concrete produced with RA from different recycling plants and found variations in the order of
7.1-28.6% for 100% replacement with RA.

3.6. Relations between mechanical properties and durability

The comparison presented in Fig. 23 illustrates all changes in the properties of concrete in relation to the addition of RA. An in-
crease of less than 1% in the quantity of voids per total volume generates a resistance decrease of 17.2% from 0.50-R0 to 0.50-R50,
rising to 34.5% between R2-S0 and 0.50-R100. Also important is the enhancement in water absorption that accompanies the increase
in void volume. In all analyzed mixtures, the relationship between the variables remained at an average of 33.5%. Similar results were
found by Pacheco et al. [82], where mixtures with lower f. showed larger voids in microtomography analysis.

Fig. 24 showed that the values of E, for concrete 0.50-R50 and 0.50-R100 are lower than the concrete 0.50-R0, according to Zhou
and Chen [83]. This can be attributed to the decrease in the stiffness of the recycled aggregate as well as the decrease in the apparent
density.

It can be seen in Fig. 24 that there is a direct correlation between E. and the mechanical properties (f. and fergp). As the RA
substitution content increases, Ec, f., and fe(sp all decrease. Silva et al. [84] carried out an in-depth study of the correlation between E.
and f, where different types of recycled aggregates are used. The authors observed that the increase in the recycled aggregate content
as well as its quality had a significant influence on the value of E, of the concrete. Bravo et al. [81] found that the recycled aggregate
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Fig. 14. SEM for reference concrete with w/c = 0.5 (a), EDS of highlight area (b).
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Fig. 15. SEM concrete with 50% RA and w/c = 0.5 (a), EDS of highlight area (b).
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Fig. 16. Concrete sample containing only recycled aggregate (0.50-R100).
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Fig. 17. SEM concrete containing 100% recycled aggregate and old paste (a), 100% recycled aggregate and new paste (b).

Fig. 18. SEM for reference concrete and w/c = 0.5 (0.50-R100).

concrete from eight different recycling plants showed a varied reduction in E; when compared to reference concrete. According to the
authors, the composition of recycled aggregate is the factor that most influenced the E. results.

The relationship between Eq, f., carbonation depth, and cement content for concrete with a w/c ratio of 0.50 is presented in Fig. 25.
The determination coefficient of the proposed equations varied between 0.996 and 0.999. An R® value close to 1 was expected because
the correlation was based on the sample data from the models presented in Egs. (6)-(12).

As shown in Fig. 25, as the E. of concrete decreases due to the increase in the RA replacement content, f; also decreases. Conse-
quently, the void volume and carbonation depth increase. For the concrete 0.50-R50, compared to 0.50-R0, there was a reduction in
the fog of 16.13% and Eog of 31.2%. The e.4s and void volume increased by 22.07% and 17.2%, respectively.

3.7. Proposed method for design concretes with RA

Based on the analyses in the previous sections, it is possible to evaluate the ability to use the RA in this study in concrete for a given
compressive strength (feag) and a certain w/c ratio. Based on the correlations discussed previously, it was possible to determine a
method (Fig. 26) using only two equations.

The values of a, b and ¢ of the equations will depend on the variability of the recycled aggregate, type of cement used, particle size
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Fig. 19. Reconstructed image and pores of reference concrete (0.50-R0).

Paste
/

Fig. 20, Reconstructed image and pores of concrete (0.50-R50).

Fig. 21. Reconstructed image and pores of concrete (0.50-R100).
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of the recycled aggregate, concrete curing method, as well as the compressive strength and modulus of elasticity test method. This

equation, with the values a, b and ¢ corresponding to the recycled a
fcpg parameters and the w/c relation of the concrete that would be
phase, the engineer can determine the Ecog value for the concrete.

ggregate used, can be used in a situation where the engineer has the
used in a real case. Once these parameters are defined in the design
Based on the aggregate used in this study, it was possible to obtain

Eq. (13). The modulus of elasticity is important in the design because it can be used to calculate general structural stability.

Table 7

ANOVA of the elastic modulus for concrete.
Beta in Partial Correlation Semi partial Correlation Tolerance F-test R-square P-level
w/c ratio 1.001135 0.952063 0.649299 0.420634 0.579366 0.000000
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3.3 ETAPA 2 -SYNERGIC EFFECT OF RECYCLED AGGREGATES, FLY ASH, AND
HYDRATED LIME FOR PRODUCTION OF ECO-FRIENDLY CONCRETE

Procedimento experimental, resultados e discussdo estdo apresentados neste
capitulo em forma de artigo, o qual esta em avaliacdo desde 24/08/2022 pela revista

Construction and Building Materials, conforme anexo A.
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HIGHLIGHTS

1

Two types of CDW (mixed recycled aggregate and recycled concrete aggregate) were used with one
level of recycled aggregate replacement (50%), fly ash replacement (20%) by Portland cement, and two
levels of hydrated lime addition (5 and 10 %) were investigated.

The addition of hydrated lime in concrete with fly ash and recycled aggregate anticipated the
dissolution of fly ash particles for the pozzolanic reaction.

The effect of the addition of hydrated lime in concretes with fly ash and recycled aggregate altered the
microstructure of the paste as a function of the refinement of the pore diameter.

Carbonation depth was reduced with the addition of hydrated lime in fly ash and recycled aggregate
concretes when compared to concrete without hydrated lime.
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ABSTRACT

The use of construction and demolition waste (CDW) as recycled aggregate (RA) and fly ash (FA) in the
composition of cementitious material makes the new concrete more sustainable. However, RA is more
heterogeneous, porous, and less dense materials than natural aggregates (NA), influencing mechanical resistance.
On the other hand, the reaction of FA with hydration products of Portland cement is slow, delaying the resistance
development at an early age. An alternative to increase the concrete strength with FA at an early age is the use of
hydrated lime (HL). This research aims to evaluate the efficiency of adding hydrated lime (HL) in concrete with
RA and FA. In this way, this research has two stages. In the first stage, produced concretes only with mixed
concrete aggregates (MRA) and concrete recycled aggregates (CRA). From the mix proportioning diagram, a
w/c ratio of 0.55 and an RA content of 50% were fixed, considering similar compressive strengths. In the second
stage, produced concretes with 20% in partial replacement of Portland cement (PC) and addition of HL in
proportions of 5% and 10% (by mass) of the total content of cementitious material and water/binder ratio of
0.55. Performed mechanical tests (compressive strength, elastic modulus), durability (water absorption,
carbonation depth), and microstructural analysis (SEM and X-ray microtomography) in concretes. The results
showed that the addition of 10% HL in concretes with 80% Portland cement and 20% FA improves compressive
strength, elastic modulus, water absorption, porosity, and apparent density of concretes when compared to
concretes without HL from 28 days old, considering the concretes with 20% FA. The reduction in carbonation
rate was observed when HL was added to all concretes evaluated. The microstructural analysis shows that adding
HL tends to increase the concrete homogeneity. Results show that adding hydrated lime influences the
mechanical properties and durability of concrete with FA and RA and that including these residual materials in
concrete mixtures would positively contribute to the environmental impact.

Keywords: Construction and demolition waste; Coarse recycled aggregate; fly ash; hydrated lime; Physical-
mechanical properties; Microstructural analysis.

1 Introduction

Society depends on natural resources for experience and socioeconomic development, but the need to
explore these natural resources also increases due to population growth. Concrete plays a key role in
the socioeconomic development of a country, but it also has a very significant adverse effect on the
environment and the depletion of natural resources. The construction industry produces large amounts
of solid waste from construction and demolition activities [1]. In 2020, 47 million tons of construction
and demolition waste (CDW) were produced in Brazil, corresponding to 221.19 kg/inhabitant/year [2].
The materials extraction, as well as their processing for use in civil construction, generate large
amounts of solid waste that, improperly deposited, can bring various problems to the environment,
such as the proliferation of disease-transmitting agents, degradation of the large areas, obstruction of
drainage systems, silting up rivers and streams as well as the occupation of roads that degrade the
urban landscape [3]. Besides, carbon hydroxide (CO2) emissions grew to 36.3 Gt in 2021, according to
the Global Energy Review [4], this is a record high, and only coal accounted for more than 40% of the
global growth of CO» emissions in 2021 which was 15.3 Gt, surpassing the 2014 peak of 200 Mt. In
Brazil, according to Cirilo [5], around 2.5% of the total CO; is emitted on a global scale. Considering
this scenario, it is necessary to investigate the construction sector’s contribution to find alternatives to
reduce the consumption of natural resources and greenhouse gas emissions. One alternative is the
reuse of CDW as a by-product (sand, coarse aggregate) in the production of new concretes, which has
been studied by several researchers [6][7][8][9][10][11]. Nevertheless, one of the significant
challenges of using recycled aggregate (RA) from CDW as raw material for producing new concrete is
the variability in its composition, as well as impurities and contaminants that influence the mechanical
and durability properties of concrete [12].

After processing the CDW, the concrete recycled aggregate (CRA) and mixed concrete aggregate
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(MRA), which is the most significant part of the RA, are obtained [11]. MRA and CRA have very
different physical characteristics. In general, the MRA is a more porous material when compared to
CRA [13]. According to Chen et al. [13], the average CRA and MRA densities are 2325 kg/m?® and
2169 kg/m?, respectively. The water absorption of CRA and MRA vary between 4.9% and 7.4%,
respectively [14] [15]. Another factor that should be taken into account, according to Saez del Borque
[16], is the elastic modulus of the interfacial transition zone (ITZ) between the RA and the cement
paste that varies with the type of constituent material in the MRA, as this impacts in concrete
properties. However, some undesired characteristics of RA feasibility studies of the use of RA in the
substitution of natural aggregates (NA) for concrete production in small quantities present promising
results both in the mechanical and durability properties, as observed in the literature [17][18][19][20].

Concerning the contribution of the construction industry to reducing CO, emissions in the
environment, one alternative would be, according to Meyer [21] and Aprianti [22], the optimization of
the production process of Portland cement (PC). One of the ways would be using by-products
generated by industrial processes, agricultural waste, and recycled materials such as rice husk ash,
palm oil fuel ash, bagasse ash, wood waste ash, and corn cob ash. Mineral additions in partial
replacement to PC present advantages such as reduced energy consumption, CO, emissions, and a
reduction in concrete production cost. The slag and FA partially replace PC by up to 90%, reducing
CO, emissions by 81%, reducing 58% of energy consumption, decreasing 5% of its cost, and
increasing the average durability index by 34% [23]. The combined use of RA and FA for the new
concrete production is one of the ways to obtain concrete focused on sustainability. Studies show that
the addition of FA in partial replacement to PC tends to delay the development of concrete resistance
because, according to Mehta [24], the FA keep in an induction period due to a waterproof film that is
formed around its surface when the FA oxides come into contact with Ca(OH), and water, making it
difficult to access the innermost oxides. However, studies also show that there is an interaction
between FA and RA in concretes, where silicon dioxide (8i0;) from FA reacts with existing particles
of CA (OH;) from CRA [25] and, according to Corinaldesi and Moriconi [26], the FA also benefits
from the calcium oxide (CaO) unhydrated from the old CRA paste to produce more C-S-H, which is
the main contributor to the development of concrete strength. Sunayana and Barai [27] made concrete
with 50% CRA, two levels of FA (20% and 30%), and a w/b 0.50 ratio. The compressive strength at
28 days of RC was 43 MPa, and the concretes with 20% and 30% of FA presented 41 and 42 MPa,
respectively. Similar behavior was also observed by da Silva and de Oliveira Andrade [28],
considering the interaction between MRA and FA. According to the authors, the mechanical properties
are similar to the reference concrete at higher ages [29].

Studies have shown that FA in concrete with RA tends to reduce carbonation resistance and, according
to Geng e Sun [30], this behavior is associated with a reduction in the amount of PC due to the
addition of FA causes the alkalinity of the pore solution to decrease and consequently tends to increase
the carbonation depth. The increase in the carbonation rate is also associated with the reduction of
CaO in the cement matrix, which leads to a decrease in the pH of the concrete [31]. However, in older
ages, the pore's pozzolanic reaction of the FA in the pores contributes to reducing the carbonation
speed [28]. However, the addition of hydrated lime (HL) in cement paste with FA (residue used in this
study) increases the effect on cement hydration kinetics and the degree of reaction of this residue,
which, in turn, alters the microstructure of the hydrated matrix [32]. The influence of HL on the
reaction of the FA is closely linked to the immediate availability of Ca(OH). for the reaction with the
HL. The HL contributes to increasing the concentration of Ca(OH), in concrete [33][34], and
prospects anticipate the start of pozzolanic activity [35]. The HL contributes to the beginning of the
reaction of the FA, and HL is an accelerator of the hydration kinetics of PC due to the supersaturation
of calcium ions in a solution that occurs in less time and causes the fraction of inert material existing
in the composition of HL acts physically in the hydration of cement as a nucleating agent due to high
fineness and specific area of these particles [32].
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Valcuende et al. [36] observed that, at ages greater than 7 days, HL reacts with the FA giving rise to
new calcium silicate hydrates (C-S-H), resulting in higher compressive strengths when compared to
the reference concrete (RC). At 180 days, the concretes 50%FA+20%HL, 50%FA+10%HL and
50%FA+0%HL presented compressive strength 5%, 14%, and 26% lower when compared to the RC.
However, the compressive strength of the concretes 50%FA+10%HL and 50%FA+20%HL was 11%
and 18% higher when compared to the concrete 50%FA+0%HL at 360 days. Similar results were also
observed by Lorca et al. [33] and, according to the authors, the increase of compressive strength of the
concretes with FA and HL is due to the acid-base self-neutralization of the matrix using the pozzolanic
reaction of the FA with the Ca(OH), of PC and HL.

Gunasekara et al. [37] produced concrete with 35% PC, 52% FA, and 13% HL and concrete with 20%
CP, 62% FA, and 18% of HL. The authors observed an increase in compressive strength, between 7
and 28 days, in the RC of 15.90%, in the concrete 30%CP+52%FA+13%H of 41.45%, and the
concrete 20%CP +62%FA+18% LH of 50.85%. According to the authors, the concretes with FA and
HL presented a continuous hydration reaction. The pozzolanic activity where HL exists is
characterized by the alteration of the microstructure of the paste over time due to the refinement of the
pore diameter that directly affects the properties of the paste, such as permeability, diffusion, and
capillary absorption, among others [32]. Gunasekara et al. [37] analyzed the RC microstructure,
concrete 35%CP+52%FA+13%HL, and concrete 20%CP+62%FA+18%HL. The RC, at 7 days,
presented a few grains of anhydrous cement in the matrix, and at 28 days, a denser and uniform C-S-H
gel matrix was observed. The concretes 35%CP+52%FA+13%HL and 20%CP+62%FA+18%HL, at 7
and 28 days, presented a more heterogeneous microstructure, with many particles that did not react or
partially reacted. According to the authors, this justifies the lower compressive strength early. Adding
HL in concrete should accelerate the dissolution of the FA particles, providing extra nucleation
locations. The microstructural of the concretes analyzed by Lorca et al. [33] is what is observed by
Gunasekara et al. [37]. The authors performed the RC microstructural analysis, concrete
50%FA+0%HL, and concrete 50%FA+20%HL. According to the authors, the RC presented a dense
matrix and formation of hydration product. The concrete 50%FA+0%HL presented spherical particles
with smooth surfaces without reacting. The authors suggest that the FA that has not yet reacted is
either due to the insufficiency of portlandite production by cement for a complete reaction, and the
macropores observed are due to the lack of formation of hydration products. The concrete
50%FA+20%HL presented a denser dense structure when compared to the concrete 50%FA+0%HL.
The combined effect of FA and HL in cementitious systems is quite relevant and deserves special
attention for the development of more research.

Considering the carbonation process, Lorca et al. [33] observed that the RC and the concrete with 50%
FA replacement, after 360 days of exposure in a natural environment in the laboratory, did not present
any carbonation front. Concrete with 50% FA and 20% HL presented an approximately 3 millimeters
carbonation front. The same levels of FA and HL were used by Hoppe Filho [38] to analyze the
carbonation depth over 20 weeks. According to the author, the carbonation depth of the concrete with
50% FA was twice more significant than the RC. The addition of 20% of HL in the concrete with 50%
of FA in partial replacement of PC showed little efficiency in reducing the thickness of carbonates
under accelerated conditions. The carbonation coefficient of the RC is 50% lower than the carbonation
coefTicient of the concrete with 50% of FA. The addition of 20% FA showed a slight improvement in
the carbonation coefficient of approximately 5% compared to concrete with only FA. According to the
author, concrete with high ash content fly ash requires caution. The evolution of hydration reactions in
a natural environment is slow; over the years, many capillary pores have been replaced by mesopores.
At older ages, the carbonation coefficient can reduce the difference in about carbonation coefficient of
the RC. The objective of this study is to evaluate the effect of the addition of HL at different levels
(5% and 10%) on the mechanical (f. and Ec), physical (water absorption, bulk density and porosity)
and durability (carbonation depth) properties of Portland cement concretes with 20% of FA and 50%
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of RA. To analyze the microstructure of concrete mortar with HL compared to concrete without HL in
order to compare microcrack, porosity and morphology between mortars.

The sustainability of civil construction encourages the incorporation of FA, hydrated lime to produce
new Portland cement concrete. Although few up-to-date investigations on these mixtures are available
in the literature [39][40][36][32][41], studies on the addition of HL to concrete with FA and RA have
not been reported. This study aims to investigate the possible application of HL in concretes with FA
and RA, since the reuse of these residues will allow a deceleration in the exploitation of natural
resources and a reduction in the emissions of harmful gases to the environment. The addition of HL in
the production of concrete with FA tends to improve the properties of these concretes, leading to
results close to the reference concretes.

2 Experimental Program

2.1 Materials
2.1.1 Cement, fly ash, and hydrated lime

Concrete was prepared using Brazilian early-age Portland cement, similar to ASTM C 150 III, with a
mean compressive strength at 28 days of 54.1 MPa. The FA (Class F - ASTM C 618) used in this
experiment comes from a thermoelectric plant located in the city of Candiota (Brazil). Before the FA
mixture was sieved in sieve no. 200 as recommended by Chindaprasirt [42]. According to the author,
FA with a greater surface area is more reactive, and there is also less water due to its spherical shape
with a smooth surface. The other positive factor is the ability to fill the voids leading to an increase in
density. The HL used in this study was obtained commercially. The determination of the specific mass
(g/em?) of the binders was obtained through the Brazilian standard NBR 16605 [43]. The physical
characteristics of the materials are presented in Table 1.

Table 1: Particle size distribution of binders used

Specific

Binder Oio(um)  Dso(um) Dy (pm) , Qz ) surface bu;;g;njs)]ty
medium{ I (g/cmg)

Cement 2.60 11.34 29.34 14.16 3.07 1.03

Fly ash 6.40 34.94 9717 44.85 2.09 0.83

Hydrated lime 1.92 7.06 19.31 47.09 243 0.63

The semiquantitative chemical analysis of Portland cement, FA, and HL was obtained with the X-ray
Fluorescence Spectrometer, PANalytical model Axios Max. The results are presented in Table 2.

Table 2: X-ray Fluorescence for materials used (% by mass)

Si0; ALO; CaO MgO KO SO; Na;0O L.OI

Cement 1945 486 6444 062 07 294 02 078
Fly Ash 613 193  6.00 12 2 04 02 099
Hydrated lime 425 015 4238 2651 - - - 2752

LOI = Loss of ignition

The results of X-ray diffraction (XRD) showed that the FA shows the presence of a significant quartz
crystalline phase, as well as other authors [28][44][42]. Ca(OH). content was the highest according to
the XRD analysis results observed by Hoppe Filho [38]. In the area located between 18 and 28° 20, it
is possible to observe an amorphous halo (Figure 1).
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Figure 1: X-ray diffraction (XRD) from PC, FA, and HL samples

2.1.2  Aggregates

The natural coarse aggregate is of basaltic origin, and the sand used presents siliceous compounds.
The CRA was obtained from the crushing of concrete specimens, and the MRA comes from a
recycling plant located in the municipality of Porto Alegre (Brazil). The results of the physical
characterization of the aggregates were obtained based on Brazilian standards, as shown in Table 3.

Table 3: Characterization of the aggregates

Specific  bulk density  Fineness  Maximum Water
it /em? odulus  size bsorpti
Aggregate (gg;acx;:l 3); (g/ecm?) m ize (mm) a : (Q’))lon
ype NBRNM NBRNM NBRNM NBRNM NBRNM
52:53/2009 45/2006  248/2003  248/2003 30/2001
Sand 2.3 1.61 2.76 4,75 0.98
NA 2.81 1.42 6.96 19 0.82
MRA 2:51 25 6.84 19 5.23
CRA 2.57 1.04 6.87 19 2.42

Where NBR = Brazilian technical standard; NA = Natural coarse aggregate; MRA = Mixed recycled
aggregate; CRA = Concrete recycled aggregate;

The CRA and MRA present old mortar adhered to its surface, which leads to a greater absorption
capacity due to its porosity [10]. Similar results in MRA water absorption were observed by Kou e
Poon [47], Leite et al. [48], and da Silva e de Oliveira Andrade [28], which was 5.34%, 5.5%, and
5.23%, respectively. Alexandridou et al. [49] found results in two samples from different recycling
plants, from 2.4% e 3.1% for CRA samples similar to that used in this research. The particle size
distribution of the coarse aggregates (NA, MRA, and CRA) and sand is presented in Figure 2.
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Figure 2: Particle size distribution: (a) Sand; (b) NA = natural aggregate, CRA = concrete recycled aggregate,
MRA = mixed recycled aggregate

To prepare MRA for use as a coarse aggregate was necessary to remove heterogeneous materials such
as glass, plastics, papers, woods, metals, and rubbers. After removing impurities, the MRA and CRA
underwent crushing using the crusher with three simultaneous sieves (19, 12.5, and 4.8 mm). After
crushing, 1 kg of each RA type was separated, and the classification was performed as shown in Table

4.
Table 4: RA compositions
Composition MRA (%) CRA (%)
Brick 28.81 0
Ceramic 4.99 0
Stone 9.26 12
Mortar 44.67 31
Mortar + Stone 8.81 81
Mortar + Brick 3.16 0
Others (paint, wood, plastic) 0.30 0
Where MRA = Mixed recycled aggregate; CRA = Recycled concrete aggregate
2.2  Experiment design

The experimental program was developed in two stages. The first stage elaborates a mix proportioning
diagram for concretes with MRA and CRA. Based on the mix proportion diagram, a w/c ratio was
fixed to define the concrete mixtures for the development of the second stage. Four mixes
proportioning with different coarse aggregates (RC, MRA, and CRA) were elaborated, and the mix
proportioning for reference concrete (with NA) is presented in Table 5.

Table 5: Mixing concrete with NA

Mass  Proportion  w/c C (kg/m?) Agprtgucs kghr)
Sand Coarse
25 1:0.86:1.65 0.35 631 543 1041
35 1:1.39:2.12 045 487 677 1032
5 1:2.18:2.82  0.55 369 804 1041
6.5 1:2.98:3.53  0.65 298 888 1052
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Consistency was determined using the Brazilian standard NM 67 [50]. The consistency class adopted
was Class S100, with values between 100 and 160 mm, according to the Brazilian standard NBR 7212
[51]. Dry material (cement and aggregates) was measured in mass, and the mortar content was fixed as
55% for all concretes. For the construction of the concrete mix proportion diagram with recycled
aggregate (MRA and CRA), the base of the proportions was used (Table 6), and RA replaced the NA
at the levels 25, 50, 75, and 100%. Due to the difference in the specific mass between the NA and RA,
the volume compensation method suggested by Leite et al. [48] and used by Lovato et al. [52] and da
Silva et al. [53] was used based on Equation 1.

Mgy = My, Xgﬂ €))
Na

Where: Mra = recycled aggregate mass, in kg; Mxa = natural aggregate mass, in kg; Yra = recycled
aggregate bulk density, in kg/dm?; Yna = natural aggregate bulk density, in kg/dm?3. The RA was mixed
in the saturated with a dry surface to avoid water absorption due to their high porosity, as
recommended by some authors [28][54]. The concretes mixtures for concretes with CRA are presented
in Table 6.

Table 6: Mix proportion concrete with CRA

Coarse aggregates (kg/m?)

CRA Mg Proportion™ Sl C Sand

content (C:S:NA:CRA) (kg/m?) (kg/m?) NA CRA
2.5 1:0.86:1.23:0.36 0.35 601 517 739 186

25% 3.5 1:1.39:1.59:047 045 486 418 773 196
5 1:2.18:2.12:0.63 0.55 369 317 782 200
6.5 1:2.98:2.64:0.79 0.65 296 255 781 201
2.5 1:0.86:0.82:0.73 0.35 609 524 499 382

50% 3.5 1:1.39:1.06:0.94 045 471 405 499 381
5 1:2.18:1.41:1.25 0.55 357 307 503 384
6.5 1:2.98:1.76:1.56 0.65 288 248 507 386
2.5 1:0.86:0.41:1.09 0.35 590 507 242 553

75% 3.5 1:1.39:0.53:141 045 471 405 250 571
5 1:2.18:0.71:1.88 0.55 356 306 253 576
6.5 1:2.98:0.88:2.34 0.65 284 244 250 572
2.5 1:0.86:0.00:1.46 035 584 502 0 733

100% 3.5 1:1.39:0.00:1.88 045 450 387 0 728
5 1:2.18:0.00:2.50 0.55 355 305 0 763
6.5 1:2.98:0.00:3.13 0.65 284 244 0 764

*Where: C = cement, S = sand, NA= natural coarse aggregate and CRA = recycled concrete aggregate

Based on the compressive strength results at 28 days of the concrete with CRA, the mix proportioning
diagram was elaborated, as shown in Figure 3.
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Figure 3: Mix proportioning diagram for concretes with CRA

The concrete mix proportion with MRA is shown in Table 7, and the mix proportion diagram is

presented in Figure 5.

Table 7: Mix proportion concrete with MRA

MRA Mass Proportion* = € Sand Codrse sggrogstes (kp)
content (C:S:NA:MRA) (kg/m? (kg/m®) NA MRA
2.5 1:0.86:1.23:0.35 0.35 612 526 753 184
5% 3.5 1:1.39:1.59:0.46 045 481 414 765 190
5  1:2.18:2.12:0.61 0.55 369 317 782 194
6.5 1:2.98:2.64:0.76 0.65 293 252 774 192
2.5 1:0.86:0.82:0.71 0.35 609 524 499 372
0% 3.5 1:1.39:1.06:0.92 045 471 405 499 373
5  1:2.18:1.41:1.22 0.55 357 307 503 375
6.5 1:2.98:1.76:1.52 0.65 288 248 507 376
2.5 1:0.86:0.41:1.06 0.35 590 507 242 538
75% 3.5 1:1.39:0.53:1.38 045 471 405 250 559
5 1:2.18:0.71:1.83 0.55 356 306 253 560
6.5 1:2.98:0.88:2.28 0.65 284 244 250 557
2.5 1:0.86:0.00:1.43 0.35 584 502 0 718
100% 3.5 1:1.39:0.00:1.83 0.45 450 387 0 708
5 1:2.18:0.00:2.44 0.55 355 305 0 745
6.5 1:2.98:0.00:3.05 0.65 284 244 0 745

*Where: C = cement, S = sand, NA = natural coarse aggregate and MRA = mixed recycled aggregate;
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concretes with 50% CRA.

Similar behavior was also observed by Hoppe Filho [38]. The author observed that the increase in the
feo1 of the concretes with 50% of FA in partial substitution to the PC and 20% of addition HL for the
w/c 0.50 ratio was 12.29% higher than the concrete without HL.. According to the author, the increase
of f. in concretes with FA and HL is associated with higher Ca(OH), content, which increases the
degree of FA reaction by pozzolanic activity. A similar trend was observed by Valcuende et al. [36]
when analyzed concrete with 50% addition of FA in partial replacement to the PC and addition of 10%
and 20% HL without RA. Concrete with 20% HL showed an increase of 29.73% in fs than concrete
without HL. According to the authors, this increase in f5 is due to the participation of HL in the FA
pozzolanic reaction due to the formation of new calcium silicate hydrides (C-S-H).

Compressive strength compared to each concrete mixture between 63 and 28 days old allows for
analysis of the rate of compressive strength development in a period, as shown in Figure 6. The
growth rate of RC concrete was 1.03. When CRA was incorporated), the growth rate was 30% higher
than reference concrete (RC).
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Figure 6: Relationship between 63-days-old concretes and 28-days-old concrete.

According to Lorca et al. [33], the FA reacts with the cement hydration product's Ca(OH),. The
authors also noted that the role played by the added HL will depend on the proportion of PC and the
FA because, according to the results obtained by authors, the addition of 40% HL in concrete with
20% FA showed a drop in compressive strength of 6.7% compared to concrete with 20% HL addition.
Accordinig Lorca et al. [33], adding 40% HL in concrete with 20% FA showed the need to increase
water demand in fresh conditions. This statement corroborates what was observed by Hoppe Filho
[32]. Another very relevant factor is the chemical composition of the FA in question. Mira et al. [68]
observed that adding 25% HL in concrete with 20% FA did not improve compressive strength
because, according to the authors, the FA used in the study contained high calcium oxide (CaO) in its
composition content.

3.2 Elastic modulus (E.)

This item presents the Ecxs results for concretes with 50% of RA (MRA and RCA) and 20% of FA,
varying only the HL amount. The results of elastic modulus at 28 days old (Ec:s) are presented in
Figure 7.
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Table 9: Mix proportions for concretes with RA, FA, and HL.

Binders (kg/m?) Aggregates (kg/m?)
Mixes Proportion* C
FA HL Sand NA MRA CRA
(kg/m?)

RC 1:0:0:2.40:3.02:0 355 0 0 852 1072 0 0
FA20HLO 0.8:0.2:0:2.40:3.02:0 363 73 0 1045 1316 0 0
MRAS50FAOHLO 1:0:0:2.21:1.42:1.19 360 0 0 79 511 428 0
MRAS50FA20HLO 0.8:0.2:0:2.21:1.42:1.19 368 74 0 976 627 526 0
MRASOFA20HLS 0.8:0.2:0.06:2.21:1.42:1.19 368 74 22 976 627 526 0
MRASOFA20HL10  0.8:0.2:0.12:1:2.21:1.42:1.19 368 74 44 976 627 526 0
CRAS50FAQHLO 1:0:0:2.64:1.61:1.38 324 0 0 855 522 0 447
CRAS0FA20HOLO  0.8:0.2:0:2.64:1.61:1.38 331 66 0 1049 639 0 548
CRAS0FA20HOLS 0.8:0.2:0.06:2.64:1.61:1.38 331 66 20 1049 639 0 548
CRAS0FA20HOL10  0.8:0.2:0.12:2.64:1.61:1.38 331 66 40 1049 639 0 548

*Cement: Fly Ash: HL: Sand: NA: MRA or CRA

To ensure an equal mixing method for all concretes, the mixture of binders (PC, FA, and HL) was first
adopted for 5 s. After mixing, the binders and sand were inserted and mixed for 10 s. After this time,
the aggregate was inserted and mixed for more than 10 s. After 25 s of the mixture, 80% of the mixing
water was added and mixed for another 45 s. After the 45 s, the RA was added and mixed for another
15 s. The tests performed, specimens’ amount, age of the tests for each mixture, and the Brazilian
standards used are presented in Table 10.

Table 10: Mechanical and physical test methods

Brazilian
Property Tests standard Specimens Amount Age (days)
ABNT
3 Compressive NBR 5739 [61] cylindrical g 278
= Strength i (10%20 cm)
E 3 63
2 cylindrical
= Elastic Modulus ~ NBR8522[62]  (10%20 om) 3 28
Water absorption cylindrical
and porosity i e (10 x 20 cm) . 28
The procedure
P adopted by da  prismatic (10 X Reading up to 110
E Carbonation Depth St iid de 10 % 30 cm) 2 Jigis
E, Andrade [53]
p.‘ . .
Sganmng electron Specific Pl (25 5w 2 63
microscopy procedure
; Specific Cubes (2.5-2.5
Sicro:omepraphy procedure inches) 3 &
2.4  Methods

2.4.1 Accelerated carbonation test

After 28 days of curing submerged in water, the prismatic specimens were introduced into a
carbonation chamber with an internal concentration of CO; equal to 3% at room temperature. The
chamber's internal pressure is equivalent to atmospheric pressure, and the relative humidity varies
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between 65% and 75% manually controlled by water spray. To verify the evolution of carbonation,
front a phenolphthalein solution with a concentration of 1% dissolved in 70% of ethyl and 30%
dissolved aqueous alcohol was sprayed on the fractured surface of the prismatic specimen. The
greatest and smallest depths were measured on both sides of each sample to analyze the carbonation
depth. The average on each side represents the carbonation depth of the sample. The first reading was
performed at 35 days of exposure to CO, and the other measures were performed every 35 days for a
total of 110 days. Pauletti [64] and Kulakowski [66] proposed the method to determine the carbonation
depth.

24.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was used to analyze the paste morphology of the concretes with
FA and HL, the interface transition zone (ITZ) between the aggregate and the paste. The equipment
used energy levels between 0.3 and 30 kV and a point resolution of 1.2 nm. The tests were carried out
on concrete specimens at 63 days of wet curing.

243 X-ray microtomography

The microtomography images provide qualitative and quantitative information about the tested
specimens. To quantitatively analyze the voids volume (VOI), each cylindrical sample was
electronically cut into 1800 sections. Nine sections were selected, one of the upper extremities and
one of the lower extremities, and seven sectors were established in the interval between the upper and
lower extremities. To elaborate on the 3D rendering images that show the spatial distribution of the
concrete paste pores with FA and HL, a cube was extracted from each size sample of 6.5 x 6.5 X 6.5
mm. The tests were performed on cylindrical samples at 63-day-old. The X-ray microtomography test
is used to analyze the voids in concrete specimens [66] and to perform quantitative measurements in
the pore system [67].

3 RESULTS AND DISCUSSION

3.1 Compressive strength (f.)

The results for the compressive strength at 7, 28, and 63-day-old are shown in Figure 5. It can be
observed that adding 20% of FA in partial replacement to PC (Figure 5-a) decreases f. by
approximately 32% compared to RC 28-day-old concrete (fi2s). However, a slight improvement was
observed in concretes with 20% FA when adding HL. Concretes with 20% FA and 5% HL showed an
increase in feag of 6.15% compared to concretes without HL. When adding 10% of HL, the increase in
strength in concretes with 20% of FA was 12.47% compared to concrete without HL.
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Figure 5: Concretes compressive strength at 7, 28, and 63-day-old, with 20% FA and with the addition of
hydrated lime (HL) in proportions of 5§ and 10%: (a) concrete without CDW; (b) concrete with 50% MRA; (¢)
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Figure 7: Elastic modulus of concretes at 28-day-old.

The concretes with MRA, FA, and 10% of HL showed an increase in the Ecss of 1% more than
concrete without HL, while the concretes with CRA, FA, and 10% HL showed an increase of 4% than
concrete without HL. When Ecs is compared with RC, the concrete with MRA, FA, and 10% of HL
decreased by 39%, and the concrete with RCA, FA, and 10% of HL decreased by 17%. According to
Wang et al. [69] , the elastic modulus is influenced by the aggregate stiffness reduction and the
aggregates' elastic properties. The transition zone (ITZ) between the paste and the aggregate has a
strong influence on the elastic modulus of the concrete [70][71]. The presence of hydration products
causes densification of the ITZ due to the slight increase in aluminum and silicon compounds, and the
effect of porosity reduction tends to increase the stiffness of the ITZ [72] and corroborates the results
obtained in this study.

3.3  Water absorption, porosity and bulk density

Water absorption, porosity, and bulk density are properties that indirectly have a relationship with
concrete durability, whose results are presented are presented in Figure 8.
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Concrete without RA and with 20% FA, (b) Concrete with 50% CRA and 20% FA, (¢) Concrete with 50% MRA

and 20% FA.

According to the results observed to concretes with 50% of MRA, 50% of CRA and 20% of FA,
varying only the HL amount. Concrete with MRA, FA and 10% HL showed a decrease in water
absorption of 10.16%, a reduction in porosity of 8%, and an increase in bulk density of 1.79% when
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compared to concrete without HL. Concrete with CRA, FA and 10% HL reduced water absorption and
porosity by 9.87% and 23.82%, respectively, and increased the bulk density by 8.77% when compared
to concrete without HL. By reducing the amount of PC in the mixture due to the addition of FA, the
concrete porosity is increased, and the pozzolanic reaction does not influence porosity but reduces the
interconnectivity of the pore structure of the paste [73]. The addition of 10% HL showed a slight
improvement in the physical properties (water absorption, specific mass, and porosity) of all
investigated concretes, as observed by Valcuende et al. [36]. Mira et al. [68] suggest improving
physical properties to the acceleration of pozzolanic activity when HL is added. The ettringite
formation within the matrix as a function of the HL addition réduces voids and increases the density of
paste [34][74][75]. The amount of the paste adhered to the RA directly influences the water absorption
capacity of the concretes [28].

3.4  Scanning electron microscopy (SEM)

This section presents the microstructural characteristics for concretes with 50% of MRA and 20% of
FA, varying only the HL amount. In Figure 9, for HLO (a) and L10 (b), it can be observed that MRA
contains old paste adhered, the old transition zone between interfaces (ITZ), and micro-cracks due to
the crushing process. The identification of the old mortar was made through a visual analysis based on
the color of the samples, whose old mortar has a slightly darker color compared to the new mortar.

ONd mortar

Figure 9: Images of concretes with 50% MRA and 20% of FA: HLO (a) and HL10 (b) at 63-day-old.

Figure 10 shows the morphology of concrete without HL (a) and concrete with 10% of HL (b)
concretes at 63-days-old. It is possible to visualize spherical FA particles that have not yet reacted.
According to Mehta [24], FA oxides, when reacting with water and Ca(OH),, form a layer of C-S-H
around the particle, and the pozzolanic reaction becomes slower. For the FA dissolution particle, there
is a need for Ca(OH), in sufficient concentration for hydroxide ions to activate the amorphous
components and initiate the hydration process. Figure 10 shows the thickness measurements of
concrete ['TZ with MRA, FA, (a) without HL,, and (b) with 10% HL.
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Figure 10: Scanning electron microscopy micrographs for concretes with 50% of MRA and 20% of FA: HLO (a)
and HL10 (b) at 63-days-old.

Hydrated calcium silico-aluminates are formed in ITZ through the pozzolanic reaction with Ca(OH)s,
thus modifying the cement matrix's morphology, improving ITZ's characteristics when FA in concrete
[32]. This microstructural modification replaces the Ca(OH), with stable hydrates, and the pore
refinement occurs, decreasing the capillary network and increase in ITZ density [76]. The mean
thickness of the investigated ITZ of the concrete with 50% of MRA and 20% of FA (Figure 11-a) was
6.282 pm, and when 10% of HL was added, the mean thickness (Figure 11-b) was 3.614 um. It was
evidenced that the addition of HL contributed to the decrease in the thickness of the ITZ. This may be
related to the early dissolution of FA particles for the formation of secondary C-S-H in regions close
to ITZ. As shown in Figure 11-a, concrete without HL showed many spherical FA particles that have
not yet reacted as well as a high concentration of micro-cracks and micro-cavities.
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Figure 11: Scanning electron microscopy micrographs for concretes with 50% of MRA and 20% of FA: HLO (a)
and HL10 (b) at 63-days-old.
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3.5  Spatial distribution of pores in cement matrices

Based on the method employed by Leite and Monteiro [67], 3D x-ray microtomography images (-
CT) were saved in a series of slices from samples. Nine sections were selected from each 8.5 x 2.5 cm.
The base and top sections were selected, and the other sections were randomly chosen between the
bottom and the top. Based on the image intensity of each section, it was possible to determine the
porous areas through the color intensity from the images obtained. The equipment used identifies the
objects by the intensity of the color that varies from white to black, varying between this range of
shades of gray. Objects with intensity O are represented by the color black, which corresponds to
empty areas, and objects with intensity 1 correspond to areas with higher density. Objects with
intensity greater than 0 and less than 1 correspond to areas with densities less than 1. In this way, a
binary system can perform a quantitative analysis of the pore distribution of each section. The sum of
the pore distribution of all selected sections represents the total pore volume in each sample. Based on
the result obtained, it was possible to create histograms of pore's equivalent diameters. The pore
structure is classified according to Huang et al. [77] and Ondrasik and Kopecky [78], where nanopores
are classified as diameters < 0.05 pm, micropores in the range of 0.05 um - 100 pm diameters and
macropores are larger than 100 pm until 1000 pm diameters. However, the pore structure of the
specimens in this study presented only micropores and macropores. This process was carried out
through processing software packages to treat images. All empty equivalent to one pixel were
eliminated according to the procedure adopted by Lu et al. [79]. According to the authors, the field of
view in the tomography system limits the size of the specimen to spatial resolution.

It is possible to observe in histograms presented in Figures 12 and 13 that there is a different
distribution between macropores and micropores. Micropores with diameters smaller than 30 pm are
observed in greater quantity in RC, a behavior that is not observed in macropores. It is suggested that
this behavior is associated with the rearrangement of pores as the pozzolanic reaction occurs because
micropores tend to reduce their diameter as a function of the refinement process. The histograms of
specimens’ concrete with MRA are shown in Figure 12.
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Figure 12: Histogram corresponding to the pore size distribution of concrete mortars with MRA, FA, and HL in
prisms with dimensions 6.550 x 6.550 x 6.550 pm at 63-days-old.

According to the results observed to concretes with 50% of MRA and 20% of FA, varying only the
HL amount (Figure 12), the number of pores with diameters between 51 and 100 um of the concretes
without HL and concrete with 10% of HL was 30.14% and 23.25% respectively. Concretes showed
the highest levels of pore sizes greater than 50um. Concrete with 10% HL presented 37.15% of pores
greater than 50pum, and concrete without HL presented 43.8%. Concrete without HL showed 17.90%
more pores greater than 50um. Pore size greater than 50pm may influence the compressive strength of
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concrete. Concrete with 10% HL presented fios of 22.9 MPa, and concrete without HL presented 20.85
MPa. Leite and Monteiro [67] observed in their studies that macroporous negatively influences the
mechanical properties of concrete. The authors observed that the amount of high porosity in concretes
with recycled aggregate varied between 32.2% and 48.2% for pores larger than 50 um, and the
compressive strength was 5-8% lower than the reference concrete.

Figure 13-a shows the specimens of size 8.5 X 2.5 cm of MRASOFA20HLO concrete cut electronically
vertically to visualize pore sizes. Figure 13-b shows the dimensions and spatial distribution of the
pores of the cubic specimens of the cement paste with a size of 6.55 x 6.55 x 6.55 mm.

(2) (b)

Figure 13: (a) 3D specimens’ image of MRA50FA20HLO concrete, (b) 3D image showing the size and spatial
distribution of pores within the new concrete cement matrix MRASOFA20HLO0.

The greater amount of pores with large equivalent diameters (>500 um), according to Leite and
Monteiro [67], may be related to the release of water from the inside of the pores of the CRA to the
cement paste during the mixing process due to its heterogeneity, thus increasing the water/cement ratio
since the CRA was used in the condition saturated with a dry surface (SSD). Figure 14 presents the
pore distribution histogram of concrete with CRA, FA, and HL.
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Figure 14: Histogram corresponding to the pore size distribution in prisms of concrete mortars with CRA, FA
ash, and HL in prisms with dimensions 6.550 x 6.550 x 6.550 um at 63 days old.

According to the results observed to concretes with 50% of CRA and 20% of FA, varying only the HL
amount, the number of pores with diameters between 51 and 100 pm of the concretes without HL and
concrete with 10% of HL was 20.09% and 26.04% respectively. Concrete with 10% HL presented
34.4% of pores greater than 50pm, and concrete without HL. showed 41.26%. Concrete without HL
presented 19.94% more pores greater than 50pum. Barbhuiya et al. [34] observed through the analysis
of mercury intrusion porosimetry a reduction in the percentage of the total volume of pores in mortars
with FA and HL, which may also be associated with the reaction product of the FA with HL. Figure
15-a shows the cylindrical specimens of size 8.5 x 2.5 em of CRAS0FA20HLO concrete in which, in
the cutting section, it is possible to visualize the pores. In Figure 15-b shows the cube specimen of size
6.55 x 6.55 x 6.55 mm, and it is possible to visualize the connectivity and tortuosity of pores that,
according to Leite and Monteiro [67], can contribute to the propagation of cracks during the loading of
the mechanical test. Lu et al. performed a study with microtomography in concretes with active silica,
slag, and FA. The authors observed that pore connectivity in FA concrete is higher than in silica fume

concrete and slag concrete.

(2)

Figure 15: (a) 3D specimens’ image of MRASOFA20HLO concrete, (b) 3D image showing the size and spatial
distribution of pores within the new cement matrix MRASOFA20HLO concrete.

Based on the results, it is evidenced that the addition of HL in concretes with FA and RA influences
the refinement of the pores of the concrete since concrete with CRA, FA, and 10% HL showed
19.94% lower than concrete without HL. Concrete with MRA, FA, and 10% HL presented 17.90%
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lower than HL concrete. According to Hoppe Filho [32], the interaction between FA and HL does not
reduce porosity during hydration. Still, it only refines the microstructure, and the reduction of porosity
in pastes with FA depends solely and exclusively on the cement hydration process.

3.6  Carbonation depth

Figure 16 shows the carbonation depth as a function of time for concretes with RA, FA, and HL.
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Figure 16: Carbonation depth with different types of recycled aggregate (MRA and CRA).

The effect of HL on carbonation depth is observed in concretes with 50% of RA (MRA and CRA) and
with 20% of FA. By adding 10% HL to the concretes with MRA, the carbonation depth decreased to
44.16% at 35 days and 17.5% at 110 days of exposure to CO> when compared to concretes without
HL. Similar behavior was also observed in concretes with CRA, where the carbonation depth
decreased to 10.20% and 3.92% compared to concretes without HL. The carbonation fronts can be
seen in Figure 17.
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Figure 17: Carbonation front of the concretes with RC, RMA, and CRA with FA and HL at 35-day's-old and
110-days-old.

Recycled aggregates generally have higher permeability [80][81], water absorption and porosity
[82][47][49]. Another factor that should be considered is the RA micro-crack due to the crushing
process, usually located in the old transition zone (ITZ) between the paste and the aggregate, which is
a preferential path for CO; diffusion [82]. Adding FA in partial replacement to PC is another factor
contributing to the reduction of concrete carbonation resistance. The higher the content of replacing
FA with Portland cement, the lower the availability of Ca(OH). for the pozzolanic reaction. Thus, the
refinement of pores at an early age is compromised while the ash is in the induction phase awaiting
Ca(OH),, a PC reaction product, to react and, consequently, the carbonation speed is high [28][83]. It is
evidenced, based on the results obtained in this study, that the 10% addition of HL tends to reduce the
carbonation depth in concrete with FA because there will be the anticipation of the production of
Ca(OH), that contributes to the faster dissolution of these particles and, consequently, an early
pozzolanic reaction that contributes to the refinement of pores and the reduction of the carbonation
rate. The effect of adding HL in concrete with CRA was more pronounced when compared to the
concretes with MRA, which is associated with RA characteristics. The carbonation depth increases as
a function of the time in exposure to CO.. However, according to Fick's second law [84], the
carbonation rate tends to stabilize over time, as it corresponds to the square root of this time. The
equation is presented in Equation 2.

X, =K xVt @)
where Xc = carbonation depth, in mm; K = Carbonation coefficient, in mm/month®’; t= exposure
time, in months.

Based on Fick's second law, the relationship between the carbonation coefficient and the time of
exposure of samples to CO; are shown in Figure 20 (with MRA) and Figure 18 (with CRA).
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Figure 18: Relationship between K (mm/month®?) with MRA, FA, and HL

Based on the results of the tests, all concretes must present a carbonation coefficient close to the
reference coefficient at 110 days of exposure to CO,. However, in the first 35 days, the
MRAS50FA20HLO concrete showed a carbonation coefficient of 158% higher compared to RC. By
adding the HL, the concrete MRAS0FA20HL10 concrete showed a carbonation coefficient of 44.5%
lower compared to the MRASOFA20HLOQ concrete. Adding HL in concrete with FA tends to reduce
the carbonation coefficient of concrete at an early age. The results for concretes with CRA are shown
in Figure 19.
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Figure 19: Relationship between K (mm/month®®) with CRA, FA, and HL

The concretes with CRA present similar behavior to those with MRA, which is the reduction of the
carbonation coefficient over time. According to Sisonphon and Franke [84], the pore refinement that
occurs during the carbonation process, which produces calcium carbonate, partially blocks the pore
network of concrete and reduces the gas diffusivity. Consequently, the carbonation coefficient is
reduced as a function of time. However, when the CRA has used, the carbonation coefficient of all
samples tends to be lower when compared to the samples with MRA in the first 35 days of exposure.
This behavior is associated with the physical characteristics of the RA, as already discussed in item
4.3. Based on the above, the RA type influences the carbonation coefficient in concrete with FA with
HL.
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3.7 Relations between mechanical properties and durability

The correlations between properties (physical and mechanical) are widely discussed in different
studies [85][86][87]. The correlations between the physical and mechanical properties of concretes
with MRA and CRA are shown in figures 20 and 21.
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Figure 20: Correlation between the mechanical properties Ecas (GPa), foos (MPa), and CO» (mm), Water
absorption (%), and density (kg/dm?) of concretes with MRA, FA, and HL.
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Figure 21: Correlation between the mechanical properties Ecag (GPa), fezs (MPa), andcoz (mm), Water absorption
(%), and density (kg/dm?) of concretes with CRA, FA, and HL (all properties are measured at 28 days).



It is observed that the compressive strength (fos) of MRASOFA20HL10 concrete and
CRAS0FA20HL10 concrete shows a slight improvement (12.03% and 25.76%) when compared to
concretes with FA and HL, respectively. This behavior is also observed in fog which shows an
improvement of 31.4%. This shows that adding HL in concrete with FA has an activation effect that
allows the FA particles to react at the earliest ages due to the greater availability of Ca(OH)..
According to Valcuende et al. [36], the improvement of the compressive strength of the FA with HL
concretes is closely linked to acid-base self-neutralization of the matrix. The pozzolanic reaction of the
FA with Ca(OH), from PC and HL is the predominant factor for increasing compressive strength.
Similar trends were obtained by Barbhuiya et al. [34]. MRASOFA20HL10 concrete and
CRAS0FA20HL10 concrete was 17.15% higher compressive strength compared to CRASOFA20HLO
concrete at 28-days-old and 23.27% higher at 63-days-old. However, the consumption of PC for
concrete with MRA was 370 kg/m®, while for concrete with CRA, it was 331 kg/m®. In water
absorption, porosity and density, and modulus of elasticity (Ecxg), it is possible to observe
improvements in these properties when HL is added to all concretes (MRA, CRA).

4 CONCLUSIONS

Based on the analysis of the experimental results, the main conclusions will be presented below:

e The addition of 10% of hydrated lime in concrete with 50% recycled aggregate and 20% of fly
ash showed improvements in the compressive strength of concrete being, for concretes with
recycled concrete aggregate, an increase of 17.15%, and concretes with mixed recycled
aggregate an increase of 41% when compared to concretes without hydrated lime.

e Improvements in the elastic modulus were also observed by adding 10% of hydrated lime,
which in concretes with CRA showed an increase of 3.78%, and for concretes with mixed
recycled aggregate the growth was 1.34% when compared to concretes without hydrated lime.

e Concrete with 50% recycled aggregate of concrete, 20% of fly ash, and 10% of hydrated lime
showed a decrease in porosity and water absorption of 23.82% and 9.87%, respectively, when
compared to concrete without the addition of 10% hydrated lime. The specific mass showed
an increase of 5.02% when compared to concrete without the addition of 10% hydrated lime

e The concrete MRASOFA20HL10 concrete showed a carbonation coefficient of 44.5% lower
compared to the MRASOFA20HLO concrete. Adding HL in concrete with FA tends to reduce
the carbonation coefficient of concrete at an early age.

e The concretes with 50% of MRA, 20% fly ash and without HL. showed an average equivalent
diameter of 68.20 pm of the pores. When 10% of HL was inserted, the average equivalent
diameter was 69.92 um. The effect of HL on concrete with RCA was more pronounced, as it
showed a reduction in the average equivalent diameter of 62.29% when compared to concrete
without HL.

5 SUGGESTIONS FOR IN-DEEP STUDIES

The results obtained in this study make attractive the development of more research involving
concrete with recycled aggregate, fly ash, and hydrated lime. The addition of hydrated lime results
in improvements in mechanical and durability properties. In addition to encouraging the use of this
waste to reduce the consumption of natural resources and contribute to the reduction of CO;
emissions in the environment, resulting in more sustainable concrete. Considering the results
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obtained and few published papers focusing on the analysis of the effect of hydrated lime on
concrete with fly ash and recycled aggregate, it is possible to draw some relevant suggestions for
further in-depth studies on this subject:

e Analyze the amount of Ca(OH); through the use of differential scanning calorimetry and
thermogravimetric analysis to establish a more suitable content for the addition of hydrated
lime for a given content of fly ash in Portland cement concrete.

® The concrete in the fresh state has the function of hydrating the cement to develop its
resistance characteristics, however in excess, it will be evaded, and its path towards the
surface of the concrete creates pore paths that will be the water of the concrete in the hardened
state. Therefore, a capillary water absorption test in Portland cement concrete with fly ash,
hydrated lime, and recycled aggregate should be considered to evaluate the addition of
hydrated lime in this context.

e Follow the evolution of hydration, through X-ray diffraction, of Portland cement concretes
with fly ash, hydrated lime and recycled aggregate, to assess whether there are changes in the
hydrated compounds when hydrated lime is added.
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4. CONCLUSOES

A adicdo da cal hidratada em concretos com adicdo de cinza volante em

substituicdo ao cimento Portland e agregado reciclado aumenta o teor remanescente

de Ca(OH)2 na matriz. Quanto maior for a disponibilidade de cal, maior sera a

quantidade de hidratos e consumo de Ca(OH)2 para um mesmo tempo de reacao

(HOPPE FILHO, 2008a). A analise da atividade pozolanica de cinza volante com cal

hidratada, baseado nos experimentos realizados, permite as seguintes conclusoées:

A capacidade de absorcao de dgua do agregado graudo reciclado é alta e deve
ser considerada na producdo de concreto. Essa maior absorcdo esta
relacionada a menor massa especifica do RA e a maior porosidade, que tem
influéncia negativa sobre as propriedades mecéanicas e durabilidade do

concreto produzido.

O concreto com RA de 100% e uma relacdo de a/c de 0,60 apresentaram
reducdo na resisténcia a compressiva (fczg) de 60,60% em relacao a referéncia.
No entanto, o concreto produzido com 25% de agregado reciclado aos 28 dias
de idade e uma relacdo a/c de 0,50 apresentou reducdo na resisténcia a

compresséo de 8,7% em relagcdo ao concreto de referéncia.

Verificou-se que para o concreto com uma relagéao a/c de 0,60, o valor de Ec foi
reduzido em 47,2% e 18,1% em relagdo ao concreto de referéncia, para teor
de substituicdo de 100% e 25%, respectivamente. No entanto, para o concreto
com uma relacéo a/c de 0,40 e 0,50, a queda no Ec quando comparada a

referéncia foi inferior a 6%.

O concreto com 100% de ARM e relagao a/c de 0,60 mostrou profundidades
de carbonatagdo (eco2) em 45 e 120 dias 29,80% e 18,70% maiores,
respectivamente, quando comparados ao concreto de referéncia com relagcéo
a/c de 0,60. O concreto com 50% de ARM e relacédo a/c de 0,40 mostrou ecoz
em 45 e 120 dias 14,90% e 9,35% maiores, respectivamente, quando

comparados ao concreto de referéncia com relacao a/c de 0,40.
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A andlise utilizando MEV demonstrou a predominancia do vazios, Ca(OH)z, e
etringita no concreto com RA. Em contraste, o concreto de referéncia mostrou
o C-S-H mais uniforme, embora contivesse poros entre as camadas
caracteristicas do gel C-S-H. Além disso, 0 RA mostrou a presenca de uma
pequena quantidade de pasta velha aderida a superficie agregada, mas a nova

pasta era mais densa e uniforme.

O aumento do teor de RA resulta em um claro aumento dos poros interligados
do concreto. O alto volume de vazio estd associado a uma alta taxa de
absorcdo e menor densidade de RA. Observou-se boa correlacdo entre as
propriedades mecéanicas aos 28 dias de idade (fc e Ec) e propriedades de
durabilidade (volume vazios aos 28 dias e profundidade de carbonatacdo com

45 dias de exposicao) ao CO,.

Os resultados do ensaio através da microtomografia de raios X indicam que a
porosidade do concreto aumenta com a adi¢gdo de RA. Para 0,50-R0O (Figura
20), o volume reduzido do vazio ocorre em espacos onde ndo ha agregado
presente. A diferenca de porosidade entre agregados naturais e reciclados
torna-se clara. O espaco ocupado pelo agregado natural ndo tem vazios
aparentes, enquanto o volume preenchido por RA mostra maior concentracao

de vazios.

E possivel estimar, através da modelagem matematica utilizando os dados
amostrais deste estudo, o Ec de concreto com RA variando entre 0% e 100%
para as relacdes a/c variando entre 0,4 e 0,6 e 28 dias de cura;

A adicdo de 10% de cal hidratado em concreto com 50% de agregado reciclado
e 20% de cinzas de volante apresentou melhorias na resisténcia a compressao
do concreto. Para concreto com agregado reciclado de concreto (ARC) o
aumento foi de 17,15%, e para concretos com agregado reciclado misto (ARM)

o aumento foi de 41% quando comparado ao concreto sem cal hidratado;

Também foram observadas melhorias no médulo de elasticidade quando 10%
de cal hidratada é adicionada. Concreto com ARC apresentou um aumento de
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3,78%, e concreto com ARM apresentou um crescimento de 1,34% quando
comparado ao concreto sem cal hidratada,;

Também foram observadas melhorias no médulo de elasticidade quando 10%
de cal hidratada € adicionada. Concreto com ARC apresentou um aumento de
3,78%, e concreto com ARM apresentou um crescimento de 1,34% quando

comparado ao concreto sem cal hidratado;

Concreto com 50% de ARC, 20% de cinzas de volante 10% de cal hidratada
apresentou queda na porosidade e absorcdo de agua de 23,82% e 9,87%,
respectivamente, quando comparado ao concreto sem a adicdo de 10% de cal
hidratada. A massa especifica apresentou aumento de 5,02% quando
comparada ao concreto sem a adigdo de 10% de cal hidratada;

O concreto com MRA, FA e 10% de cal hidratada mostrou um coeficiente de
carbonatacdo 44,5% menor em relacdo ao concreto sem cal hidratada.
Adicionar cal hidratada no concreto com FA tende a reduzir o coeficiente de

carbonatacao do concreto logo aos 35 dias de exposi¢ao ao COx.

Os concretos com MRA e FA e sem cal hidratada apresentaram diametro
equivalente médio de 68,20 ym dos poros. Quando 10% do cal hidratada foi
inserido, o diametro equivalente médio foi de 69,92 uym. O efeito da cal
hidratada no concreto com RCA foi mais acentuado, pois mostrou uma reducao
no diametro equivalente médio de 62,29% quando comparado ao concreto sem

cal hidratada.
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5. SUGESTOES PARA TRABALHOS FUTUROS

Os resultados obtidos neste estudo tornam atrativo o desenvolvimento de

mais pesquisas envolvendo concreto com agregado reciclado, cinza volante e cal

hidratada. A adicdo de cal hidratada resulta em melhorias nas propriedades

mecanicas e de durabilidade, se comparada com concretos apenas com cinza volante.

Além disso, deve-se incentivar o uso desses residuos para reduzir o consumo de

recursos naturais e contribuir para reducédo das missdes de CO2 no meio ambiente,

resultando na possibilidade de produgcdo de um concreto mais ecoeficiente.

Considerando os resultados obtidos e poucos artigos publicados com foco na anélise

do efeito da cal hidratada no concreto com cinzas volante e agregado reciclado, é

possivel propor algumas sugestdes relevantes para estudos mais aprofundados sobre

0 assunto:

Analisar a quantidade de Ca(OH): através do uso de calorimetria diferencial e
analise termogravimétrica para estabelecer um conteldo mais adequado para
a adicdo de cal hidratada para um determinado teor de cinza volante em

concretos de cimento Portland com agregado reciclado.

Analisar o impacto da cal hidratada na corrosdo da armadura.

O concreto no estado fresco tem a funcdo de hidratar o cimento para
desenvolver suas caracteristicas de resisténcia. Porém, a agua em excesso
podera evaporar, criando uma interconexao entre 0S poros no estado
endurecido. Portanto, um teste de absorgdo capilar de &gua em concreto de
cimento Portland com cinzas volante, cal hidratada e agregado reciclado deve

ser considerado para avaliar a adicao de cal hidratada neste contexto.

Acompanhar a evolugéo da hidratacdo dos concretos de cimento Portland com
cinzas volante, cal hidratada e agregado reciclado, para avaliar se ha

alteragdes nos compostos hidratados quando a cal hidratada € adicionada.
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