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RESUMO

Do ponto de vista social e ambiental, a utilizacdo de residuos industriais e da construcao civil
se mostra como uma alternativa para a preservacao e reutilizacdo dos recursos naturais. Na
pavimentacao, o uso de material asfaltico fresado (RAP) na reciclagem de pavimentos consiste
em uma alternativa de recuperacao estrutural e funcional da rodovia. Apesar das vantagens
técnicas, econdmicas e ambientais do metodo, frequentemente o RAP necessita ser estabilizado
por algum material com propriedades cimentantes, usualmente o cimento Portland. No entanto,
devido as altas taxas de CO, emitidas durante a sua producdo, os materiais alcali-ativados se
apresentam como uma alternativa para a substituicdo de materiais cimenticios tradicionais. O
processo de alcali-ativacdo consiste na mistura de um mineral aluminossilicato (precursor) e
uma solucédo altamente alcalina (ativador). Um dos ativadores mais utilizados é o silicato de
sodio, que apesar do seu bom desempenho também apresenta um processo de producdo com
significativas emissdes de dioxido de carbono. Nesse sentido, a cinza de casca de arroz (CCA)
é um residuo rico em silica com potencial para desenvolvimento de ativadores alternativos.
Assim, 0 objetivo desta pesquisa consiste na avaliacdo da viabilidade técnica de um sistema
alcali ativado de CCA, metacaulim e hidréxido de sodio na reciclagem profunda de pavimentos.
Para atingir esse objetivo foi realizado inicialmente um estudo paramétrico da producdo do
ligante alcali ativado alternativo (LAA) de modo a reduzir o impacto ambiental e energético do
ligante. Posteriormente diversas propor¢des de RAP e LAA foram avaliadas em termos de
desempenho mecanico e microestrutural, durabilidade, desempenho a longo prazo, lixiviagdo
de élcalis e degradacdo por fadiga. Os resultados demonstraram que o LAA se apresenta como
uma opc¢ao adequada para uso na reciclagem de RAP. Do ponto de vista ambiental, os resultados
deste estudo mostram que a técnica traz perspectivas positivas, juntamente com tecnologias
inovadoras, para o desenvolvimento de pavimentos sustentaveis.

Palavras-chave: Reciclagem profunda de pavimentos; Alcali-ativacdo; Silicato de sodio; Cinza
de casca de arroz.



ABSTRACT

From a social and environmental point of view, the use of industrial and civil construction waste
is an alternative for the preservation and reuse of natural resources. In paving, the use of
Reclaimed. Asphalt Pavement (RAP) in the recycling of pavements is an alternative for the
structural and functional recovery of the highway. Despite the technical, economic and
environmental advantages of the method, RAP often needs to be stabilized by some material
with cementing properties, usually Portland cement. However, due to the high rates of CO-
emitted during their production, alkali-activated materials are presented as an alternative to
replace traditional cementitious materials. The alkali-activation process consists of mixing an
aluminosilicate mineral (precursor) and a highly alkaline solution (activator). One of the most
used activators is sodium silicate, which despite its good performance also has a production
process with significant carbon dioxide emissions. In this sense, rice husk ash (RHA) is a
residue rich in silica with potential for the development of alternative activators. Thus, the
objective of this research is to evaluate the technical viability of an alkali activated system of
RHA, metakaolin and sodium hydroxide in the deep recycling of pavements. To achieve this
objective, a parametric study of the production of the alternative activated alkali binder (AAB)
was initially carried out in order to reduce the environmental and energy impact of the binder.
Subsequently, various ratios of RAP and AAB were evaluated in terms of mechanical and
microstructural performance, durability, long-term performance, alkali leaching and fatigue
degradation. The results demonstrated that the AAB presents itself as a suitable option for use
in the recycling of RAP. From an environmental point of view, the results of this study show
that the technique brings positive perspectives, together with innovative technologies, for the
development of sustainable pavements.

Keywords: Depth pavement recycling; Alkali-activation; Sodium silicate; Rice husk ash.
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1. INTRODUCAO

Neste capitulo faz-se uma contextualizacdo da relevancia da pesquisa e da problematica
envolvida, explicitando as razdes que motivaram seu desenvolvimento. Além disso, sdo
apresentados 0s objetivos que nortearam a realizacdo da investigacdo e a estrutura de

organizacéo do trabalho.

1.1 Relevancia da Pesquisa

A industria da construcdo € um dos setores mais movimentados do mundo e
frequentemente é utilizada como um indicador do nivel de desenvolvimento de algumas regides
(RIVERA et al., 2021). Particularmente o setor de infraestrutura rodoviaria compreende 21
milhdes de quilébmetros em todo o mundo (WORLD BANK GROUP, 2018), e os setores
industriais relacionados séo considerados responsaveis por 24% das emissdes globais de Gases
de Efeito Estufa em todo o mundo (PLATI, 2019; IEA, 2019). No Brasil, 61% do transporte de
carga e 95% do transporte de passageiros € realizado pelo modal rodoviario (CNT, 2019),
evidenciando, a consolidacdo deste modal ao longo dos anos e mostrando a importancia da
infraestrutura rodoviaria para o desenvolvimento econémico do pais. Apesar da alta demanda
por esse modal de transporte, apenas 12,4% (213.453 km) das rodovias sdo pavimentadas,
mostrando que ainda existe uma grande quantidade de investimentos a serem destinados para
este setor e, portanto, a necessidade também de grandes quantidades de materiais de
pavimentacdo. Os agregados naturais sdo uma fonte ndo renovavel e um dos principais
componentes dos pavimentos, onde qualquer pequena acdo de reciclagem pode reduzir
significativamente o impacto ambiental do setor de infraestrutura.

Dessa forma avaliar novas tecnologias e alternativas se torna extremamente importante
do ponto de vista econémico e ambiental. No ambito econbémico, para diminuir 0s custos
elevados de manutencao, pesquisadores e gestores vém buscando encontrar novas opgdes para
0 aproveitamento dos materiais, diminuir o consumo de energia, agilizar as intervengdes de
restauracao, entre outros. Enquanto que em relagcdo ao setor ambiental, busca-se minimizar o
consumo de agregados naturais, as movimentagdes de terras, os combustiveis utilizados, entre
outros (PIRES, 2014).

Atualmente, as agcOes de sustentabilidade em pavimentos compreendem o emprego de

diversos tipos de agregados reciclados, sendo mais comuns o concreto reciclado (KISKU et al.,



2017), escoria (HUANG et al., 2007), residuos de areia de fundicdo (YAZOGHLI-MARZOUK
et al., 2014), residuos de vidro (JAMSHIDI et al., 2016), tijolo triturado (MOHAMMADINIA
et al., 2017) e pavimento asfaltico fresado (RAP) (ANTUNES et al., 2019). O RAP é um
residuo produzido durante a reabilitacdo de pavimentos e uma quantidade muito elevada desse
material ainda ndo é reciclada sendo descartada em aterros. Alguns estudos afirmam que a
reciclagem de material asféltico fresado pode reduzir o custo geral das se¢des do pavimento em
40% - 46% (SINGH et al., 2018; DEBBARMA et al., 2019). Além disso, recentemente foi
publicada no Brasil a Resolucéo n° 14, de 8 de julho de 2021 que dispde que todas as obras de
restauracao, adequacdo de capacidade e ampliacdo do Departamento Nacional de Infraestrutura
de Transportes (DNIT) devem incluir o reaproveitamento do RAP.

A implementacdo do RAP como material de construcdo de pavimentos se destaca
qguando se trata das camadas de base, uma vez que sdo mais espessas e, portanto, podem
consumir maiores volumes de materiais reciclados. No entanto, o0 uso de grandes quantidades
de agregados reciclados representa, em geral, uma perda de propriedades que precisa ser
compensada com o uso de ligantes ou estabilizadores, ou seja, agentes que aumentam a
resisténcia a compressdo e ao impacto e a integridade geral das camadas (AVIRNENI e
SARIDE, 2016; ARULRAJAH et al., 2014). Para a estabilizacdo quimica, tem-se empregado
materiais com caracteristicas aglomerantes, como a cal hidratada ou o cimento Portland, sendo
largamente utilizados para camadas como solos-cal e solos-cimentos (INGLES; METCALF,
1972). O estabilizador mais usado para camadas de base é o cimento Portland, um material
com uma grande contribuicdo na emissao de gases de efeito estufa, que sdo liberados durante
sua fabricacdo (PATEL e SHAH, 2018). Cada tonelada de cimento produz aproximadamente
0,87 tonelada de diéxido de carbono, que é responsavel por aproximadamente 6%-7% das
emissdes antropogénicas de CO,, além de uma redugdo significativa dos recursos naturais
(APRIANTI et al., 2015).

Em paralelo a necessidade de minimizar o consumo de energia e as emissdes de gases
do efeito estufa na atmosfera, existe uma preocupacao crescente em relacdo ao armazenamento
e descarte de materiais residuais ou subprodutos industriais (SCHARFF, 2014). Dessa forma,
uma das possiveis alternativas ao cimento Portland sdo os materiais alcali ativados, que podem
reduzir a pegada de carbono em até 80% (DUXSON et al., 2007) e mesmo assim apresentar
boas propriedades mecanicas e durabilidade. Esses ligantes sdo produto da reacdo entre um
mineral de aluminossilicato (precursor), com uma solucdo alcalina (ativador) (PROVIS e

BERNAL, 2014). A denominagdo de produtos alcali-ativados é atribuida aos sistemas



produzidos com materiais com a presenca de Al,05, SiO, e um elevado conteldo de CaO,
enquanto que materiais com reduzido teor de CaO sdo chamados de geopolimeros. Embora
exista essa diferenca na nomenclatura os dois grupos de materiais sao frequentemente utilizados

sem distin¢do, gerando discordancias na literatura.

Esta classe de materiais € muito versatil devido a grande variedade de matérias-primas
e formas de producdo. Inimeros subprodutos industriais, residuos agricolas, e outros produtos
residuais podem ser utilizados como fonte de materiais aluminossilicatos, como por exemplo
cinza volante, escoria granulada de alto forno, cinza de casca de arroz (CCA) e cinza de 6leo
de palma (YANG et al., 2013; DAVIDOVITS, 2008; DUXSON et al., 2007). Além disso, 0s
materiais aluminossilicatos ndo reagem com &gua e por isso necessitam de solu¢des aquosas
com elevado pH, identificadas como precursor e usualmente produzidas a partir de uma mistura
entre hidroxidos, silicatos e agua (LONGHI, 2019). Os ativadores alcalinos mais usados sao o
silicato de sodio, hidréxido de sddio, carbonato de sodio, hidréxido de potéssio e silicato de
potéssio (RASHAD, 2013).

Embora os materiais alcali ativados apresentem emissdes de CO, menores que cimento
Portland, o uso de silicato sodio comercial como ativador também contribui para a emissdo de
gases antrépicos na atmosfera durante seu processo de fabricagdo em temperaturas
relativamente altas da ordem de 1200-1400 °C (VILLAQUIRAN-CAICEDO et al., 2017). A
producdo de silicato sodio comercial emite aproximadamente 1.514 kg de CO,/kg
(TCHAKOUTE et al., 2016a), além de contribuir significativamente para a poluicio do ar.
Dessa forma, o ativador deve ser capaz de ativar o precursor dentro do tempo desejado e deve
estar disponivel a baixo custo e com baixo impacto ambiental. Portanto, métodos alternativos,
como processo hidrotérmico sdo empregados na producdo de silicato de sddio com subprodutos
agricolas como a cinza de casca de arroz (TCHAKOUTE et al., 2017). A casca de arroz é
considerada um dos residuos agricolas mais abundantemente disponiveis e seu uso pode ser
uma alternativa para o aproveitamento de residuos agricolas, reducdo da emissdo de gases do
efeito estufa e reducéo no custo dos materiais alcali ativados (RAJAN et al., 2021). A producéo
mundial de arroz em 2019/20 foi de 496,11 milhdes de toneladas (USDA, 2020). Assumindo a
combustdo de tais quantidades, aproximadamente 22,5 milhGes de toneladas de CCA séo
produzidas em todo o mundo (VILLAQUIRAN-CAICEDO et al., 2017; FAO, 2019). Segundo
0 IBGE, em 2019 o Brasil produziu 10,37 milhdes de toneladas de arroz com casca, sendo
estimado um aumento de 0,9% para a safra de 2020 e o estado do Rio Grande do Sul responséavel

por aproximadamente 70% da producdo (7,17 milhdes de toneladas).



O uso de CCA na sintese do ativador alcalino apresenta desempenho comparével e até
mesmo superior ao silicato de sédio comercial podendo ser utilizado como fonte complementar
de silica na producdo de materiais alcali ativados (BERNAL et al., 2015a). Este método
alternativo pode reduzir a emissdo de CO, em até 50% em compara¢do com os materiais alcali
ativados sintetizados a partir de silicato de sédio comercial e hidroxido de sédio (MELLADO
et al., 2014). Dessa forma, com o processo de utilizacdo da CCA na producéo de silicato de
sodio, os impactos ambientais associado a producdo de silicato de sddio comercial podem ser
reduzidos, resultando em materiais alcali ativados ecoldgicos (VILLAQUIRAN-CAICEDO et
al., 2017).

1.2 Problematica e justificativa

Atualmente, na area de alcali ativacdo, tem-se uma grande quantidade de trabalhos
publicados. Apesar disso, a utilizacdo desses materiais com a finalidade de reciclagem das
camadas de base e sub-base de pavimentos contendo RAP ainda é escassa. Os poucos estudos
desenvolvidos até o momento abordam a reciclagem de RAP utilizando cinza volante e/ou
escoria como precursores e hidroxido de sédio e/ou silicato de sodio como ativadores
(AVIRNENI et al., 2016; HOY et al., 2016a; HOY et al., 2016b; MOHAMMADINIA et al.,
2016a; MOHAMMADINIA et al., 2016b; SARIDE et al., 2016; HORPIBULSUK et al., 2017;
HOY et al., 2018; JALLU et al., 2020; SARIDE e JALLU, 2020).

No entanto, além da utilizacdo de fontes alternativas para os precursores, se faz
necessario também o desenvolvimento de fontes alcalinas alternativas. Dentre os ativadores
disponiveis, o silicato de sddio pode ser elencado, de um modo geral, como o ativador com
melhor desempenho, principalmente quando se trata de cura em temperatura ambiente. Porém,
a producéo de silicato de sddio demanda um elevado consumo energético e apresenta grande
impacto ambiental para sua produgédo (HABERT et al., 2011). Apesar da valiosa contribuicéo
dos trabalhos desenvolvidos envolvendo a producéo de silicato de sédio alternativo a base de
CCA (BERNAL et al., 2012; HE et al., 2013; MEJIA et al., 2013; BOUZON et al., 2014;
BERNAL et al., 2015; TCHAKOUTE et al., 2016a; TCHAKOUTE et al., 2016b; MEJIA et
al., 2016; STURM et al., 2016; KAMSEU et al., 2017; GERALDO et al., 2017; PASSUELLO
et al.,, 2017; HAJIMOHAMMADI e VAN DEVENTER, 2017; TONG et al., 2018;
LUUKKONEN et al., 2018), percebe-se que ndo existe um consenso a respeito do processo de

producdo, além de que muitos fatores necessitam de uma maior compreensdo. Logo, este



10

trabalho busca agregar contribui¢des a lacuna de conhecimento relacionada a padronizagéo e
influéncia de parametros relacionados ao processo de producdo de um silicato de sodio

alternativo a base de CCA.

Além disso, dentre as lacunas deixadas pela literatura também nédo se tem registro da
utilizacéo de silicato de sddio alternativo para a reciclagem de RAP em camadas de base e sub-
base de pavimentos. O setor de infraestrutura anseia utilizar tecnologias e metodologias
inovadoras de maneira a contribuir para novas alternativas que provejam solucdes mais
econdmicas e sustentaveis, aliada a mitigacdo dos impactos ambientais causados pelas
inddstrias. Uma perspectiva que vem sendo sobrelevada, consiste na reutilizacdo de residuos
industriais que, até entdo, ndo apresentam monetizacdo expressiva e sdo considerados como
material de descarte. Neste contexto, julga-se imprescindivel que novas pesquisas sejam
realizadas na area de desenvolvimento de materiais de pavimentacdo, com o intuito de buscar
diretrizes seguras para 0 emprego e aproveitamento com qualidade dos dois residuos envolvidos
na presente pesquisa: 0 RAP e a CCA. Dessa forma com esta pesquisa, anseia-se aprimorar o
conhecimento sobre o comportamento de um sistema alcali ativado de cinza de casca de arroz,

metacaulim e hidréxido de sddio na reciclagem profunda de pavimentos.

1.3 Objetivo Geral

O objetivo geral deste estudo é avaliar a viabilidade técnica de um sistema alcali ativado de
cinza de casca de arroz, metacaulim e hidréxido de soédio na reciclagem profunda de pavimentos

asfalticos.

1.3.1 Objetivos especificos

De modo a alcancar o objetivo geral sdo definidos os seguintes objetivos especificos:

a) Determinar as condigOes de producdo de um ativador alcalino alternativo baseado na
dissolugédo de cinza de casca de arroz que maximizem o comportamento mecanico e
microestrutural das pastas alcali-ativadas;

b) Avaliar a influéncia das diferentes proporcdes de agregados e solucdo alcali ativadora

no comportamento mecanico e microestrutural das misturas de material asfaltico
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fresado reciclado e ligante alcali ativado a base de metacaulim e silicato de sddio
alternativo;

c) Avaliar a influéncia das condicdes de cura no comportamento mecanico e
microestrutural das misturas de material asfaltico fresado reciclado e ligante alcali
ativado a base de metacaulim e silicato de sddio alternativo;

d) Avaliar a durabilidade, comportamento mecénico a longo prazo e lixiviagdo de alcalis
das misturas de material asfaltico fresado reciclado e ligante alcali ativado a base de
metacaulim e silicato de sodio alternativo;

e) Avaliar a resisténcia a tracdo e o comportamento flexural estatico e ciclico (fadiga) das
misturas de material asfaltico fresado reciclado e ligante alcali ativado a base de

metacaulim e silicato de sddio alternativo.

1.4 Estrutura da pesquisa

O presente documento divide-se em quatro capitulos, cujos contetdos sao apresentados
sumariamente a seguir. No primeiro capitulo € apresentada uma breve introducdo sobre as
demandas do setor de infraestrutura, uma contextualizacdo em relacdo a necessidade de uma
alternativa ao cimento Portland e a utilizacdo de materiais alcali ativados, além da mencéo a
alguns trabalhos ja desenvolvidos, apresentando as lacunas do conhecimento. De modo a
direcionar e delimitar o desenvolvimento da pesquisa sao apresentados neste capitulo também

0s objetivos e a estrutura da pesquisa.

No capitulo dois a fundamentacao tedrica é apresentada com cinco se¢des. A primeira
reflete as conceitualizacBes acerca da restauracdo e reciclagem de pavimentos flexiveis. A
segunda secdo explora os aspectos inerentes a geracao de material asfaltico fresado, bem como
suas propriedades. Em seguida, sdo apresentados os conceitos relativos a estabilizacdo de
material asféltico fresado. Posteriormente na se¢do 4 sdo abordados o processo de alcali
ativacdo, as matérias primas utilizadas e o processo de producdo de um silicato de sodio
alternativo. Esse capitulo se encerra com uma revisao de trabalhos ja desenvolvidos a respeito

da estabilizacdo de material asfaltico fresado através da alcali-ativacao.

Apos os dois capitulos iniciais, € apresentado o capitulo de resultados, onde cada
objetivo especifico representa uma secdo do capitulo contendo um artigo submetido a
periddicos. A Figura apresenta a estrutura organizacional da pesquisa, onde € exposto o titulo

de cada artigo/secéo.



Figura 1 - Estrutura da pesquisa
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Secdo 3.3 : Curing conditions effect on the stabilization
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De modo geral, o desenvolvimento da tese foi dividido em 5 topicos de pesquisa. O

primeiro aborda a producao de silicato de sddio alternativo a base de CCA e o segundo a sua

aplicacdo em diversas propor¢des de agregados e solucédo alcali ativadora de CCA. O terceiro

envolve as condic¢des de cura e no quarto sdo avaliadas as questdes relacionadas a durabilidade

e lixiviacdo de alcalis. Por fim no quinto topico a analise esta voltada para o comportamento

desses materiais quando submetidos a carregamentos ciclicos e consequentemente ao fenémeno

de fadiga dos pavimentos. Na Figura 2 é apresentado um fluxograma geral da metodologia

utilizada no presente estudo, na sequéncia é realizada uma abordagem geral sobre o0s

procedimentos metodoldgicos adotados e informagdes mais detalhadas sobre a metodologia sdo

apresentadas em cada artigo na secédo de resultados.
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Figura 2 — Fluxograma metoddlogico da pesquisa

1% etapa: moagem da CCA e ' MEV

Secdo 3.1: Parametric analysis of production of temperature de cura RCS 7 dias
alternative sodium silicate applied in alkali activated ‘ 28 dias
a - i 5
materials ‘ 22 etapa: tempo de dissolugéo ‘ ‘
56 dias
3% etapa: tempo de cura térmica ‘ ‘ ‘ RCS ‘
l Proporgdes RAP:AA
‘ 3020 ‘ ‘ 40:20 ‘ ‘ 50:20 ‘ Temperatura MEV
Segdo 3.2 : Rice husk ash as an alternative soluble am[i)iente DRX
silica source for alkali-activated metakaolin systems ‘ 30:30 ‘ ‘ 40:30 ‘ ‘ 50:30 ‘ » ‘ ‘
28 dias
applied to recycled asphalt pavement stabilization ‘ 30:40 ‘ ‘ 4040 ‘ ‘ 50:40 ‘ 60°C - RCS
Correlagéo 1/Biv

l

Segéo 3.3 : Curing conditions effect on the stabilization ‘ Cura om estufa: 24 h ‘ ‘ 7 dias ‘
of recycled asphalt pavement with alkali-activated RAP:AA = 40:30 ‘ ‘ ‘

metakaolin and rice husk ash-derived activator 60 °C ‘ Cura em estufa: 48 h ‘ ‘ 28 dias ‘

l 80 °C

Proporgdes RAP:AA

20°C

Secao 3.4 : Durability, long-term and environmental ‘ 40:20 ‘ ‘ 50:20 ‘ ‘ Durabilidade ‘ ‘ 7 dias ‘
evaluation of alkali-activated alternative soluble silica
e [[a030 | [ 5030 |mmp| Lixiviagio \ | 28dies |
source for recycled asphalt pavement stabilization
‘ 40:40 ‘ ‘ 50:40 ‘ ‘ Resisténcia a longo prazo ‘ ‘ ‘ 56 dias ‘

!

Proporgdes RAP:AA

Secdo 3.5 : Flexural fatigue behavior of reclaimed ‘ Resisténcia a Compressdo Diametral ‘

asphalt pavement stabilized with alkali-activated rice 40:30 50:30 ‘ ‘ Resisténcia & tragdo na flexdo ‘
husk ash 40:40 50:40
‘ Fadiga em quatro pontos ‘

Fonte: Autor (2023)

No item 3.1, o processo de producdo de silicato de sédio a base de CCA ¢ avaliado em
trés etapas. Na primeira etapa séo avaliados o tempo de moagem da CCA e a temperatura de
cura. A segunda etapa se desenvolve frente a adocdo dos melhores parametros evidenciados na
etapa 1, buscando a otimizacdo do tempo de dissolucdo. Na ultima etapa, de modo a obter uma
economia de energia, é avaliado o tempo de cura térmica. As propriedades das pastas
produzidas em cada etapa foram mensuradas a partir de resultados de resisténcia a compressao
simples, além da utilizacdo de DRX e MEV para uma melhor compreensdo da influéncia da
granulometria da CCA. Por fim, foram elencados os resultados de cada etapa e produzidas
pastas que foram comparadas com pastas produzidas a partir de silicato de sodio comercial .
Para a avaliacéo da eficiéncia do silicato de sddio alternativo foram utilizados, além dos ensaios
mecanicos, a analise das caracteristicas microestruturais das pastas alcali ativadas através de

ensaios de DRX e termogravimetria.
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No item 3.2 foi avaliada a aplicagdo do silicato de sodio alternativo para reciclagem de
RAP através da élcali-ativacdo. Diferentes percentuais de RAP (30, 40 e 50%) foram
combinados com diferentes teores de material alcali ativado (20, 30 e 40%) a fim de avaliar as
propor¢bes com maior potencial para utilizacdo do material como camada de base de
pavimentos. O método experimental consistiu na avaliacdo das propriedades fisicas e
mecanicas através dos ensaios de compactacao e resisténcia a compressao simples. De modo a
melhor compreender 0 comportamento mecanico das misturas foram ainda realizados ensaios
microestruturais (DRX e MEV).

A partir da revisdo bibliografica desenvolvida observou-se que apesar dos estudos ja
existentes na area de reciclagem de RAP a partir da alcali-ativacdo, as condi¢des de cura ainda
ndo sdo compreendidas por ndo terem sido avaliadas como objetivo principal destes trabalhos.
Dessa forma, no item 3.3, a propor¢do RAP:AA = 40:30 que apresentou um bom desempenho
como camada de base de pavimentos, foi submetida a diferentes temperaturas (20°C, 40°C,
60°C, 80°C) por tempos distintos. As variaveis de resposta estdo concentradas na andlise da
resisténcia a compressdo simples e nas propriedades microestruturais através de MEV e DRX,
aos 7 e 28 dias de cura. O objetivo desse capitulo foi compreender a influéncia das condi¢es
curas atraves das propriedades mecanicas e microestruturais, buscando um menor consumo de
energia e aplicabilidade em campo da reciclagem de RAP a partir da alcali ativacdo a base de
CCA.

A durabilidade € definida como uma condicdo desejada para garantir a resisténcia dos
materiais aos processos de intemperismo, erosdo e uso de trafego. No ambito da pavimentacao,
especialmente quando se trata de solo-cimento, procura-se garantir a permanéncia da coesdo da
mistura compactada, quando solicitado pela acéo do trafego ou pelos esforcos provenientes de
variacao de temperatura e de umidade. Dessa forma, com a defini¢cdo das melhores composic¢oes
e condicdes de cura ideais obtidas nos dois itens anteriores, no item 3.4 as amostras foram
avaliadas segundo critérios de durabilidade quando submetidas a ciclos de molhagem e secagem
e quanto a lixiviacao de alcalis. De forma a simular as variagdes sazonais em campo, 0S COrpos
de prova foram submetidos a processos de imersdo em agua e secagem em estufa contemplando
12 ciclos. A resisténcia a compressao simples foi avaliada ao final do 3°, 7° e 12° ciclo, assim
como a perda de massa e analise visual em todos os ciclos. Além disso, a fim de verificar a
permanéncia do estabilizador/ativador sob a acdo da infiltracdo da chuva foram realizados

ensaios de lixiviagdo e sua classificagdo como material como perigoso.
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Além disso, os materiais que compdem as camadas do pavimento estdo submetidos a
carregamentos ciclicos, sendo que a deformacdo elastica ou recuperavel destes materiais esta
associada ao processo de fadiga. O fendmeno de fadiga € um dos principais processos que
determina a longo prazo de pavimentos flexiveis com inclusao de bases cimentadas e constitui
um dos mecanismos de falha que limita o dimensionamento deste tipo de estrutura. Desta forma,
0 estudo da degradacdo causada pelo fendmeno de fadiga € importante para finalidades de
projeto. Portanto no item 3.5, 0s corpos de prova que atingiram bons resultados no item anterior
foram submetidos a ensaios resisténcia a compressao diametral, de resisténcia a tracdo na flex@o

e fadiga em quatro pontos.

Por fim, € apresentado o capitulo 4, com as conclusdes de cada artigo, apresentando as

principais contribuicBes e recomendacdes para futuras pesquisas.
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2. FUNDAMENTACAO TEORICA

2.1 Restauracao e reciclagem de pavimentos flexiveis

De acordo com pesquisa da Confederacdo Nacional de Transportes — CNT (2019), em
uma extensdo de mais de 108.863 km de rodovias no Brasil, 59% das rodovias apresentam
algum problema relacionado as caracteristicas do pavimento, sinalizacdo ou geometria da via.
A avaliacdo do item condicdo do pavimento aponta 52,4% das rodovias com problemas, sendo
38,6% considerados em 6timo estado; 9,0%, bom; 35%, regular; 13,7%, ruim; e 3,7%, péssimo.
Essa mesma pesquisa aponta casos de pavimentos implantados, projetados para durar cinco
anos, que chegam a apresentar problemas de desgaste em menos de sete meses e que Sao
necessarios R$ 38,60 bilhdes para reconstrucédo e restauracdo das rodovias brasileiras. Dessa
forma, para a melhoria no nivel da malha é necessario que se fagam intervencdes de restauracao

e reabilitagdo dos pavimentos.

Segundo o Manual de Restauracéo de Pavimentos Asfalticos do DNIT (2006) o termo
recuperacdo de pavimento estd associado a recuperagdo dos atributos funcionais e estruturais
do pavimento, através de intervencdes fisicas na rodovia que sdo intituladas de Restauracdo
e/ou Reabilitagdo de pavimentos. Nesse sentido, o manual define o termo “Restaura¢do de
Pavimento” como a recuperacdo de um pavimento que se apresenta deteriorado, mas cujo grau
de deterioracdo ndo compromete a sua habilitacdo. Nesse estagio de deterioracdo, que ainda
ndo € qualificado como critico, as medidas de conservacao de carater preventivo e/ou corretivo
ja se tornam praticamente ineficazes e/ou anti-econdmicas. Ja 0 termo “Reabilitagdo do
Pavimento” ¢ definido como a recuperac¢do de um pavimento que, em decorréncia do alto grau
de deterioracdo alcancado, perdeu a sua habilitacdo e como solucéo envolve a reconstrugéo do

pavimento.

Dentre as técnicas disponiveis, a fresagem é uma técnica constantemente aplicada como
parte do processo de restauracdo de pavimentos com problemas funcionais e/ou estruturais. A
fresagem de pavimentos é definida como o corte ou desbaste de uma ou mais camadas do
pavimento, com espessura pré-determinada, por meio de processo mecanico realizado a quente
ou a frio (BONFIM, 2011). O autor classifica ainda o tipo da fresagem de acordo com a
espessura do corte: superficial, rasa ou profunda, e quanto a rugosidade resultante na pista:
padréo, fina e microfresagem. A fresagem superficial destina-se apenas a corre¢édo de defeitos

existentes na superficie do pavimento. Em contrapartida a fresagem rasa atinge as camadas
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superiores do pavimento, podendo chegar & camada de ligag&o, atingindo uma profundidade de
corte da ordem de 5 cm. Quando a técnica alcanca, além da camada de revestimento, as camadas
de ligacdo, de base e até sub-base de pavimento, é chamada de fresagem profunda. Em relacéo
a rugosidade resultante na pista, a fresagem padrdo € utilizada para o desbaste da camada
especificada em projeto, visando aplicacdo em nova camada de revestimento. Ja a fresagem
fina é utilizada em regularizacéo de vias, possibilitando melhores condicGes de trafegabilidade
aos usuarios. E por fim a microfresagem consiste na remocao de uma camada muito delgada do
revestimento, visando a adequacéo do perfil longitudinal ou retirada das faixas de sinalizacéo

horizontal das pistas, para alteracdo do layout viario (BONFIM, 2011).

No que diz respeito a técnica utilizada, Bonfim (2011) destaca que a fresagem pode ser
realizada a frio ou a quente. Na fresagem a frio ocorre uma alteracdo granulomeétrica,
proveniente da quebra dos graos realizada a temperatura ambiente. J& na fresagem a quente é
gerada apenas uma desagregacdo do material, resultante de um processo de pré-aquecimento

do revestimento e posterior escarificacdo da camada.

De acordo com Fedrigo et al. (2019), as rodovias de muitos paises desenvolvidos e em
desenvolvimento estdo se aproximando do fim de sua vida Util e exigindo restauracdo e/ou
reabilitacdo. Em paralelo a este cenario, a maioria desses paises também enfrenta a falta de
recursos naturais e tradicionais usados nas atividades de engenharia civil. Enormes quantidades
de recursos naturais sdo consumidas pelas industrias de pavimentacdo, as quais sao
responsaveis por 30% da poluicdo global do ar e producao de gases efeito estufa e contribuem
para aproximadamente um quarto do consumo total de combustiveis fésseis em todo 0 mundo
(MALLICK e VEERARAGAVAN, 2010).

Nesse contexto, o tijolo triturado e o material asfaltico fresado estdo entre os maiores
contribuintes de residuos de construcdo e demolicdo de muitos paises (SERRES et al., 2016;
SARIDE et al., 2010). Dessa forma, utilizar métodos mais econémicos e ecoldgicos, como
substituir recursos naturais através da reciclagem de pavimentos pode reduzir
significativamente a pegada de carbono das rodovias (ARULRAJAH et al., 2015; PAIGE-
GREEN e WARE, 2006).

De acordo com Bernucci et al. (2008), a técnica de reciclagem de pavimentos consiste
em reutilizar materiais triturados existentes para reconstrucao total ou parcial da estrutura. A
reutilizagdo dos agregados do pavimento degradado para os servicos de reconstrucéo,

restauracdo e conservacdo, propiciam uma diminui¢do da demanda de novos materiais e das
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respectivas distancias de transporte, prolongando o tempo de exploracdo das ocorréncias
existentes. Isso é particularmente benéfico devido as restricdes impostas pela legislacdo de
protecdo ao meio ambiente e pela crescente valorizacdo dos sitios de ocorréncias de jazidas
(DNIT, 2006). Nesse contexto, foi ainda recentemente aprovada a Resolucdo N° 14, de 8 de
julho de 2021, que dispde que todos os projetos de engenharia de restauracdo, adequacao de
capacidade e ampliacdo de obras viéarias do Departamento Nacional de Infraestrutura de
Transportes — DNIT devem incluir o reaproveitamento de material asfaltico fresado

eventualmente produzido no empreendimento.

De acordo com o DNIT (2006), a reciclagem de pavimentos pode ser realizada a quente
ou a frio, de acordo com as necessidades de restauracdo do pavimento. A reciclagem a quente
pode corrigir deficiéncias de misturas betuminosas e pode ser utilizada para aumentar a
capacidade estrutural, podendo ser usada antes de um recapeamento. Enquanto que a mistura
final da reciclagem a frio pode ser utilizada em camada de base, que deveréa ser revestida com
um tratamento superficial ou uma mistura asfaltica antes de ser submetida a acdo direta do
trafego. Os processos dos dois tipos de reciclagem consistem em remover toda ou parte da
estrutura do pavimento e reduzir a dimensdes apropriadas para depois ser misturada a frio no
préprio local ou em usina, ou a quente no proprio local (in situ) ou em usina estacionaria.
Quando o objetivo da reciclagem €é a correcdo de defeitos de superficie, exclusivamente de
classe funcional, a reciclagem € realizada sem remover do local o material a ser reciclado. Ja a
reciclagem a quente permite melhorias estruturais significativas, devido principalmente a

adicéo de asfalto ao material removido da pista e a posterior reposi¢do na mesma espessura.

2.2 Material asfaltico fresado

O material asfaltico fresado removido de um pavimento existente € um material
totalmente reciclavel (EAPA, 2014; AAPA, 2018). Sendo composto por dois valiosos recursos
ndo renovaveis, ou seja, aproximadamente 95% em peso de agregados e 5% em peso de ligante
betuminoso envelhecido, pode ser reutilizado em novas misturas asfalticas, reduzindo a
demanda por agregados virgens e betume, ou como agregados reciclados para produzir camadas
ndo ligadas de pavimentos (SABITA, 2019). Essa composi¢do faz com que o material asfaltico
fresado esteja no topo da hierarquia de materiais reciclaveis com aplicacGes de engenharia, por
ndo ser reduzido como simplesmente agregado (SABITA, 2019) e, portanto, reduzir

significativamente os custos globais dos novos produtos betuminosos (BRETT et al., 2019).



19

O material asfaltico fresado tem sido usado em misturas de asfalto desde 1915 por razdes
ambientais e econdmicas (Kennedy et al., 1998). No Brasil, as obras de pavimentacédo
rodovidria tiveram um grande incremento nos anos 50, quando, fruto do intenso intercambio de
técnicos do extinto DNER, produziu-se uma grande transferéncia de tecnologia oriunda dos
Estados Unidos da América do Norte (DNIT, 2006). No entanto o uso de pavimento asfaltico
fresado foi particularmente atraente durante a década de 1970, especialmente com 0 aumento
do preco do petrdleo durante a restricdo do petrdleo arabe. Como consequéncia, os tecnologos
de pavimentacao asfaltica foram forcados a desenvolver métodos de reciclagem que sdo capazes
de reduzir a demanda por aglutinante de asfalto, reduzindo assim o custo das misturas de
pavimentacgdo asfaltica (MILAD et al., 2020).

Além disso recentemente entrou em vigor no Brasil a Resolucdo n° 14, de 8 de julho de
2021 que dispde sobre o reaproveitamento do RAP (Reclaimed Asphalt Pavement) nas obras
de restauracdo, adequacdo de capacidade e ampliacdo do Departamento Nacional de

Infraestrutura de Transportes — DNIT.

Art. 1° DISPOR que todos os projetos de engenharia de restauragéo,
adequacdo de capacidade e ampliacdo de obras vidrias do Departamento
Nacional de Infraestrutura de Transportes - DNIT, desenvolvidos no dmbito da
Sede e Superintendéncias Regionais, deverdo incluir o reaproveitamento do
RAP (Reclaimed Asphalt Pavement) eventualmente produzido no
empreendimento.

Art. 2° O RAP devera ser aplicado nas camadas do pavimento a serem
construidas ou na execucdo de novos concretos asfalticos.

Atualmente o material asfaltico fresado representa um dos produtos de construgcdo mais
reutilizados no mundo todo. Em 2018, aproximadamente 88% em peso e 72% em peso de
material asfaltico fresado foram usados nos EUA e na Europa, respectivamente, como
agregados para misturas de asfalto quente, quente e frio e para camadas ndo ligadas (TARSI et
al., 2020).

De acordo com Babashamsi et al. (2016), a analise do custo do ciclo de vida de
pavimentos incorporando material asféltico fresado mostrou que pode ser alcangada uma
economia de $ 58.000/km em misturas asfalticas contendo 30% a 50% de material asfaltico
fresado. Essa economia se deve a substituicdo de uma parte dos agregados virgens e ao menor
custo de transporte. As pedras britadas convencionais sdo geralmente mais caras do que 0s

materiais reciclados. Em 2014, a National Asphalt Pavement Association (NAPA) informou
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que cerca de 71,9 milhdes de toneladas de material asféltico fresado foram utilizadas na
construgéo de novos pavimentos nos Estados Unidos. Isso significa uma economia de cerca de
US$ 2,5 bilhdes a cada ano (GEORGE et al., 2019). Além disso, em 2018, mais de 100 milhdes
de toneladas de material asfaltico fresado foram coletadas para reutilizacdo nos Estados Unidos,
economizando cerca de 61,4 milhdes de jardas cubicas em aterros sanitarios (SONG et al.,
2018). Dessa forma, a reciclagem e/ou a reutilizacdo de material asfaltico fresado € um exemplo
de desenvolvimento sustentavel no setor de infraestrutura. O incentivo ao seu uso reflete a
tendéncia mundial de enfrentar as questdes ambientais existentes, buscando aumentar o uso
eficiente de recursos e reduzir a emissdo de carbono (UNITED NATIONS, 2015).

Apesar da importancia e das vantagens da reciclagem de pavimentos, o maior desafio
no uso de material asfaltico fresado se deve ao fino revestimento de betume envelhecido na
superficie do agregado (SARIDE et al., 2016; ARULRAJAH et al., 2014). A camada de asfalto
na superficie do agregado € responsavel pela agua baixa absorcdo do material e a fraca ligacdo
entre o agregado e a argamassa cimenticia (SARIDE et al., 2016; SINGH et al., 2017; SU et
al., 2014; BRAND e ROESLER, 2017). De acordo com Saride et al. (2016), processos de
beneficiamento podem ajudar na remogé&o parcial ou total do revestimento de asfalto, mas séo
considerados caros e invidveis (SINGH et al., 2017).

A idade também pode desempenhar um papel importante nas propriedades dos
agregados do material asfaltico fresado. Singh et al. (2018) observou que agregados de
pavimento mais novos obtiveram menor trabalhabilidade e piores propriedades que agregados
originados de pavimentos mais antigos. Brand e Roesler (2017) sugerem que o material com
maior idade ou armazenado por muito tempo em pilhas sofre oxidac¢do quimica que modifica a

quimica do asfalto superficial levando a uma melhor aderéncia da pasta de cimento.

Dessa forma, o desempenho do material asfaltico fresado pode ser melhorado através
da mistura com agregados virgens e/ou adicdo de agentes rejuvenescedores, ligantes asfalticos
novos, espuma de asfalto, emulsdes asfalticas e até cimento Portland ou outro aditivo quimico
(BERNUCCI et al., 2008). Nesse sentido, preocupacdes relacionadas a resisténcia dos materiais
residuais reciclados levaram a uma extensa investigacdo na estabilizacdo de agregados
reciclados usando uma variedade de ligantes, como cimento Portland, cal, escoria, residuo de
carboneto de célcio e cinzas volantes (PUPPALA et al., 2011; SARIDE et al., 2015;
GNANENDRAN e PIRATHEEPAN, 2010; HORPIBULSUK et al., 2015).
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2.3 Estabilizacéo de material asfaltico fresado

Aliada a técnica de reciclagem de pavimentos, métodos de estabilizacdo dos materiais
sdo comumente utilizados e necessarios na construcao das novas camadas de pavimentos. Para
Yoder e Witczack (1975) os fatores que determinam a estabilidade granulométrica de misturas
sdo a distribuicdo granulométrica, o formato das particulas, a densidade relativa e o atrito
interno. Dentre esses fatores a distribui¢do granulométrica é o aspecto mais influente fazendo
com que a estabilizacdo granulométrica sirva como controle de qualidade e homogeneidade dos
agregados de material asfaltico fresado (WANG et al., 2012). Para bases de pavimentos as
misturas onde o contato gréo-a-grao seja garantido séo as preferenciais, desde que atendam as
faixas granulométricas especificadas em norma. Uma das caracteristicas do agregado que
influencia a estabilizacdo é a resisténcia mecanica do agregado, que deve ser suficiente para
reter aproximadamente a mesma distribuicdo granulométrica durante a compactacdo e a
posterior utilizacdo pelo trafego. O fator determinante no sucesso do emprego da estabiliza¢do
granulométrica é a correta compactacdo do material, o que lhe confere grande resisténcia aos
esforcos verticais de compressdo (BALBO, 2007; BERNUCCI et al., 2008; YODER e
WITCZACK, 1975).

Geralmente, 0 material asfaltico fresado removido apresenta alto teor de particulas finas,
devido as operacdes de fresagem das camadas do pavimento e/ou aos processos de britagem
para reducdo do tamanho dos agregados, principalmente quando o material é proveniente de
remocao total de pavimento (WANG, 2016; AL-QADI et al., 2007). A quantidade de particulas
finas pode limitar a quantidade maxima de material asfaltico fresado, uma vez que os requisitos
de graduacdo da mistura final podem nao ser atendidos (AL-QADI et al., 2007). As particulas
mais finas contém também maior quantidade de aglutinante envelhecido, devido a sua maior
area superficial (SHU et al., 2008). Além disso o préprio material asféltico fresado ndo possui
drenagem como agregados virgens (WANG, 2016; AL-QADI et al., 2007) e a presenca de
particulas mais finas tendem a reter ainda mais a umidade (WANG, 2016; CHATTI e
ZABAAR, 2012). Segundo Bonfim (2007), o contrario ocorre com a curva granulométrica do
fresado constituido pelos grumos, ou seja, sem a extragcdo do betume, em que o percentual de
finos é muito pequeno, uma vez que estes estardo envoltos pelo cimento asfaltico de petréleo
(CAP).

Todos esses aspectos devem ser levados em consideracdo para o gerenciamento correto

e projeto de mistura do material asfaltico fresado. A qualidade dos materiais asfalticos
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removidos dos pavimentos depende da fresadora, sua velocidade e profundidade de fresagem,
em particular, o ultimo fator é importante porque o material de uma Unica camada tem
propriedades homogéneas: tipo de agregado e curva de granulometria, caracteristicas e
quantidade de betume (AL-QADI et al., 2007; SILVA et al., 2012).

No entanto quando um material ou uma combinagdo de materiais com estabilidade
mecanica adequada ndo pode ser obtida, Ingles e Metcalf (1972) aconselham considerar a
estabilizacdo por meio da adi¢do de estabilizantes quimicos. Dellabianca (2004) afirma que a
estabilizacdo quimica quando utilizada em materiais granulares, tem a funcdo de propiciar a
melhora da resisténcia ao cisalhamento, causado pelo atrito produzido pelos contatos das
superficies das particulas. Conforme Bernucci et al. (2008), os materiais utilizados nas camadas
do pavimento sdo usualmente constituidos por: agregados, solos e, eventualmente, aditivos
como cimento, cal, emulsdo asféltica, entre outros, podendo ser classificados segundo o seu
comportamento frente aos esforcos em: granulares e solos, estabilizados quimicamente ou
cimentados e materiais asfalticos. Como a camada de base encontra-se perto do revestimento,
esta deve possuir elevada resisténcia de deformacao, a fim de resistir as altas pressées que lhe
sdo impostas. Sendo assim estas camadas podem ser executadas com algum tipo de
estabilizacdo quimica para melhorar seu desempenho.

Dellabianca (2004) afirma também que a presenca do ligante asfaltico envolvendo os
agregados facilita o deslizamento de uma particula sobre a outra, diminuindo, assim, o atrito e
consequentemente a resisténcia. Dessa forma o uso de agentes estabilizadores também tem

como objetivo proporcionar um aumento na resisténcia da mistura.

Segundo Wirtgen (2012) existem uma série de agentes estabilizadores que podem ser
empregados, mas todos tém a funcdo de fazer a ligacdo dos agregados com o objetivo de
aumentar a resisténcia e a rigidez e/ou aumentar a impermeabilidade e durabilidade dos
materiais. Yoder e Witczack (1975) complementam que o processo de estabilizacdo também
envolve questdes econdémicas, como qualquer projeto de engenharia, sendo necessario escolher
adequadamente o tipo de estabilizacdo mais adequado para cada finalidade. A cal, o cimento e
combinacBes desses produtos com cinzas volantes, escorias de altos-fornos e outros materiais
pozolanicos sdo os agentes estabilizadores mais comumente usados. Exceto pelos primeiros
experimentos dos romanos com a cal como agente, o cimento tem sido o elemento usado ha
mais tempo (WIRTGEN, 2012, INGLES E METCALF, 1972; YODER e WITCZACK, 1975).
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2.3.1 Estabilizago quimica com cimento Portland

A reciclagem de pavimentos com cimento Portland € uma técnica que consiste na
fresagem in situ e posterior mistura com cimento das camadas superiores existentes de um
pavimento danificado, principalmente a camada de revestimento e a base. A mistura resultante
¢ entdo compactada para formar uma nova camada que aumentara a capacidade estrutural do
pavimento (KATSAKOU e KOLIAS, 2007; PORTLAND CEMENT ASSOCIATION, 2005).

O processo de estabilizacdo de solos com cimento € dividido por Ceratti e Casanova
(1988) em duas fases. Na primeira fase ocorre uma diminuicdo da mobilidade da fase liquida
seguida de uma forte floculacdo, ocasionadas pela reacdo de hidrolise do cimento, onde € gerada
cal (in situ) com aumento do pH. A segunda fase é caracterizada pela formacdo de substancias
cimentantes que ficam dispostas sobre a superficie das particulas de argila ou em sua

vizinhanca, causando assim, cimentacao dos graos floculados nos seus pontos de contato.

De acordo com Cardoso et al. 1997, as caracteristicas mecénicas de uma mistura de
solo-cimento dependem do grau de compactacdo e sobretudo do tempo, uma vez que se
realizada apos a hidrata¢do do cimento apresenta resultados ineficientes. Nufiez (1991) aponta
também a influéncia de do tipo de cura: altas temperaturas sdo favoraveis ao acréscimo de
resisténcia, enquanto que a imersdo nao apresenta aspectos positivos. Dellabianca (2004)
menciona ainda que a interacdo entre o cimento e as particulas granulares do solo ¢ diferente
do que ocorre em particulas finas, sendo a primeira similar ao que ocorre no concreto. A Unica
diferenca é que a cimentacdo em solos granulares ocorre apenas nos pontos de contato das

particulas, enquanto que a pasta de cimento no concreto preenche os vazios dos agregados.

No entanto o RAP apresenta comportamento diferente dos materiais convencionais
estabilizados com cimento. O material fresado consiste em uma mistura de agregados revestidos
com aglomerante asfaltico e aglomerados de finos unidos por aglomerante asfaltico (FEDRIGO
et al., 2019). A quantidade desses materiais na mistura depende da espessura da camada de
revestimento e altera significativamente as propriedades da camada reciclada (KOLIAS et al.,
2001). O comportamento mecanico de material asfaltico fresado estabilizado com cimento foi
alvo de varios estudos (DALLA ROSA et al., 2015; DIXON et al., 2012; GRILLI et al., 20133;
MALLICK et al., 2002a, 2002b; MOHAMMADINIA et al., 2015; PUPPALA et al., 2011),
assim como a durabilidade dessas misturas (FEDRIGO et al., 2017a; GUTHRIE et al., 2007,
SUDDEEPONG et al., 2018; YUAN et al., 2011) e o desempenho das mesmas em campo
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(AMARH et al., 2017; BESSA et al., 2016; GODENZONI et al., 2018; SANTOS et al., 2017;
TATARANNI et al., 2017; WU et al., 2015).

Jasienski e Rens (2001) relataram que o uso de reciclagem de pavimento com adi¢éo de
cimento comegou na década de 1950, tendo os EUA e a Franga como pioneiros. O Brasil usa a
técnica de reciclagem de pavimentos com cimento ha cerca de trés décadas (FEDRIGO et al.,
2020). Segundo Paiva et al. (2013), a técnica ja recuperou milhdes de metros quadrados de

pavimentos, com destaque para os estados de Sdo Paulo e Minas Gerais.

Em relagdo aos aspectos ambientais, técnicos e econdmicos, a literatura (PCA, 2005;
IECA, 2013; MINGUELA, 2011; WIRTGEN, 2012) destaca as principais vantagens da

reciclagem de pavimentos com cimento:

a) Permite a reabilitacdo de um pavimento deteriorado gerando uma camada homogénea,
estavel e espessa, proporcionando melhores caracteristicas mecanicas;

b) Reciclagem e melhoraria dos materiais existentes que geralmente ndo possuem
caracteristicas técnicas adequadas;

c) Reducdo da necessidade de transportes (no caso da execucdo in situ), diminuindo
consequentemente as emissdes de CO, e outros poluentes, assim como 0s custos;

d) Perturbacdo minima pelo trafego de construcao em funcéo do ciclo rapido de construcao
e da pequena quantidade de volume de material transportado para dentro ou para fora.
Além disso o trafego é parcialmente interrompido, uma vez que 0 mesmo é geralmente
permitido em uma faixa da estrada enquanto a construcao ocorre na outra faixa;

e) Ampla aceitacdo e disponibilidade de cimento Portland pela indUstria da construcéo;

f) Reducéo da tensdo de compressédo vertical no subleito e da tensdo de tracdo horizontal

na parte inferior do revestimento.

Apesar da série de vantagens elencadas, Minguela (2011) cita também como
desvantagens e limitagdes da reciclagem de pavimentos com cimento, o fato de o pavimento
antigo possuir uma estrutura muito heterogénea ao longo de sua extensdo fazendo com que
pavimento reabilitado também se apresente mais heterogéneo. O autor ainda menciona que a
reciclagem de faixas individuais pode, ocasionalmente, causar 0 aparecimento de trincas
longitudinais, caso precaugdes ndo sejam adotadas para garantir uma ligagdo adequada entre 0s
materiais de vias adjacentes. PCA (2005) e Wirtgen (2012) trazem também como desvantagem
0 trincamento por contracdo e o0 aumento da rigidez resultando em fratura por fadiga precoce

da camada. O primeiro problema pode ser minimizado através de métodos adequados de cura,
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enquanto que o segundo pode ser tratado pela execucdo de camadas mais espessas com menos

resisténcia (cerca de 2% de cimento).

Além disso, embora o custo da reciclagem de pavimentos com cimento seja mais barato
que outras técnicas de reabilitacdo, estudos recentes (BRAHAM, 2016) avaliando o custo do
ciclo de vida mostram que essa técnica pode ser mais cara. Ademais, se tratando de aspectos
ambientais, os mesmos geralmente ndo sdo considerados na analise do ciclo de vida. No
entanto, a fabricacdo de cimento Portland consome uma grande quantidade de energia e
matérias-primas e a0 mesmo tempo emite altas taxas de CO, responsavel pelo aguecimento
global (MEHTA, 2001). De acordo com Singh e Middendorf (2020), devido a essa necessidade
de minimizar as emissdes de CO, das indUstrias de cimento, nos ultimos anos ligantes alcali
ativados/cimento geopolimérico parecem ser uma alternativa ao concreto convencional. Essa
alternativa pode ser dada pela ativagéo alcalina de subprodutos industriais contendo fases de
aluminossilicato com pouco impacto negativo no meio ambiente, resolvendo assim o0s

problemas da industria da construcdo e da geracao de residuos.

2.3.2 Comportamento mecénico de camadas de pavimento tratadas com agentes

cimentantes

A adicdo de agentes cimentantes nas camadas dos pavimentos atua de forma a
proporcionar maiores resisténcias a compressdo e a tracdo (WIRTGEN, 2012), sendo
estabelecido o critério minimo de resisténcia a compressao de 2,1 MPa aos 7 dias de cura
(DNIT, 2013). No entanto, além desses parametros, 0 Mddulo de Resiliéncia (MR) também é
considerado apropriado para medir a rigidez de materiais, sendo fundamental para o
dimensionamento mecanistico ou mecanistico-empirico de pavimentos (AHMED e KHALID,
2011). Diferente do médulo de elasticidade de Young, que é definido por receber carregamento
monoténico e sofrer pequenos deslocamentos, as camadas dos pavimentos sdo submetidas a
carregamentos ciclicos e apresentam deformacéo elastica ou recuperavel, e por isso a
deformacéo resiliente € mais adequada. Dessa forma o0 MR é definido como a relagéo entre a
tensdo axial repetida aplicada e a deformacéo axial resiliente com a aplicacdo de n vezes a carga
axial (Equacdo 1). Esse parametro é influenciado principalmente pelos estados de tensGes
utilizados no ensaio, pela energia de compactacdo do corpo de prova, pelo teor de umidade e
pela granulometria (WERK, 2000, TAKEDA, 2006, MEDINA e MOTTA, 2015).
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MR = 24 1)

€r
Onde:
o4 = tensdo desvio (6, — 03)

¢, = deformacdo recuperavel (elastica)

Na préatica a maioria dos materiais de pavimentacdo acumulam pequenas deformacoes
plasticas apds a aplicacdo da carga, ndo apresentando um comportamento puramente elastico.
Apesar disso, se a carga aplicada for baixa em relacdo a resisténcia do material e for aplicada
varias vezes, a deformacdo decorrente de cada repeticdo da carga é predominantemente
recuperavel e proporcional a carga, podendo ser considerada elastica (HUANG, 1993).

De acordo com Medina (1997), quando as cargas de roda estdo distantes, o estado de
tensGes em um dado elemento do pavimento € nulo. No entanto a medida que as cargas oriundas
do trafego se aproximam desse elemento, sdo geradas tensfes normais verticais e horizontais e
tensdes de cisalhamento nos planos verticais e horizontais. Quando a carga esta atuando
exatamente acima desse elemento, as tensdes cisalhantes se tornam nulas e, portanto, as tensdes
normais sdo maximas e principais. Esse estado de tensdes principais pode ser determinado em
laboratério pelo ensaio de cargas repetidas a compressao triaxial através de uma tensdo
confinante (o3), que representa a pressdo confinante atuando nas trés direcfes, e uma tensdo
desvio axial (04 = o0, — 03) repetida que simula a carga vertical uniformemente distribuida
gerada pela acdo do trafego. Uma disparidade do ensaio de cargas repetidas a compressao
triaxial em relacdo ao que ocorre no pavimento sob acdo do trafego é que no equipamento
triaxial as tensdes atuam sempre na mesma dire¢do, enquanto no pavimento a medida que a
roda se aproxima e se afasta do elemento, as tensdes principais mudam suas dire¢ées (BOYCE,
1976). A magnitude das tensdes normais evolui formando um pulso cuja duracdo depende da
velocidade do veiculo e da profundidade do elemento no interior do pavimento (Huang, 1993).
Em laboratdrio a simulacao é realizada com um pulso de carga com duragdo de 0,1 s a cada
0,9s, totalizando 1 ciclo/s (ou 1 Hz) (DNIT 134/2010).

Behak (2013) afirma que o ensaio de carga repetida na compressdo triaxial € mais

utilizado para solos, enquanto que para misturas asfalticas e materiais cimentados utiliza-se o
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ensaio de carga repetida na compressao diametral. Os solos apresentam um comportamento
resiliente dependente das tensdes principais, sendo que nos solos finos é funcdo da tenséo
desvio e nos solos granulares é funcdo da tensdo volumétrica. Os materiais cimentados
apresentam um comportamento resiliente independente do estado de tensfes, sendo o0 MR

considerado um valor constante.

Apesar dos beneficios j& mencionados, a cimentacdo das camadas dos pavimentos gera
mecanismos de degradacdo como trincamento por fadiga, deformacdo permanente e
trincamento térmico (GNANENDRAN e PIRATHEEPAN, 2010). A fadiga dos materiais
cimenticios é causada pelas sucessivas flex6es das camadas do pavimento, produzida pelas
tensdes e deformacdes repetidas, devido ao trafego e por fatores ambientais, que resultam no
surgimento de trincas e sua propagacao e que sdo consideradas como mecanismo primario de

ruptura de pavimentos com camadas de materiais cimentados (LITTLE e YUSUF, 2001).

De acordo com Bernucci et al. (2010), a vida de fadiga é definida em termos de vida da
fratura, que presenta o nimero total de aplicacdes de carga necessario para a ruptura completa,
ou vida de servico, que indica o numero de aplicacbes desta mesma carga necessario para

reducdo do desempenho ou da rigidez do pavimento a um nivel aceitavel.

No dimensionamento mecanistico, o parametro de controle de fadiga é a deformacéo a
tracdo na fibra inferior da camada cimentada. Em laboratdrio geralmente s&o utilizados ensaios
de flexdo simples de vigotas de secdo retangular carregadas em trés pontos (EPPS e
MONISMITH, 1969) e de tracdo a compressao diametral (SAID, 1997). Os ensaios de fadiga
podem ser realizados a tensdo controlada, onde a magnitude da carga € mantida constante ao
longo do ensaio, ou deformacdo controlada, onde a magnitude do deslocamento € mantida
constante. O ensaio de flexdo da vigota é um exemplo tipico de ensaio de deformacdo
controlada, engquanto que o ensaio de tracdo por compressdo diametral € um tipico ensaio de
carga controlada (BEHAK, 2013). Os ensaios de tensdo controlada reproduzem melhor as
condicdes de trafego de materiais estabilizados e, portanto, considerados mais adequados no
dimensionamento a fadiga (KHALID, 2000).

O ensaio de fadiga a flexdo em quatro pontos consiste em submeter um corpo de prova
em formato prismatico biapoiado a cargas localizadas no terco médio do véo, originando um
estado de tracdo uniforme nessa regido, zona onde o momento fletor constante e as tensoes
cisalhantes s&o nulas, fato que reduz a variacio dos resultados (LOPEZ, 2016). O ensaio segue

as recomendagOes da Austroads (2012) que define um pulso do tipo semi-seno-verso
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(haversine) com uma duracgéo de 0,25 s aplicando ciclos de carregamento com uma frequéncia
de 5 Hz, de forma a reduzir ao maximo o tempo de descanso. Com relacdo aos niveis de tensdo
aplicados, as normas australianas indicam que devem ser aplicadas tensGes que gerem
deformacdes de 50 a 100 microstrains, que refletem em uma faixa de 60% a 90% da resisténcia

a tracdo na flexdo para os ensaios fadiga a quatro pontos, causando a degradacdo do material.

Baburamani (1999) afirma que geralmente o nimero de ciclos de carga do eixo padréo
requerido para causar trincas significativas em servico € muito maior do que o nimero de ciclos
do ensaio de fadiga de laboratdrio. Essa diferenca se deve as condic¢Ges de carga (tipo de veiculo
e configuracdo do eixo), periodo de repouso entre cargas de veiculo, intensidade do tréfego,
velocidade dos veiculos, compactacdo e fatores ambientais como variacdo sazonal de
temperatura e gradientes de temperatura diaria. As func@es de transferéncia sdo utilizadas para

levar em consideracdo essas diferencas para estimativa de vida de fadiga em laboratério.

Apesar dos inumeros beneficios ja mencionados, o potencial de substituicdo de agentes
cimenticios tradicionais por materiais aglomerantes alternativos, possibilita a instauracdo de
metodologias que fazem alusdo a sustentabilidade. Uma forma de aproveitamento de residuos
industriais como substituinte de agentes cimenticios convencionais € na producdo de ligante

alcali-ativado por meio do processo de ativacdo alcalina, que serd abordada na préxima secao.

2.4 Alcali-ativacédo

Materiais alcali ativados sdo cada vez mais utilizados e amplamente estudados
mundialmente (LIU et al., 2019; PROVIS e BERNAL, 2014; SHI et al., 2011). Esses materiais
foram desenvolvidos como uma alternativa para substituicdo Cimento Portland, utilizado em
concretos, argamassas e pastas, sendo considerados menos agressivos do ponto de vista
ambiental, devido a menor emissdo de CO, atmosferico quando comparada a producgédo de
cimento Portland (KUA et al., 2019; ZHUANG et al., 2016).

De acordo com Davidovits (1994), materiais alcali-ativados sdo produto de uma reacao
entre um ativador alcalino e uma fonte de aluminossilicato. Samarakoon et al. (2019) afirmam
que dentro da classe de ligantes alcalis ativados existe um subgrupo chamados geopolimeros.
O termo "geopolimero” foi utilizado pela primeira vez em 1978 (Davidovits, 2008), no entanto
0s conceitos de &lcali-ativacdo ja eram utilizados desde 1908, onde se tem registro de uma das

primeiras utilizagcbes da combinag&o entre alcali e um aluminossilicato para produzir um ligante
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cimenticio a partir de uma patente relacionada a alcali-ativagdo da escéria de alto forno (Kuehl,
1908).

Ainda existem discordancias quanto a terminologia mais adequada para o produto da
reacdo entre um ativador alcalino e uma fonte de aluminossilicato, fazendo com que alguns
autores utilizem as duas terminologias indistintamente. Mendes et al. (2021) afirmam que
geopolimeros e materiais alcali ativados se diferenciam pelas reacGes desenvolvidas e 0s
produtos finais dessas reacfes, que variam de acordo com a composicdo do precursor e a

concentracéo da solucgéo alcalina.

Materiais geopoliméricos ou alcali-ativados sdo uma classe de materiais muito versatil
devido a grande variedade de matérias-primas, formas de producdo e reducdo potencial das
emissdes de CO, em comparagao com o uso de produtos a base de cimento Portland (PROVIS,
2018). De acordo com Turner e Collins (2013), para cada quilo de cimento processado, cerca
de 0,66 kg a 0,82 kg de CO,, ¢ liberado. A fabricacéo de concreto a partir de geopolimeros pode
resultar em uma reducao nas emissdes de CO, de 26% a 45% em relacdo a producéo de cimento
Portland. Além disso, as matérias-primas utilizadas sdo geralmente subprodutos industriais,
com pouco ou nenhum impacto ambiental atribuido e baixo custo. Além disso, podem
apresentar propriedades e caracteristicas como alta resisténcia mecanica, resisténcia ao fogo,
baixa retracao e baixa condutividade térmica (DUXSON et al., 2007; MA et al., 2018). Sdo 0s
mecanismos de reacdo que determinam o comportamento de um material cuja formacdo é
oriunda de um processo de reacdes quimicas (PACHECO-TORGAL et al., 2015) e, portanto,

serdao abordados na proxima sec¢ao.

2.4.1 Mecanismos de reacao

De acordo com Severo et al., (2013), os mecanismos de reacdo se relacionam aos
processos quimicos de dissolugéo alcalina e precipitagdo de um precursor. Esses mecanismos
sdo ainda responsaveis pelo endurecimento e pelas propriedades dos materiais alcali-ativados.
Duxson et al. (2007) afirmam que o conteudo de céalcio na composi¢cdo de um ligante alcali-
ativado, se apresenta como um dos fatores que determina o grau de polimerizagao das estruturas

de silicato.

Quando o precursor dos materiais alcali-ativados é essencialmente composto de Si, Al

e grandes quantidades de Ca, os mesmos sdo conhecidos como sistemas com alto teor de célcio.
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Esses materiais exigem de baixa a média concentragdo de ativador para sua sintese (PALOMO
et al., 1999). Os produtos da reacdo entre escorias ricas em célcio e hidroxidos alcalinos ou
silicatos sdo geralmente o gel de silicato de sodio/potassio e aluminio hidratado (N (K) -A-S-
H) e o gel silico-aluminato de célcio hidratado (C-A-S-H). Este ultimo tem uma estrutura
semelhante ao gel resultante da hidratagdo do cimento Portland (C-S-H), mas com menor teor
de Ca e mais substituicdes de aluminio em conjuntos tetraédricos (SAMARAKOON et al.,
2019; PROVIS e BERNAL, 2014).

J& os aluminossilicatos tridimensionais sintetizados por uma alta concentracdo de
solucdo alcalina (hidroxido ou silicato), que utilizam como precursores materiais ricos em Si e
Al com baixo ou nenhum contetdo de célcio sdo conhecidos como sistemas de baixo teor de
calcio (Palomo, et al. 2014), ou ainda geopolimeros (Palomo et al., 1999). Argilas calcificadas
(por exemplo, metacaulim), cinzas volantes e rejeitos de mineracdo com altas porcentagens de
silica e alumina podem ser aplicadas como matérias-primas. Os materiais com estas
caracteristicas necessitam de condi¢fes mais agressivas para iniciar as reacdes, condicdes de
um meio alcalino forte e cura em temperaturas elevadas, entre 60° a 200°C (Lodeiro, et al.
2013). Segundo Davidovits (1991) e Davidovits (1987), o produto resultante desse processo é
uma matriz amorfa cujo componente principal € um gel aluminossilicato conhecido como N-
A-S-H, onde N representa o cation alcalino, ou como precursor zeolitico. Bernal et al. (2011)
afirmam ainda que os géis C-A-S-H e N-A-S-H podem coexistir em misturas de precursores
com baixo e alto teor de célcio, embora a estabilidade da coexisténcia do gel em alta
alcalinidade ja seja discutida por Gartner e Macphee (2011) e Garcia-Lodeiro et al. (2011).

A primeira tentativa de descrever o mecanismo para a ativacdo alcalina de materiais
contendo silica e alumina reativa foi proposta por Glukhovsky (1959) através de um modelo
composto por quatro fases: dissolucdo, precipitacdo de espécies ativas, condensacdo e re-
solidificacdo. Ao longo do tempo outros autores elaboraram e estenderam a teoria de
Glukhovsky aplicando os conhecimentos sobre a sintese de ze6litas a fim de explicar o processo
de geopolimeriza¢do como um todo (FERNANDEZ-JIMENEZ et al., 2005; FERNANDEZ-
JIMENEZ et al., 2006; PROVIS et al., 2005; PROVIS et al., 2006; VAN DEVENTER et al.,
2006).

O modelo conceitual do processo de geopolimerizagdo proposto por Duxson et al.
(2007) é apresentado na Figura 2 e 0s mecanismos da sintese de geopolimeros sdo detalhados

a sequir.
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Figura 3 - Modelo conceitual do processo de geopolimerizagédo
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Fonte: Adaptado de Duxson et al. (2007)

O processo de dissolugdo de Si e Al dos materiais solidos aluminossilicatos em solugéo
aquosa altamente alcalina ocorre através da lixiviagdo. Dessa forma as espécies silicato e
aluminato comegam a se distribuir para a fase aquosa, que por sua vez, pode conter silicato na
solugcdo de ativacdo, e formar espécies aquosas por meio da acdo dos ions hidroxidos,

completando o processo de dissolucdo. Segundo Weng e Sagoe-Crentsil (2007), as ligagdes Al-



32

O apresentam menor energia de ligacdo e, portanto, sdo as primeiras a serem rompidas na fase
de dissolugéo, enquanto que as ligagbes Si-O necessitam de mais tempo e maior alcalinidade

para sua ruptura.

Além disso, em solugdes aquosas, a dissolugdo quimica de minerais Al-Si é favorecida
para altos valores de pH, visto que a taxa de dissolugdo desses materiais aumenta
significativamente a medida que o pH da solugdo aumenta. A dissolucéo de aluminatos amorfos
é rapida para valores elevados de pH e isto cria uma solucdo supersaturada, resultando na
formagé&o de um gel onde os oligdmeros na fase aquosa formam grandes redes por condensacao.
Este processo libera a 4gua que foi consumida durante a dissolugdo. Como tal, a &gua funciona
como meio de reacdo, mas fica retida nos poros. Dessa forma a estrutura de gel é designada
como sendo do tipo bi-fasica, contendo ligante aluminosilicato e 4gua, que constituem as duas

fases.

Giannopoulou e Panias (2007) afirmam que a taxa de dissolucdo de materiais sélidos de
Al-Si depende fortemente do tamanho e da area de superficie especifica das particulas. O tempo
para a solugdo supersaturada de aluminossilicato formar um gel varia consideravelmente de
acordo com condicbes de processamento da matéria-prima e a composicdo da solucdo e
condicdes de sintese (AIELLO et al., 1991; IVANOVA et al., 1994). Apos a gelificacdo, o
sistema continua a se reorganizar, a medida que a conectividade da rede de gel aumenta,
resultando na rede tridimensional de aluminossilicato comumente atribuida aos geopolimeros.
Isso € apresentado na Figura 5 pela presenca de maltiplos estagios de "gel”, consistente com
observacdes experimentais (FERNANDEZ-JIMENEZ et al., 2006, PROVIS e VAN
DEVENTER, 2006) e modelagem numérica para geopolimeros baseados em metacaulim e
cinza volante (PROVIS, 2006). A dissolugcdo do material aluminossilicato e formagdo do
polimero, é altamente dependente da termodindmica e pardmetros cinéticos e engloba as duas
primeiras etapas propostas por Glukhovsky. O crescimento é o estagio em que 0s nucleos
atingem um tamanho critico e os cristais comegam a desenvolver. Esses processos de
reorganizacdo estrutural determinam a microestrutura e a distribuicdo dos poros do material,

que sao criticos na determinagdo muitas propriedades fisicas (DUXSON et al., 2005).

Por fim, uma vez que a estrutura geopolimérica € desenvolvida na fase aquosa, ela se
depara com os grupos de particulas solidas ativas, onde é possivel reagir ligando as particulas
ndo dissolvidas na estrutura geopolimérica final. De acordo com Duxson et al. (2005), diferente
das etapas de secagem e endurecimento da zedlita, na solidificacdo da matriz polimérica ndo

ocorre reacao quimica, apenas a evaporacdo da agua que gera materiais duraveis e resistentes.
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Ante ao exposto, € possivel notar que as caracteristicas dos produtos de reagdo do
processo de &lcali ativacdo dependem de muitos fatores, mas principalmente do tipo e da
qualidade da matéria-prima utilizada como precursor e o tipo de ativadores alcalinos
implementados para sua fabricacio (KEULEN et al., 2018; SPAK ¢ RASCHMAN, 2018;
BONDAR et al., 2011; BUMANIS et al., 2017; FERNANDEZ-JIMENEZ et al., 2005). Dessa

forma a subsecéo seguinte busca explorar tal influéncia.

2.4.2 Matérias primas utilizadas no processo de alcali ativagdo

Como ja exposto anteriormente, ligantes alcalis ativados sdo definidos como materiais
produzidos através da reacdo de uma fonte de aluminossilicato com um ativador alcalino
(PROVIS, 2014). Além de ser ricos em alumina (Al,03) e silica (SiO,), os materiais
precursores, tanto na sua forma natural como na forma de residuo industrial ou outra matéria-
prima de baixo valor agregado, devem preferencialmente apresentar caracteristicas amorfas
reativas. Esses precursores de aluminossilicato requerem solugdes de ativacdo alcalina que
geralmente consistem em uma solucdo aquosa de hidroxidos, silicatos, carbonatos ou sulfatos
alcalinos (ALANAZI et al., 2016; VARGAS et al., 2011; HU et al., 2009).

Zhang et al. (2013) classificam os materiais precursores em calcinados (cinzas volantes,
escoria, residuos de construcéo e residuos pozolanicos) e ndo calcinados (caulinita, feldspato,
argilas e rejeitos de processamento mineral). Os autores explicam que o processo de calcinagdo
aumenta a reatividade dos materiais, através da alteracdo da estrutura cristalina em amorfa.
Dessa forma, precursores calcinados apresentam taxa de dissolu¢do mais rapida e, portanto,
maior resisténcia a compressao inicial quando comparados a precursores ndo calcinados que
apresentam aumentos mais significativos da resisténcia mecéanica nos estagios posteriores a

reacao de alcali-ativacdo.

Mais de 65% da crosta terrestre consiste de materiais a base de Al-Si e uma grande gama
destes materiais podem servir como fonte para a sintese de materiais alcali ativados (XU e VAN
DEVENTER, 2000). Os primeiros estudos e aplicacGes de materiais lcali ativados utilizaram
principalmente precursores como como escoria de alto forno, cinza volante e metacaulim (SHI
et al., 2006; PROVIS et al., 2014; MAJIDI, 2009). No entanto atualmente os materiais alcali
ativados sdo também uma maneira efetiva de reciclar e reutilizar varios subprodutos da industria
através da inclusdo de por exemplo, cinzas volantes (OH et al., 2010; AYDIN e BARADAN,
2012; GIASUDDIN et al., 2013), escoria a base de argila (YUSUF et al., 2014; RANJBAR et
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al., 2014), cinza de casca de arroz (He et al., 2013), para torna-los mais sustentaveis em termos
de meio ambiente, disponibilidade e economia.

O fato de esses materiais precursores serem produzidos por industrias em todo 0 mundo
torna os materiais alcali ativados sustentiveis também em termos de disponibilidade. S&o
produzidas mundialmente 780 milhdes toneladas/ano de cinza volante (BAKRI et al., 2013;
DUAN et al., 2015), 11 milhdes de toneladas/ano cinzas de 6leo de palma (VAKILI et al.,
2015), 20 milhdes de toneladas/ano de cinza de casca de arroz (SINULINGGA et al., 2014;
KAMSEU et al., 2016), 120 milhdes de toneladas/ano de lama vermelha de alumina (DUAN et
al., 2015; YE et al., 2016, além da existéncia de enormes depositos de caulim (YUN-MING et
al., 2016; ZHANG et al., 2016).

Em relacdo ao ativador alcalino, Duxson et al. (2007) afirmam que seu objetivo
principal consiste no fornecimento de cations de metais alcalinos, de modo a aumentar o pH da
mistura e acelerar a dissolugdo do precursor sélido. Um meio altamente alcalino é essencial
para uma apropriada ativacdo do silicio e aluminio existentes no material precursor, propiciando
a transformacdo de uma estrutura parcial ou totalmente vitrea em um material bastante
compacto (EDUOK, 2016).

Segundo Robayo-Salazar e Gutiérrez (2018), os ativadores alcalinos geralmente
empregados sdo constituidos por hidroxidos (ROH, R(OH)2), acidos fortes (Na2SOs,
CaS042H-0), acidos fracos (R.COz3) e sais de silica (R20(n)SiO2), onde o “R” pode ser
assumido por K, Na ou Li. Os autores afirmam ainda que multiplos parametros da solucao
ativadora influenciam nas propriedades do material geopolimérico, como o pH, solubilidade,

concentracdo, o tipo do metal alcalino e a sua natureza (liquido ou sélido).

Embora possam ser empregados quaisquer metais da Familia 1A, os mais utilizados séo
os hidréxidos de sédio (NaOH) e o hidroxido de potassio (KOH). Ja a solucdo de silicato tem
a funcéo de complementar o silicio da mistura, a fim de obter as proporcdes de SiO2/Al>03 para
cada tipo de utilidade ou propriedade desejada, onde os mais utilizados sdo silicato de sddio
(nSiO2Na20) e silicato de potéssio (nSiO2K20) (SEVERO et al., 2013).

Os ativadores mais utilizados sdo composicdes entre silicatos (liquido ou sélido
dissolvido em &gua) e hidroxidos (diluidos) (CRIADO et al., 2005). Os mais comuns S0 0S
hidroxidos de Na, Ca, K e os silicatos de Na e K (PROVIS e BERNAL, 2014). Por ser o mais
econémico e de maior disponibilidade, o0 NaOH, também conhecido como soda caustica, é o

hidroxido mais utilizado como ativador, entretanto devido a sua natureza corrosiva requer



35

equipamentos e manuseio apropriados para sua utilizagdo (PROVIS e VAN DEVENTER,
2009). De um modo geral a resisténcia mecéanica de materiais &lcali ativados produzidos com
NaOH apresentam menor resisténcia que os produzidos com outros silicatos (PROVIS et al.,
2005).

Segundo Duxson et al. (2007b) estruturas mais densas e compactas sdo formadas em
tempo menor ao adicionar silicatos solUveis nos ativadores. A presenca de silica monomérica
(Si(OH)4) presente no ativador possibilita uma maior alcalinidade, acelerando a cinética das
reacOes (PROVIS e VAN DEVENTER, 2007). Provis e Bernal (2014) explicam que a baixa
reatividade de materiais alcali ativados produzidos com NaOH antes do endurecimento, leva a
formacéo de uma solucdo rica em alcalis em uma matriz geopolimérica porosa que propicia a

formacédo de eflorescéncia.

Solugdes com o hidréxido de potassio (KOH) exibem maior potencial de reacao devido
ao tamanho do seu raio de hidratagéo e ao alto nimero de moléculas H2O associados ao ion K*
(PROVIS e VAN DEVENTER, 2009). Dessa forma, materiais precursores ativados com KOH,
em maior parte, demonstram melhores resisténcias a compressao em comparagao com materiais
alcali ativados que utilizam solugdo de NaOH como ativadores (DUXSON et al., 2007).
Também, a maior resisténcia a compressao apresentada por materiais alcali ativados
sintetizados com KOH, pode ser explicada pelo tamanho do céation do K*. O cation Na*
apresenta tamanho menor que o cation de K*, portanto, forma pares com menores oligdmeros
de silicato. Atenta-se que quanto maior o tamanho do cétion, é favorecida a geracdo de
oligbmeros de silicato maiores, na qual o aluminato (AI(OH)™) prefere ligar-se (SEVERO et
al., 2013).
No entanto, o uso comercial em larga escala de materiais &lcali-ativados permanece
extremamente pequeno devido a obstaculos tecnoldgicos relacionados a alta emisséo de energia
e CO, decorrente do processo de producdo dos ativadores alcalinos. O uso de solucdes de
ativador alcalino é frequentemente considerado como uma das principais deficiéncias praticas
de materiais &lcali-ativados, porque tais solugdes ativadoras sdo caras, corrosivas e prejudiciais
ao meio ambiente (LUUKKONEN et al., 2018). Um estudo recente de Scrivener et al. (2018)
afirmou que a pegada de CO,, do ativador de silicato de sodio deve ser reduzida pelo menos pela

metade para obter uma tecnologia escalonavel de materiais alcali-ativados.

Dessa forma, ha uma necessidade premente de desenvolvimento sustentavel e ativadores

de baixo custo que podem melhorar substancialmente as perspectivas de uso de materiais alcali-
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ativados. As subsecdes porvindouras, exploram as ideias e conceitos inerentes a producao de
ligantes alcali-ativados a partir de silicato de sodio alternativo.

2.4.3 Silicato de sédio alternativo

Materiais alcali ativados sdo uma nova alternativa ao cimento Portland principalmente
no que diz respeito as emissdes de CO, para 0 meio ambiente. Porém, para obter essa vantagem,
é imprescindivel o uso de ativadores que sejam produzidos de forma limpa e sustentavel, o que
ndo é o caso de produtos comerciais como NaOH ou silicato de s6dio (MENDES et al., 2021).
O silicato de sodio é um precursor do didxido de silicio, que é essencialmente necessario em
sintese de geopolimero. A presenga de ions de sddio favorece a dissolucdo, pois reage de forma
mais eficaz para formar oligdmeros e também melhora as propriedades mecanicas e quimicas
em comparacdo com outros ions, como por exemplo o potéassio (ABDUL et al., 2015; XU,
2000). Tradicionalmente, os silicatos de sodio de grau laboratorial sdo preparados pela fuséo
de quartzo e p6 de carbonato de sddio (Na,CO3) em alta temperatura (= 1300 °C) (OWOEYE,
2017), configurando um processo de producdo que consome muita energia e que contribuiu
com uma quantidade significativa nas emissdes de didxido de carbono. McLellan et al. (2011)
afirmam que o silicato de sodio é o componente de maior impacto do ponto de vista energético
e da emissdo de CO, demandando 63,4% da energia total para producdo do material. Duxson et
al. (2007) estimam também que sdo emitidos 1,514 kg de CO, para a producdo de um

quilograma de silicato de sodio.

Como um subproduto agricola, a CCA esta disponivel em abundancia na maior parte
dos paises produtores de arroz, sendo obtido apds o processo de queima da casca de arroz e
contendo teor extremamente alto de silica (IBRAHIM et al., 1980). A eliminacdo do restante
da CCA é ainda uma grande preocupacéo, pois se ndo for descartado de forma adequada, as
particulas transportadas pelo ar podem causar doencas respiratorias humanas graves e podem
ser um risco potencial de incéndios em aterros sanitarios (TSEN et al., 2020). Nesse sentido,
Villagquiran-Caicedo e Gutiérrez (2018) afirmam que ativadores alcalinos a base de CCA geram
uma emissédo de cerca de 572,3 kg/m?3 de geopolimero produzido, representando cerca de 48%
a menos que o silicato de potassio por exemplo e, portanto, sendo considerados uma alternativa
ecologicamente mais correta. Portanto, diversos estudos tém sido realizados a fim de utilizar a
CCA em vérias aplicagdes, inclusive na producao de silicato de sodio para posterior utilizacéo
em materiais alcali ativados (KALAPATHY et al., 2000; FOLETTO et al., 2006; ZIVICA,
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2006; DETPHAN e CHINDAPRASIRT, 2008; BERNAL et al., 2012; LONGHI, 2015;
GERALDO, 2017; TCHAKOUTE et al., 2016 a e b; APOLONIO, 2017; KAMSEU et al.,
2017; AVILA, 2018; LIMA, 2018).

Apesar das crescentes pesquisas sobre ativadores alcalinos sustentaveis e econémicos
(VINAI e SOUTSOS, 2019) e do potencial da CCA para ser utilizada como tal (ROSCHAT et
al., 2016), os procedimentos de producgéo ainda ndo sé@o bem estabelecidos. Nesse contexto, na
préxima secdo sdo sintetizados alguns parametros inerentes a producdo ativadores alcalinos a
base de CCA.

2.4.4 Processo de producéo do silicato alternativo

De forma a progredir em relacdo a ativadores alcalinos mais sustentaveis, solugdes
alternativas com base na dissolucdo da silica de residuos tém sido promovidas de modo a
produzir um ativador de silicato alcalino comparavel ao comercial (ALNAHHAL et al., 2021).
A CCA € um dos residuos ricos em silica mais comumente utilizados e os pesquisadores
aplicam diferentes métodos de extracdo da silica para desenvolver ativadores alternativos
(TONG et al., 2018; BOUZON et al., 2014). O processo hidrotérmico é comumente utilizado
para produzir um ativador alternativo na forma liquida, uma vez que geralmente consome
menos energia em comparagao com os outros métodos (FAVER et al., 1999), mas seu uso ainda
requer mais pesquisas acerca dos processos envolvidos. Na Tabela 1 s&o apresentados alguns
fatores envolvidos na producédo de silicato de sédio alternativo a base de CCA para uso em
materiais alcali ativados. A taxa de dissolucdo da silica foi avaliada através do teor de silica,

temperatura, tempo de processamento, alcalinidade da solucdo e tamanho das particulas.



Tabela 1 - Pardametros envolvidos na producéo de silicato de sddio alternativo a base de CCA

Condicdes de dissolucdo

Caracteristicas da CCA

Referencia Precurser aIFc (;T:ia Temperatura ;}i:;ﬁﬁggz Molaridade (%) SiO, Tamanho da particula
Bernal etal., 2012 Metacaulin/escéria NaOH Ambiente 10 min - 68 >1pme <60 um
Geraldo et al., 2017 Metaca“"mgsggfae traamento  \.oH  Ambiente e 90 °C 30 min - 89,51 20,4 um
Tchakouté et al., 2016a Metacaulim NaOH 80°C 2h - 93,49 -
Tchakouté et al., 2016b Metacaulim NaOH 100°C 2h - 83,05 <90 um
Kamseu et al., 2017 Metacaulim NaOH Ambiente 40 min 8,10e12M - <45pm
Mejia et al., 2013 Metacaulim/cinza volante NaOH Ambiente 24 h - 90,91 5 um
Bernal et al., 2015 Escéria NaOH Ambiente 24 h 2e4M 68 >1pume <60 pm
Mejia et al., 2013 Escéria/cinza volante NaOH Ambiente - - 94 36,9 pme 39,5 um
Tongetal., 2018 Escéria /cinza volante NaOH Bﬁgbégﬂté’f%g; ¢ L357el5h 1,23249¢65M 90,5 6,82 um
Passuello etal., 2017 Lodo de caulim NaOH 100°C 1h - 97,3 -
He etal., 2013 Lama vermelha NaOH Ambiente 15 min 2,4e6 M 91,5 25 yme 32 pm
Bouzén et al., 2014 Crfqej;:;‘;:; Ccztgl'lstf‘fg’;lif o NeOH 100°C 5 - 240 min ; 85,58 20 pme 62 pm
Luukkonen et al., 2018 Escoria NaOH Ambiente 4h 01,1e10M 88,46 20um, 30pm, 172ume 199 pr
Hajimohammadi e Van De Metacaulim NaAlO, Ambiente - - 56,22 8 um
Sturmetal., 2016 Aluminato de sodio NaAlO, Ambiente - - 88,49 11,1 pm

Fonte: Autor (2023)
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O tempo de processamento e a temperatura sdo fatores importantes que afetam a
dissolucéo da silica. Apesar de ndo serem eficientes em termos de consumo de energia, 0S
processos de aquecimento e agitacdo geralmente aumentam a taxa de dissolucgéo de silica assim
como a cinética de reacGes quimicas que geralmente aumentam com a temperatura € um
estimulo externo (ALAM et al., 2019). Conforme a Tabela 1, o tempo de processamento e
temperatura variaram de 5 min a 24 h e da temperatura ambiente a 100 °C. Bouzon et al. (2014)
obtiveram a méaxima dissolucdo da CCA utilizando um tempo de processamento de 60 min a
100°C, enquanto que Tong et al. (2018) mostraram ser necessario um tempo maior de
processamento variando de trés a seis horas. A variagdo no tempo de processamento pode ser
atribuida a natureza e reatividade da fonte de silica e a porcao restante nao dissolvida indica a
presenca de carbono ndo queimado e pequenas quantidades de outros residuos insollveis
(ALNAHHAL et al., 2021).

A silica amorfa é conhecida por ter um valor relativamente alto de energia de ativacdo
(MARAGHECHI et al., 2016) e temperaturas de até 80 °C sdo essenciais para aumentar a taxa
de dissolucdo no processo hidrotérmico de ativacdo da silica em solucdes alcalinas, ndo sendo
observada nenhuma dissolucéo significativa adicional em temperaturas de processamento mais
altas (TONG et al., 2018). Nesse sentido Geraldo et al. (2017) também verificaram um efeito
significativo da temperatura representado por um aumento de 50% na quantidade de silica
dissolvida devido ao aquecimento a 90°C. No entanto, Passuelo et al. (2017) alertam sobre a
possibilidade de evaporacdo da dgua em altas temperaturas, recomendando que 0 processo seja
conduzido em um sistema fechado durante a dissolugdo da silica. Alam et al. (2019) mostram
gue temperaturas baixas, incluindo a temperatura ambiente, também sao eficientes no processo
de dissolucdo, mas requerem um tempo maior de processamento, por exemplo 72 h para

alcangar a eficiéncia de extragdo de 45%.

Em relacdo ao tamanho da particula da fonte silica, embora alguns estudos mostrem que
as particulas menores se dissolvem mais rapido, os resultados de alguns estudos apresentados
na Tabela 1 sugerem que a dissolucéo € independente do tamanho da particula. Bouzoén et al.
(2014) observaram uma solubilidade semelhante para as particulas de CCA com tamanho médio
de 20 um e 62 um. Em conformidade, Luukkonen, et al. (2018) também apontaram que 0s
tamanhos de particula de CCA tém um impacto insignificante sobre a quantidade de silica
dissolvida. O efeito insignificante do tamanho da particula na solubilidade da silica pode ser
explicado ao efeito de reagregacao das particulas muito finas (HAJIMOHAMMADI e VAN
DEVENTER, 2016).
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No que se refere as propriedades mineralégicas dos materiais na dissolucéo da silica,
Mejia et al. (2013) investigaram dois tipos de CCA e apontaram que ambas exibiram boa
solubilidade quando misturados com NaOH, independentemente do teor de silica amorfa, mas
que a alcalinidade deve ser adequadamente ajustada para cada CCA. Uma das CCA foi
produzida sob incineragdo controlada por laboratério a 600 °C por 3 h e obteve 94,4% de SiO,
amorfo dos 94,7% totais, enquanto que a outra CCA foi coletada diretamente da fabrica de arroz
e apresentou 27,7% de SiO, amorfa de um total de 94,1%. No entanto os autores afirmam que
a CCA com maior contetdo amorfo exigiu menos tempo e menor temperatura de aquecimento
para a dissolucdo. Dessa forma as propriedades mineralégicas ajudam a identificar o tempo de

processamento e temperatura adequados, e assim, a otimizagdo do uso da energia.

Se tratando da concentracdo molar, Luukkonen, et al. (2018) observaram que a
dissolugdo da silica aumentou quando a concentracdo de NaOH aumentou de 1M para 10M.
Isso pode ser atribuido a maior liberacdo de silica em altas concentracGes alcalinas
(ANDREOLA et al., 2019). Tong et al. (2018) também relataram que baixas concentracGes de
NaOH (menores de 2 M) ndo sdo adequadas para maximizar a quantidade de silica dissolvida,
sugeriram que a molaridade ideal seria de 3 M.

Por fim, varios estudos apresentados nessa secdo mostraram potenciais promissores para
sintetizacdo de ativadores usando subprodutos ricos em silica. No entanto, como ndo existe um
consenso sobre o processo de extracdo otimizado, sdo essenciais uma compreensdo abrangente
e uma selecdo cuidadosa dos processos adotados afim de otimizar o uso de energia durante o

processo de extracao de silica da CCA.

2.45 Cinzade casca de arroz

Residuos agroindustriais sdo geralmente reintroduzidos no processo do agronegdcio que
0S gerou, como compostagem ou como fonte de energia para fornos de secagem. A combustao
de biomassa gera cinzas que vém chamando atencdo por décadas, ja que sua composicao
quimica os qualifica como pozolanas ou como uma fonte eficaz de aluminossilicatos,
especialmente adequada para a sintese de materiais alcali-ativados (RIVERA et al., 2021). Um
dos residuos agroindustriais mais utilizado em materiais alcali-ativados é a cinza de casca de
arroz (CCA) caracterizada por possuir mais de 95% de SiO, em sua composi¢do, com a maior
parte desta silica presente de forma amorfa (DELLA et al., 2002). A casca de arroz corresponde

a aproximadamente 20% a 25% do gréo, ndo é digerivel e, portanto, deve ser removida do gréo.
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Basicamente, é usada como combustivel no processo de secagem do arroz, resultando em
aproximadamente 18% de seu volume inicial em cinzas. Dependendo do tipo de arroz, o clima
e o tipo de tecnologia de combustdo, 1 tonelada de arroz produz aproximadamente 45 kg de
CCA (RIVERA et al., 2021). Além disso, a CCA gera grande preocupacéo por causa da riscos
potenciais da inalacdo deste mineral (SANJAYAN et al., 2015).

A producdo mundial de arroz em 2019/20 foi de 496,11 milhdes de toneladas (USDA,
2020). Assumindo a combustdo de tais quantidades, aproximadamente 22,5 milhGes de
toneladas de CCA foram produzidas no mundo todo (VILLAQUIRAN-CAICEDO et al., 2017;
FAO, 2019). Segundo o IBGE, em 2019 o Brasil produziu 10,37 milhdes de toneladas de arroz
com casca, sendo estimado um aumento de 0,9% para a safra de 2020 e o estado do Rio Grande
do Sul responsavel por aproximadamente 70% da producéo (7,17 milhdes de toneladas).

O arroz possui grandes quantidades de silica, especialmente na sua casca que consiste
em uma capa lenhosa, dura e altamente silicosa e é composta por 50% de celulose, 30% de
lignina e 20% de silica (base anidra) (METHA, 1992). A quantidade, contetdo cristalino e
composicdo quimica da silica produzida depende do projeto do forno e das temperaturas de
gueima (ZAIN et al.,, 2011), podendo assumir formas estruturais diferentes durante a
combustdo: amorfa e/ou cristalina (MEHTA, 1977).

A silica cristalina pode ocorrer na natureza de trés formas: quartzo, tridimita e
cristobalita, sendo que a primeira ocorre mais frequentemente que as demais (KINGERY et al.,
1976). Ja a silica amorfa é um material de facil moagem e que se apresenta altamente reagente
ao ser moida em processos de queima rapida a baixas temperaturas, inferiores a 700° C
(POUEY, 2006). De acordo com Silveira (2007) a maior parte dos trabalhos desenvolvidos no
Brasil utiliza cinzas residuais sem controle efetivo de tempo e temperatura de queima e mesmo
exibindo picos cristalinos apresentam desempenho satisfatorio. Pouey (2006) afirma também
que além do simples processo de combustdo, a silica reativa pode ser obtida através de
tratamentos fisico-quimicos da casca, seguido de queima e processo microbiolégico.

Devido as suas propriedades, o uso de CCA como alternativa ao cimento na industria
de concreto torna-se cada vez mais comum (ALNAHHAL et al., 2017; ANTIOHOS et al.,
2014; ZIEGLER et al., 2016; HABEEB e MAHMUD, 2010; HE et al., 2013; JUNAID et al.,
2014; MEHTA, 1977; RAHEEM et al., 2013; SARAVANAN e SIVARAJA, 2016; SHALINI
et al., 2016).

A CCA tem sido utilizada também como intensificadora da relagdo molar SiO,/Al, 05
na sintese de materiais alcali-ativados, e também como um precursor na producao de solugdes
de silicato de sddio, devido ao seu alto teor de silica (DETPHAN e CHINDAPRASIRT, 2009;
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MEJIA et al., 2016). Varios autores (VILLAQUIRAN-CAICEDO et al., 2017; BERNAL et
al., 2015; BOUZON et al., 2014) mostraram que o desenvolvimento de solucdes ativadoras a
base de CCA é uma alternativa vidvel para a substituicdo de ativadores alcalinos comerciais,
conforme os resultados obtidos, em termos de resisténcia e microestrutura, que sao muito
semelhantes as dos silicatos comerciais.

Além disso, a CCA tem sido utilizada como material precursor para o desenvolvimento
de materiais alcali-ativados pelo método “one-part”, exigindo apenas a adigdo de agua para o
inicio da alcali-ativacdo (HAJIMOHAMMADI e VAN DEVENTER, 2017; LUUKKONEN et
al., 2018; HAJIMOHAMMADI et al., 2008). A sintese em uma etapa elimina os riscos de
manipulagdo das solucdes ativadoras corrosivas e diminuindo as restricdes de armazenamento
e transporte. No entanto, os estudos sdo ainda muito limitados em compara¢ao com 0s materiais
alcali ativados por sintese em duas etapas que ja foram desenvolvidos com sucesso para fins
estruturais (GLASBY et al., 2015; ALDRED e DAY, 2012).

2.4.5 Parametros importantes no processo de alcali ativacéo

Como mencionado anteriormente, as reacdes do processo de alcali ativacdo ocorrem
entre fontes de aluminossilicato e um ativador alcalino. No entanto Duxson et al. (2007)
afirmam que nem todos os materiais constituidos de silica e alumina apresentam potencial para
alcali ativacdo, uma vez que parametros como teor de material amorfo, superficie especifica do
material, teor de fase vitrea e tamanho da particula também determinam o comportamento
reativo dos materiais. Nas Ultimas décadas, experiéncias praticas e muitos estudos em
andamento apoiaram os fundamentos de materiais alcalinos ativados, ou seja, matérias-primas,
requisitos, quimica e mineralogia, estrutura e propriedades de engenharia, fatores de controle,
processamento, vida Util e durabilidade de materiais alcali-ativados (PACHECO-TORGAL et
al. 2014; PROVIS e VAN DEVENTER, 2014). Os parametros que exercem influéncia no
processo de alcali ativacdo apresentam-se como o alicerce para a criacdo de produtos
economicamente e ambientalmente vantajosos. Dessa forma, 0s itens subsequentes exploram

as ideias e conceitos inerentes aos parametros relacionados ao processo de alcali ativagéo.

a) Calcinacao e tamanho de particula dos precursores
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A calcinacdo e o tamanho da particula dos materiais precursores impactam no
desempenho dos materiais alcali-ativados em termos de taxa de reacgdo, resisténcia, quantidade
de &gua e uniformidade. A dissolucédo e gelificacdo no processo de alcali-ativacdo sdo mais
rapidas em precursores calcinados como cinzas volantes, metacaulim, escoria, residuos de
construcao e residuos pozolanicos, o que eventualmente reduz a probabilidade de trincas devido
ao maior ganho de resisténcia nas primeiras idades (DAVIDOVITS, 1991; KRIVENKO e
SKURCHINSKAYA, 1991; PALOMO et al., 1999). Ja os precursores ndo calcinados como
caulinita, minerais de rocha aluminossilicatos, feldspatos e rejeitos de mina exibem maior
ganho de resisténcia no estagio posterior a geopolimerizacdo (XU e VAN DEVENTER, 2000;
XU et al., 2001). Os precursores a base de argila possuem particulas lamelares que aumentam
sua demanda por agua e, portanto, resultam em misturas com alta porosidade e baixa
durabilidade. Dessa forma, geralmente é necessaria a calcinacdo em altas temperaturas para
minerais de argila se tornarem reativos durante os processos de alcali ativacdo (HE et al., 2013;
ZHANG et al., 2012).

Em relacdo ao tamanho da particula observa-se que quanto maior a finura maior a area
de superficie especifica, acelerando o processo de polimerizagdo e tornando a microestrutura
mais densa (NAZARI et al., 2011). Esse comportamento tem impacto positivo em produtos a
base de argila caulinita (AL-SHATHR e AL-ATTAR, 2015). Apesar de as cinzas volantes
apresentarem essa mesma tendéncia (TEMUUIJIN et al., 2009; KUMAR e KUMAR, 2011),
suas particulas sdo muito heterogéneas, em termos de propriedades fisicas e quimicas, podendo
resultar em materiais alcali ativados com configuracdes varidveis para cinzas volantes de
origens diferentes (DIAZ-LOYA et al., 2015). Esse comportamento também € evidenciado em
misturas como cinza volante e CCA (DETPHAN e CHINDAPRASIRT, 2009), lama vermelha
e CCA (FERDOUS et al., 2015), escoria e cinza volante (YANG e SONG, 2009).

b) Relag&o entre os 0xidos

Apesar de a composicéo e a reatividade do material precursor desempenhar um papel
importante na definicdo das propriedades dos materiais alcali-ativados (VAN JAARSVELD et
al., 2002), durante o processo de alcali-ativacdo o teor de Si na matriz determina se a
condensacéo ocorre entre Al-Si ou Si-Si (DAVIDOVITS, 1991). Para baixas razdes Si/Al, a
condensacdo ocorre principalmente entre as espécies Al-Si, resultando na estrutura do polimero

de poli (sialato), porém com o aumento da razdo Si/Al, aumentam as espécies de Si devido a
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hidrélise de SiO, formando silicatos oligoméricos por condensacdo entre si (WENG et al.,
2002). Em geral, o alto teor de Si reativo é responsavel por impactar significativamente a
formagé&o de grande quantidade de gel alcalino aluminossilicato (WENG et al., 2002), enquanto
a quantidade de Al presente no precursor governa o tipo de estrutura quimica e a formacao de
rede (DAVIDOVITS, 2014). No entanto, o papel de Si e Al na sintese de geopolimero estdo
inter-relacionados e, portanto, expressos na razdo Si/Al. A relacdo Si/Al ideal para
desenvolvimento de geopolimero com as melhores propriedades de resisténcia variam
principalmente com o tipo e composicdo do material de origem (FARHAN et al., 2020). Na
maioria dos trabalhos de pesquisa envolvendo geopolimero de metacaulim, relagbes Si/Al na
faixa de 3,0 a 3,8 forneceram as melhores propriedades mecanicas (DUXSON et al., 2005). E
importante ainda ressaltar que além da relacdo molar SiO,/Al, 05 intrinseca dos precursores €
possivel variar a mesma a partir da adi¢cdo de um silicato soltvel, que afeta na cinética das
reacOes e melhora as propriedades fisicas dos geopolimeros (RODRIGUEZ, 2012). Se tratando
particularmente de cinzas volantes devido a sua heterogeneidade, a influéncia da relacdo Si/Al
é bastante obscura. Algumas pesquisas indicam reducdo na resisténcia a compressdo com
aumento na razdo Si/Al (CHINDAPRASIRT et al., 2012), enquanto outros indicam o contrario
(GUNASEKARA et al., 2014) e ainda outras que demonstram que a relacdo Si/Al ndo tem
qualquer relacdo com a resisténcia a compressdo (ANTONIE et al., 2016a; ANTONIE et al.,
2016b).

O o6xido de céalcio como precursor também exerce influéncia no processo de
geopolimerizacdo, mas ainda ndo ha uma concordancia sobre seu efeito sobre o processo. De
acordo com algumas pesquisas, a presenca de grande quantidade de éxidos de céalcio atua como
um impedimento no processo de geopolimerizacdo (GOURLEY, 2003; LLOYD e RANGAN,
2010), enquanto que outras sugerem a influéncia positiva do aumento de CaO na resisténcia a
compressdo (CHINDAPRASIRT et al.,2012; WONGPA et al., 2010).

Outra relacdo importante é a Na,0/SiO,, uma vez que o grau de polimerizacao esta
conectado com a mesma, podendo estes materiais serem provenientes do precursor ou em
alguns casos do ativador (LONGHI, 2015). Criado et al. (2008) constataram que com 0 aumento
desta relagdo a variagdo de estruturas de silicato monomérico em dimeros, trimeros ciclico e
linear, consequentemente um maior grau de polimerizacao. A relacdo Na,0/Al,05 € similar a
Na,0/Si0,, mas tem como parcela sélida a alumina, que normalmente é encontrada em

precursores em menores teores que a silica, esta relacdo tem grande importancia nos
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geopolimeros por controlar algumas reacées (DUXSON et al., 2006; FERNANDEZ-JIMENEZ
et al., 2006).

c¢) Condic0es de cura

A cura adequada é um pré-requisito para a dissolugdo completa e condensacao de
espécies de Si e Al e é amplamente dependente da reatividade e das proporc¢des dos precursores
utilizados (KOMNITSAS e ZAHARAKI, 2007). Por estar relacionada com o processo de
geopolimerizacgdo, a cura influencia na resisténcia mecanica e na porosidade do geopolimero
formado (XU, 2002). Xu et al. (2010) afirmam que altas temperaturas sdo favoraveis para
geopolimeros de cinza volante devido a reatividade relativamente baixa do precursor, mas que
para geopolimeros de metacaulim sdo requeridas temperaturas menores. Ja para geopolimeros
a base de lama vermelha, sob condic6es de temperatura moderada, geralmente sdo necessarias
pelo menos trés semanas para sua estabiliza¢do, enquanto que os geopolimeros de cinza volante
estabilizam em apenas alguns dias sob altas temperaturas (SOMNA et al., 2011; HE et al.,
2012). No entanto, apesar de o calor ativar o processo de reacdo de geopolimerizacdo,
temperaturas elevadas por muito tempo podem resultar na reducao da resisténcia e propriedades
de durabilidade (PANGDAENG et al., 2015). O motivo é o rapido desenvolvimento da matriz
de geopolimero na superficie que desacelera ou até mesmo impede a lixiviacdo dos
aluminossilicatos (ZUHUA et al., 2009)

A pré-cura precedida por cura convencional exerce influéncia positiva na resisténcia dos
geopolimeros (KANI e ALI, 2009). Kim e Kim (2013) recomendam a pré-cura a 75°C por 3 h
e apds cura a temperatura ambiente por 28 dias para producdo geopolimeros de metacaulim de
alta resisténcia. Nazari et al. (2011) utilizou a pré-cura por 24 h antes da aplicacdo da cura em
estufa de 50°C a 90°C por 36 h. O estudo encontrou 80° C como temperatura ideal para todas
as misturas aos 7 e 28 dias. O aumento da temperatura de cura além de 90°C resultou na redugéo
da resisténcia. Mufiiz-Villarreal et al. (2011) submeteram geopolimeros a base de metacaulim
a uma cura inicial de 40°C por 2 h e posteriormente a uma segunda cura sob temperaturas que
variavam de 30 a 90°C por 24 h. Os resultados mostraram que a temperatura de 60°C é ideal e
que para temperaturas superiores a esta ocorre aumento da porosidade e reducgéo na resisténcia
a compressdo. Em contrapartida, alguns trabalhos relataram que o aumento da temperatura
inicial de cura pode resultar em cristalizacdo rapida, particularmente para matriz ativada por

NaOH que diminui o poder da reagao (Provis et al., 2005)
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Ainda se tratando das condic¢des de cura vale ressaltar que o tempo de cura aquecida
também € um parametro que exerce influéncia no produto final. Lloyd e Rangan (2010)
variaram o tempo de cura de 4h a 96 h e concluiram que apds 24 h os acréscimos de resisténcia

sdo moderados e que em termos praticos ndo é conveniente ultrapassar esse limite de tempo.

Em relacdo ao ambiente de cura, Kusbiantoro et al. (2012) observaram que para alcali
ativacdo a partir de cinza volante e CCA, a cura em estufa resultou em maiores resisténcias que
as curas em exposicdo externa e em estufa. O aumento de temperatura proporciona um
acréscimo na dissolugdo da silica e alumina das cinzas volantes devido a polarizagéo do ion
hidroxido que por sua vez resulta em maiores resisténcias (TEOREANU, 1991). Zuhua et al.
(2009) relataram que materiais alcali-ativados curados a 20 °C ou 40 °C mostraram melhores
resultados de resisténcia a compressdao do que amostras curadas em agua a 20 = 2 °C,
evidenciando que a agua lixivia as espécies dissolvidas. Wang et al. (2008) também relataram
que a umidade excessiva (imersdo na dgua) ndo trouxe nenhum beneficio, o que também foi
observado por Perera et al. (2007) e Zhang et al. (2009). No entanto, a perda abrupta de agua
em caso de cura a seco, especialmente em amostras moldadas abertas podem resultar em grande
retracdo e desenvolvimento de microfissuras, que pode causar um efeito prejudicial (ZHANG
et al., 2009).

2.5 Alcali ativagio aplicada a estabilizagio de material asfaltico fresado

No decorrer dos anos, diversas pesquisas avaliaram o potencial de incorporacdo do
material fresado as camadas de base e sub-base de pavimento. No entanto, observa-se que para
altos teores de substituicdo ocorrem reducbes nas propriedades mecéanicas, que podem ser
compensadas pelo uso de estabilizadores. E possivel utilizar materiais como cal, cimento,
cinzas volantes, escéria de alto forno, cinza de casca de arroz, cinza de bagago de cana-de-
acucar, entre outros (SINGH et al., 2018; ADHIKARI et al., 2019, CONSOLI et al., 2018,
POLTUE et al., 2019). Materiais alcali-ativados surgiram nas dltimas duas décadas como
materiais de construcdo sustentaveis em substituicdo ao cimento Portland e mais recentemente
esses novos ligantes tem sido estudados como estabilizadores em camadas de base e sub-base
em combinagdo com material asfaltico fresado (COSTA et al., 2020). A literatura sobre o
assunto ainda é limitada e na Tabela 2 sdo apresentados alguns estudos evidenciando o0s

precursores e ativadores utilizados, bem como as proporc6es de agregados virgens (AV), 0s
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percentuais de substituicdo de material asfaltico fresado, a temperatura de cura, os pardmetros
avaliados e a faixa de valores de resisténcia a compresséo simples (RCS) obtida nos mesmos.

Jallu et al. (2020) investigaram o comportamento da fadiga a flexdo de pavimento
asfaltico reciclado estabilizado com cinza volante ativada alcalinamente. Os maiores valores de
resisténcia a compressdo e modulo de resiliéncia foram obtidos para a combinacéo
Na,SiO5: NaOH = 70:30. Também foram avaliadas amostras de vigas reforcadas com
geogrelhas biaxiais e triaxiais, onde as vigas reforgadas com a geogrelha triaxial apresentaram
vida a fadiga 1,66 vezes maior que as reforcadas com geogrelha biaxial e 2,54 vezes maior que
as amostras de controle. Os autores identificaram um grande potencial na estabilizacdo de
material fresado a partir de um geopolimero a base de cinza volante como material de base de
pavimento.

Hoy et al. (2016) avaliaram a estabilizacdo de material fresado com cinza volante
ativada alcalinamente por uma solucéo de hidréxido de sodio e silicato de sodio em diversas
proporcbes. Os resultados evidenciam que a resisténcia aumenta a medida que a razédo
NaOH/Na,SiO; diminui tanto para a temperatura ambiente quanto para cura a 40°C. As
analises microscépicas indicam baixa geopolimerizacdo quando € utilizado apenas NaOH
(NaOH/Na,SiO3; = 100: 0) como solugdo alcalina, mas com o0 aumento do tempo de cura e da
temperatura ocorre uma maior dissolucdo da silica e alumina presente na cinza volante
aumentando a resisténcia.

Como complemento do trabalho de Hoy et al. (2016a), Hoy et al. (2016b) avaliaram a
capacidade de lixiviacdo de metais pesados para a estabilizagdo de material fresado tanto com
cinza volante ativada alcalinamente quanto para apenas cinza volante. Os resultados mostraram
gue ndo ha risco ambiental para duas as misturas e que o ligante geopolimérico reduz a
lixiviacdo de metais pesados, aumentando ainda mais as vantagens na aplicacdo de materiais
reciclados de maneira sustentavel na construcdo de estradas. Horpibulsuk et al. (2017) também
chegaram nas mesmas conclusoes, identificando que acima de seis ciclos de molhagem e
secagem a resisténcia comeca a diminuir.

Saride et al. (2016) investigaram o uso de cinza volante (20% e 30%) com e sem a
ativacdo de uma solucdo de hidroxido nas proporcdes de 2% e 4%. O grande diferencial do
trabalho € que os resultados sdo apresentados em funcdo da area de superficie exposta do
material fresado, uma vez que os agregados sdo revestidos com uma camada de asfalto amorfo

que influenciam na formag&o de compostos pozolanicos.
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5 . -
Referéncia Precursores /o Ativadores NaOH : Na2SiO3  Molaridade % RAP % AV* Resistenci Temperatu Parametros avaliados
Precursor a(MPa) radecura
Avirneni et al. (2016) Cinza Volante 20 e 30% NaOH - l1e2M 80e60 20e40 1,5a55 Ambiente RC.S‘ durabilidade,
microestrutura e
Hoy etal. (2016) Cinza Volante 10, 20 & 30%NaOH e Na2sio3 000" 9201500 60:40e 1o m 100 ; 1,9a7,0 Amj’(')fgte ®  RCS e microestrutura
Hoy et al. (2016) Cinza Volante 20% NaOH e Na2SiO3 100:0, 90:10, 60:40 ¢ 10M 100 - 19a56  Ambiente RCS, n_ugr(_)esfrutura ¢
50:50 lixiviacdo
Hoy etal. (2018) Escéria  10¢20% NaOH e Na2sio3 000 75?6?506 60:40e g 100 . 075a30 Ambiente  RCS e microestrutura
Mohammadinia et al. (2016a) C"22 VOIAME 5 0 40h  NaOH e Na25iO3 - 8 M 100 ; 1,0a22  Ambiente RCS, modulo de
e Escéria elasticidade e de
Mohammadinia et al. (2016b) Cinza Volante 4, 8 e 16% NaOH e Na2SiO3 - 8 M 100 . 10a2p Ambientee  RCSemodulode
40°C resiliéncia
Saride etal. (2016) Cinza Volante 20 e 30% NaOH - le2M 80e60 20e40 15a6,5 Ambiente RCS e microestrutura
Horpibulsuk etal. (2017)  CinzaVolante 20¢30% NaOH e Nazsiog ~00:0 90:10,60:40e 100 ; 19260 Ambiente  Co durabilidade,
50:50 microestrutura e
Jallu et al. (2020) Cinza Volante 20% NaOH e Na2SiO3 70:30 e50:50 3M 60 40 15a6,5 Ambiente Fadiga na flexdo
. . . 100:0, 70:30, 50:50 RCS, mddulo de
0 ; , ) a. o ,
Saride e Jallu (2020) Cinza Volante 20% NaOH e Na2SiO3 30:70 & 10:90 0,5;1;3M 60 40 0,200 a 6,5 27°C resiliancia e durabilidade

Fonte: Autor (2023)
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Avirneni et al. (2016) submeteram misturas de material asfaltico fresado com cinza
volante ativada alcalinamente a variagdes severas de umidade e temperatura afim de verificar a
perda do revestimento asfaltico dos agregados de material fresado e/ou lixiviacdo do
estabilizador das misturas. Os resultados dos testes de durabilidade e lixiviacdo indicaram que
as perdas de resisténcia das misturas sdao minimas e sdo consideradas adequadas para as
aplicacdes na camada de base.

Mohammadinia et al. (2016) compararam o desempenho de trés materiais reciclados de
construcdo e demolicdo: tijolo triturado, agregado triturado reciclado e material asfaltico
fresado estabilizados com geopolimeros produzidos a partir de cinza volante e escoria de alto
forno granulada moida. Os ligantes pozolanicos foram utilizados separadamente no teor de 4%
e juntos em iguais teores de 2% e foram comparados com cimento Portland. Tanto o0 modulo
de resiliéncia quanto a resisténcia a compressdo aumentaram com uso do geopolimero para
todos os materiais, no entanto para o agregado triturado reciclado a estabilizacéo foi mais eficaz.
O geopolimero a base de escoria se mostrou mais eficiente que o a base de cinza volante. Todas
as misturas de material fresado com geopolimero se mostraram suficientes para aplicacdo em
sub-base de rodovias aos 7 dias, no entanto apenas o0 uso de 4% de geopolimero de escoria aos
28 dias proporcionou os requisitos para base de pavimento. Geopolimeros a base de escéria
foram estudados também por Hoy et al. (2018) que evidenciaram ser essencial a utilizagdo de
Na,SiO5 para aplicacdo em base de rodovias aos 7 dias. No entanto os autores ressaltam que o
uso de Na,SiO; em excesso retardou a taxa de geopolimerizacdo, levando a reducdo da
resisténcia.

Mohammadinia et al. (2016b) também avaliaram a resisténcia e 0 médulo de resiliéncia
para 0s mesmos residuos de construcdo e demolicdo, mas para apenas o geopolimero de cinza
volante em ambiente alcalino de silicato de sddio e hidroxido de sédio. Os resultados mostram
que o uso de geopolimeros aumenta consideravelmente o médulo de resiliéncia, a resisténcia a
compressdo cresce com 0 aumento da quantidade de cinza e que o tratamento térmico aumenta
a taxa de reacdo e consequentemente a resisténcia tambeém. Por fim os autores afirmam que é
possivel utilizar agregado triturado reciclado e material asfaltico fresado com adicéo de 8% e
16% respectivamente de cinza volante para base de pavimento para as condic¢des de curaa 40°C
e por 7 dias.

Adhikari et al. (2018) propuseram um modelo de regresséo para avaliar a sensibilidade
das variaveis envolvidas na estabilizacdo de dois solos com geopolimero de cinza volante e
material asfaltico fresado. Teores mais altos de cinza volante e material asféltico fresado

produziram misturas com maiores resisténcias. O teor ideal de silicato de s6dio depende do tipo
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de solo e da porcentagem de cinza volante e material asfaltico fresado. As propriedades
mecénicas e de durabilidade da mistura 6tima foram melhores ou semelhantes as misturas do
solo-cimento convencional.

Os estudos supramencionados revelam a possibilidade de aplicacdo do processo de
alcali-ativacdo na reciclagem de material asfaltico fresado. No entanto, a quantidade de
pesquisas sobre estabilizacdo de material asfaltico fresado a partir da alcali ativagdo é ainda
limitada e a maioria dos estudos utilizou apenas cinza volante como um precursor, e ainda
pouco se sabe sobre as propriedades mecénicas e de durabilidade. Além disso, os estudos até
entdo existentes se baseiam na utilizacdo de hidroxido e/ou silicato de sddio, destacando
melhorias consideraveis no desempenho dos produtos finais devido a acdo do silicato. Apesar
disso o silicato de sédio apresenta um elevado consumo energeético e uma consideravel emissédo
de CO,, o que justifica 0 emprego de materiais locais que podem incluir residuos industriais e
agricolas.

Nesse contexto, se faz necessaria a producao de um silicato alternativo, que apresente
beneficios econdmicos e ambientais e viabilize a aplicacdo a longo prazo de matérias alcali
ativados em grande escala, como € o caso da area de infraestrutura. Apesar de ja existirem
estudos a respeito do desenvolvimento de silicato alternativo baseado na dissolucdo da CCA,
ndo se tem um amplo conhecimento sobre o processo completo de producdo do mesmo.

O uso da alcali-ativacao na estabilizacdo de material asfaltico fresado é muito promissor
na construgédo das camadas de base e sub-base de pavimentos, devido ao aumento de resisténcia
proporcionado pelos ligantes alcali-ativados e pelo baixo impacto ambiental quando utilizadas
solucdes alternativas ao silicato de sdédio comercial. Nesse sentido, percebe-se uma grande
lacuna de conhecimento no que diz respeito a alcali-ativacdo com a utilizacdo de silicato de
sodio alternativo. Assim como nas pesquisas ja realizadas se faz necessaria a compreensao do
comportamento mecanico e microestrutural para diferentes propor¢des de agregados e solucédo
alcali ativadora, assim como a avaliacdo das propriedades de durabilidade e lixiviacdo de
alcalis. Outro fator importante a ser considerado séo as condi¢fes de cura, que até entdo nao
foram objetivo principal dos trabalhos mencionados neste item e serdo abordadas no presente

trabalho.
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3. RESULTADOS

A seguir sdo apresentados os resultados, onde cada secao desse capitulo representa um
objetivo especifico que é apresentado no formato de artigo. Na se¢édo 3.1 é apresentado o artigo
intitulado “Parametric analysis of production of alternative sodium silicate applied in alkali
activated materials” que foi submetido ao periddico “Advances in Cement Research — Qualis
A3 (2017 -2020) e atualmente encontra-se revisado, segundo as consideragdes dos revisores do
periddico, aguardando decisdo final.

Na se¢do 3.2 ¢ apresentado o artigo intitulado “Rice husk ash as an alternative soluble
silica source for alkali-activated metakaolin systems applied to recycled asphalt pavement
stabilization” que foi submetido e aprovado pelo periddico “Transportation Geotechnics —
Qualis A2 (2017 -2020).

Na secdo 3.3 ¢ apresentado o artigo intitulado “Curing conditions effect on the
stabilization of recycled asphalt pavement with alkali-activated metakaolin and rice husk ash-
derived activator” que foi submetido ao periodico “Road Materials and Pavement Design —
Qualis A2 (2017 -2020) e até o presente momento nao foi obtido nenhum retorno.

Na se¢ao 3.4 ¢ apresentado o artigo intitulado “Durability, long-term and environmental
evaluation of alkali-activated alternative soluble silica source for recycled asphalt pavement
stabilization” que foi submetido ao periédico “Journal of Materials in Civil Engineering —
Qualis A2 (2017 -2020) e atualmente encontra-se revisado, segundo as consideracdes dos
revisores do periddico, aguardando decisao final.

Por fim, na secdo 3.5 encontra-se o artigo intitulado “Flexural fatigue behavior of
reclaimed asphalt pavement stabilized with alkali-activated rice husk ash” que ainda ndo foi

submetido a nenhum periddico.
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3.1 Parametric analysis of the production of alternative sodium silicate applied in
alkali-activated materials

Abstract

Although alkali-activated materials are considered potential substitutes for Portland
cement, they still present elevated costs and significant emissions of CO2. One way to partially
overcome this disadvantage is the development of alternative activators, such as a sodium
silicate (SS) based on the dissolution of rice husk ash (RHA). However, to maximize the
mechanical performance of alkali-activated materials, the production of RHA-based sodium
silicates needs to be fully understood. This article investigates the production process of an
alternative RHA-based sodium silicate activator through the experimental evaluation of the
following parameters: RHA grinding time, RHA dissolution time, thermal curing temperature
and time. The mechanical performance was evaluated through compressive strength tests
carried out on alkali-activated pastes made up of metakaolin, as a precursor, and two types of
activators (RHA-based sodium silicate and commercial sodium silicate). Microstructural
features were evaluated by performing X-Ray Diffraction, Scanning Electron Microscopy, and
Thermogravimetry analyses. The optimized production was obtained for a grinding time of 30
minutes, a thermal curing temperature of 40°C, a dissolution time of 6 hours, and a thermal
curing time of 8 hours. The results show the efficiency of the alternative alkaline activator,
which may represent a technically viable solution for the larger-scale application of alkali-
activated materials.

Keywords: Alkaline activation; sodium silicate; rice husk ash; production process.
1. Introduction

Alkali-activated materials are a new alternative to Portland cement, mainly regarding
CO emissions into the environment. However, it is essential to use activators that are produced
sustainably, which is not the case with commercial products such as sodium hydroxide or
sodium silicate (Mendes et al., 2021). Sodium silicate (SS) is a precursor to silicon dioxide,
which is needed in geopolymer synthesis. The presence of sodium ions favors dissolution, as it
reacts more effectively to form oligomers, resulting in improved mechanical and chemical
properties as compared to other ions, such as potassium (Rahim et al., 2015; Xu and Van
Deventer, 2000).
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Traditionally, laboratory-grade sodium silicates are prepared by melting quartz and
sodium carbonate powder (Na2COz3) at elevated temperature (= 1300 °C) (Samuel Owoeye,
2017), configuring an energy-intensive production process that has contributed with significant
amount of carbon dioxide emissions. Sodium silicate is the component with the greatest impact
from the energy consumption and CO emission point of view, requiring 63.4% of the total
energy for its production (McLellan et al., 2011). It is esteemed that 1,514 kg of CO. are emitted

to produce one kilogram of sodium silicate (Duxson et al., 2007).

As an agricultural by-product, rice husk ash (RHA) is abundantly available in most rice
producing countries. RHA is obtained from the burning of rice husks and contains high levels
of silica. Inadequate disposal of the remainder of the RHA is still a major environmental
concern, since airborne particles can cause serious human respiratory illness and can be a
potential cause of fires in landfills (Tsen et al., 2020). In this sense, alkaline activators based on
RHA generate an emission of about 572.3 kg/m? of CO: in the production of geopolymers,
representing about 48% less when compared to potassium silicate, for example, being
considered a more environmentally friendly alternative (Villaguiran-Caicedo et al., 2017).
Therefore, several studies have been conducted to use RHA in various applications, including
the production of sodium silicate for use in alkali-activated materials (Bernal et al., 2012;
Detphan and Chindaprasirt, 2009; Foletto et al., 2006; Geraldo et al., 2017; Kalapathy et al.,
2001; Kamseu et al., 2017; Hervé K Tchakoute et al., 2016; Hervé Kouamo Tchakouté et al.,
2016; Zivica, 2006).

Despite the growing research on sustainable and economical alkaline activators (Vinai
and Soutsos, 2019) and the potential use of RHA (Roschat et al., 2016), the production
procedures are still not well established. The hydrothermal process is commonly used to
produce an activator in liquid form, as it consumes less energy compared to other methods, but
its use still requires further research. Table 3.1 presents some of the factors involved in the
production of alternative sodium silicates based on RHA for use in alkali-activated materials.
The parameters evaluated for the determination of the silica dissolution rate were silica content,

temperature, processing time, alkalinity of the solution, and particle size.
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Table 3.1. Parameters involved in the production of alternative sodium silicate from RHA

Dissolution conditions RHA
Reference Precursor Alkaline T Dissolution ~ Molari (%) Particle size
emperature . ;
source time ty SiO2 (um)
(Berzrgalize)t al., Metakaolin/slag NaOH RT 10 min - 68 >1 and <60
(Geraldo et Metakaolin/ water o . )
al., 2017) treatment sludge NaOH RT and 90°C 30 min 89.51 20.4
(Hervé K
Tchakouté et Metakaolin NaOH 80°C 2h - 93.49 -
al., 2016)
(Hervé
Tcﬁgﬁgms o Metakaolin NaOH 100°C 2h - 83.05 <90
al., 2016)
(Kamseu et 8 10
Metakaolin NaOH RT 40 min and 12 - <45
al., 2017) M
(Mejia et al., Metakaolin/fly .
2016) ash NaOH RT 24 h 90.91 5
(Bernal et al., 2 and
2015) Slag NaOH RT 24 h 4AM 68 >1 and <60
(Mejiaetal., i ) 36.9 and
2013) Slag/fly ash NaOH RT 94 395
1,2,
(Tong et al RT,60,80, 1,3,5715 °2
2018) Slag/fly ash NaOH 90, 100°C h gln% 90.5 6.82
6.5M
(Passuello et . o ) )
al., 2017) Kaolin sludge NaOH 100°C 1lh 97.3
(Heetal., . 2,4,6
2013) Red mud NaOH RT 15 min M 91.5 25 and 32
(Bouzon et al Fluid catalytic
2014) " cracking catalyst NaOH 100°C 5 - 240 min - 85.58 20 and 62
residue
01,1
(Luukkonen et ' 20, 30, 172
al., 2018) Slag NaOH RT 4h an(,:/llo 88.46 and 199
(Hajimohamm
ag' and van Metakaolin NaAIO; RT - - 56.22 8
eventer,
2017)
(Surmetal, g0 gium alumi NaAIO RT 88.49 111
2016) odium aluminate 2 - - . .

*RT = room temperature

The studies reported in Table 3.1 show a promising potential for synthesizing activators
using silica-rich byproducts. The work by Tong et al. (2018) stands out for evaluating a wide
range of parameters involved in the production process of an RHA-based sodium silicate,
however, the authors use slag and fly ash as precursors. Alkali-activated materials produced
with metakaolin are seen as a model system, not involving the complexity of industrial by-
products, which may vary depending on how they are obtained and possible contamination.

Therefore, a comprehensive understanding and a careful selection of the processes adopted are
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essential to optimize the silica extraction process, especially in alkali-activated materials that
use metakaolin as a precursor. This fact justifies the innovative character of this research and
shows a research gap to be studied. Thus, this work aims to investigate the process to produce
sodium silicate based on RHA, focusing on the optimization of the mechanical performance of
alkali-activated materials based on metakaolin. The experimental program was developed based
on a wide range of laboratory tests that initially covered different RHA grinding times and
thermal curing temperatures of alkali-activated pastes. Subsequently, the dissolution times of
RHA in NaOH and thermal curing conditions were evaluated. Finally, the best results found

were compared to those obtained for a commercial sodium silicate.
2. Materials and Methods
2.1 Rice Husk Ash

The RHA used in this study comes from the Sdo Sepé thermoelectric plant, located in
the central region of Rio Grande do Sul — Brazil. The temperature burning process varies from
800 °C to 900 °C. The RHA has a high silica content according to X-ray fluorescence (XRF)
results presented in Table 3.2. The X-ray diffraction (XRD) Fig. 3.1, show that the RHA has a
significant amorphous phase and the presence of some crystalline SiO», possibly formed during
incineration at elevated temperatures. However, if the alkalinity conditions are properly
adjusted, both the amorphous and the crystalline silica present in the RHA have the possibility

to participate in the alkaline activation process (Mejia et al., 2013).

Table 3.2. Chemical composition of the materials

Si0, (%) AlLOs (%) FeOs(%) CaO (%) MgO (%) NaO (%) Kz0 (%) TiO, (%)
MK 5472  40.80 1.80 0.10 0.10 0.18 0.21 2.09
RHA 8933  0.62 153 3.84 251 - 2.18
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Figure 3.1. MK and RHA X-Ray Diffraction

2.2 Precursor and activators

The precursor used in this work was metakaolin (MK), which has a particle density of
2.64 g/cm?3 and chemical composition as shown in Table 3.2. The mineralogical composition of
metakaolin was determined by XRD Fig. 3.1, indicating that the main crystalline phases found
were quartz and berlinite. The commercial sodium hydroxide used has a purity of 99% and the
solution with the required concentration was prepared by dissolving the NaOH and RHA in
distilled water. A commercially available sodium silicate solution (Na;O = 8.55% and SiO; =

27.8%) was used as a control activator solution.
2.3 Methods

Due to the coarse and heterogeneous particle size distribution, and the fact that the size
of the particles interferes with the kinetic reactions (Xu et al., 2015), the RHA was subjected to
dry grinding in a ceramic vessel mill with alumina balls and a constant rotation speed of 200
rpm. A mass ratio of balls to ash of 3:1 was used, with 20mm, 10mm, and 5mm diameter
alumina balls. The milling duration was investigated for various grinding times (10 min, 30
min, 60 min, 90 min, and 120 min). After each milling interval, the samples were submitted to
both Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD). The unconfined
compressive strength (UCS) of alkali-activated pastes, at curing periods of 7, 28, and 56 days,



57

was used to evaluate the effect of different parameters on the production of the alternative
sodium silicate. Fig. 3.2 presents the testing program carried out in this study.

2° stage: dissolution time

3° stage: thermal cure time

H,0 + NaOH
10 mol

1° stage: grinding time and temperature curing

Figure 3.2. Summary of testing program developed

For a first set of tests, different grinding times of RHA and thermal curing temperatures
of the alkali-activated pastes were evaluated. Seeking to reduce the energy consumption for the
production of alternative silicate, the dissolution time of RHA in NaOH (1 h, 3 h, 6 h, 12 h and
24 h) and the thermal curing time (4 h, 8 h, 12 h, 16 h, 20 h and 24 h) were included as variables
in the second and third phases of the study, respectively. The degree of crystallinity of the RHA
is a limiting factor and affects its dissolution conditions since it is more difficult to break the
SiO- crystal structure under hydrothermal conditions (Tong et al., 2018). Thus, the sodium
silicate solution was produced by a hydrothermal method, dissolving the RHA in a NaOH
solution with a concentration of 10 M, for the granulometry that presented the best result. By
dissolving NaOH in water, the mixture reaches a temperature of 80°C, which was kept in a
thermostatic container for different heating times, as mentioned earlier. The efficiency of the
dissolution process was evaluated from unconfined compression tests performed on alkali-
activated pastes produced with the alternative sodium silicate with different thermal curing

times.

Finally, the best results found in the previous steps were compared with the results
obtained for the specimens molded with commercial sodium silicate. For this step, the
unconfined compressive strength tests were performed on cubic specimens, three for each mix,

on an EMIC DL 20000 hydraulic press, with a coupled load cell of 200 kN with a precision of
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AN, and a displacement rate of 0.5 mm/min. Also, the microstructural features were evaluated
to understand the mechanisms involved in the alkali-activation process. The microstructural
characterization was performed on the pastes through XRD, SEM, and thermogravimetric
analysis (TG). XRD analyses were performed using pure copper-K-Alpha 1 radiation with a
wavelength of 1.54 A. The X-ray generator was set to 40 kV and 40 mA; the recorded angular
range was 5 to 80° (20) with a step close to 0.017°. SEM analyses were performed using a Zeiss
microscope, model EVO LS25. To cover the surface of the samples with gold, a Quorum
metallizer SC 7620 was used and the micrographs were obtained at a voltage of 10 KV. TG
analyses were performed using an equipment PerkinElmer, Model Sta 6000, under the
following conditions: 10°C/min in a nitrogen atmosphere with a nitrogen flow rate of

100ml/min and temperatures between 20°C and 900°C.

The NaOH concentration of 10M and the SiO2/Al;Os3 ratio = 4 were kept constant and
selected based on other studies (e.g. Juengsuwattananon et al., 2019). The Table 3.3 summarize
the parameters evaluated in each stage of this study. It is important to emphasize that all the
tests were performed on cubic specimens, three for each parameter evaluated as it is showing
Table 3.

Table 3.3. Parameters evaluated in each stage.

RHA ) RHA Thermal )
o Curing ) ) ) Curing
grinding dissolution curing _ Tests
) temperature ) ) time
time time time
10 min 20 °C
30 min 40 °C
_ 7, 28 and UCS and
1st stage 60 min 60 °C 24 h 24 h
. 56 days SEM
90 min 80 °C
120 min 100 °C
1lh
3h
. 7,28 and
2st stage 30 min 40 °C 6h 24 h UcCs
56 days
12 h
24 h
4h
8h
. 7, 28 and
3t stage 30 min 40 °C 6h 12h UcCs
6h 56 days

20 h
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24 h
UCS, XRD,
SS x . 7 and 28
30 min 40 °C 6h 8h TG and
RHA days
DTG

Mix proportions for the RHA-derived alkali-activated pastes and the control alkali-
activated pastes produced with the commercially available activator are shown in Table 3.
According to the results reported by Tong et al. (2018), for alkaline solutions with
concentrations greater than 2-3 M, about 95% of the silica present in the RHA is dissolved and
is available for the alkali activation reaction. This information was considered in defining the
quantities in Table 3.4 so that the amounts of silica available in the commercial solution and in
the RHA-based solution were comparable. The pastes were prepared in a planetary mixer for 5
minutes. After mixing, they were transferred to 40x40x40 mm molds (Cheng et al., 2018),
covered with a plastic film to prevent evaporation, and then cured at different temperatures.
After these procedures, the samples were kept in a temperature-controlled chamber, at room

temperature (23 - 25°C), until the testing date.

Table 3.4. Mix proportions for the alkali-activated pastes.

Constituent RHA alkali-activated pastes SS alkali-activated pastes

MK (kg/m?3) 1562.5 1562.5
RHA (kg/m?) 402.3 -

NaOH (kg/m?3) 416.8 274.1
SS (kg/m3) - 1292.7
Water (kg/m3) 1041.9 685.3

2.4 Statistical method for the analysis of results

Statistical significance analyzes were performed on the results of unconfined
compression strength by applying the analysis of variance method — ANOVA (e.g.,
Montgomery, 2001; Box et al., 1978), with a 5% significance level (o). The results of the
ANOVA are expressed, for each effect evaluated, through the so-called P-value, which is a
probability indicating the margin of error assumed by rejecting the null hypothesis, i.e., by

concluding that the effect under analysis is statistically significant. Therefore, any effect is



assumed to be statistically significant if the P-value is lesser than a, or P-value < 0.05 for the

present study.

3. Results and discussions

a) Step 1: Influence of grinding time and curing temperature

The influence of RHA grinding time and thermal curing temperature were investigated

through unconfined compressive strength tests and the results are shown in Fig. 3.3.
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Figure 3.3. Compression strength of alkali-activated pastes for different grinding times
and thermal curing at (a) 20°C (b) 40°C (c) 60°C (d) 80°C, and (e) 100°C

It can be observed that the shortest grinding time (10 min) does not present a well-
defined pattern of increase, reduction, or even maintenance of strength over time. This
variability might be explained by the irregular shape of the particles as observed in the SEM

analysis presented in Fig. 3.4a.

Lo & - ¥ ; 5
200 pm EHT = 10.00 kv Signal A = SE1 Date 17 Aug 2021 10 mi 200 pm EHT = 10.00 kv Signal A= SE1 Date 17 Aug 2021 30 mi
WD = 65 mm Meg= 78X Time 9:15:53 min WD = 7.0mm Mag= 78X Time 9:18:47 min

- EHT = 10.00 kv Signal A = SE1 :
WD = 7.0mm Mag= 78X Time 92525 60 min — WD = 7.5mm Mag= 78X Time :35:19 90 min

Date :17 Aug 2021

EHT = 10.00 kV Signal A = SE1

et

200 pm EHT = 10.00 KV Signal A = SE1 Date 117 Aug 2021 -
WD = 6.5 mm Mag= 78X Time :9:43:17 120 min

Figure 3.4. RHA SEM for different grinding times (a) 10 min (b) 30 min (¢) 60 min
(d) 90 min and (e) 120 min

The pozzolanic properties of the RHA, which makes it a potential substitute for Portland

cement due to its high silica content (Ganesan et al., 2008; Mehta, 1998), were evidenced
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mainly for the samples subjected to 30 minutes of grinding, which in general, except for the
temperature of 60°C, yielded the highest strengths (see Fig 3.3b). For the 56-day curing period,
higher strength values were achieved, most clearly at the temperature of 40°C, for all grinding

times.

In general, it can be observed that the RHA grinding time significantly affects the
unconfined compression strength (P-value < 0.048) However, for times above 60 minutes,
grinding did not have a significant influence on mechanical strength. According to the literature,
studies evaluating the fineness of the RHA, when used as a partial replacement of Portland
cement, show that there is a linear relationship between the duration of grinding and the fineness
of RHA, that is, the longer the grinding, the greater the degree of fineness and, consequently,
the better the pozzolanic activity (Chindaprasirt et al., 2007; Chindaprasirt and Rukzon, 2008;
Habeeb and Fayyadh, 2009). The increase in the specific area obtained by grinding, as a result
of the reduction in particle sizes, will increase the pozzolanic activity in such a way that,
depending on the intensity of grinding, it may turn materials with or without pozzolanic activity
into materials suitable for use as pozzolans (Cordeiro et al., 2008). The increase in grinding
time leads to changes in some factors, such as particle fracture, particle shape, and particle
agglomeration (Flores et al., 2017). In the present study, the tendency of increasing strength
with increasing milling time was not observed (Fig. 3.4), indicating that excessive milling can

cause particle aggregation.

Previous studies report that for metakaolin-based systems, the curing temperature
affects the compressive strength, indicating improvements of almost 100% when the samples
are cured at 50°C and 80°C in relation to room temperature (Khalil and Merz, 1994). Although
the RHA used in this study has a similar chemical structure for different milling times, the
variation in curing temperature induces significant changes in the mechanical performance of
the pastes produced by alkali activation of RHA, as observed in Fig. 3.3. It is important to
highlight, however, that the compressive strength for samples cured at room temperature (20°C)
does not show high values and that, on the other hand, high temperatures (100°C) can impair
the mechanical performance of pastes activated by alkali.

In this study, curing at 40° and 80°C positively affects the development of compressive
strength, mainly for the RHA prepared with a grinding time of 30 minutes and in the sense that
there is no significative reduction in the strength values over time. Interestingly, the higher
curing temperature Fig. 3.3 appears to weaken the structure, suggesting that small amounts of

structural water need to be retained in order to reduce cracking and maintain structural integrity
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(Jaarsveld et al., 2002). This reduction in compressive strength is also reported by Khalil and
Merz (Khalil and Merz, 1994), who state that elevated temperatures break the mixture structure
during the alkali-activation synthesis, resulting in dehydration and excessive shrinkage.
transform into a more semi-crystalline form. A second factor influencing the reduction in
compressive strength is the presence of water in metakaolin-based alkali-activated systems,
which is present mainly as unbound or adsorbed water within the pore structure rather than in
the hydrate phases. This free or unbound water can evaporate from the aluminosilicate gel,

resulting in microcracks with consequent loss of strength (Kuenzel et al., 2012).

Evaluating the temperature range from 40°C to 80°C, it is observed that the intermediate
temperature of 60°C is critical, since there is a sudden reduction in strength in the first curing
times, stabilizing at 56 days. The curing temperature of 80°C showed a tendency of strength
reduction at 56 days for shorter grinding times and an inversion of this behavior for grinding
times longer than 60 minutes. For the temperature of 40°C, higher strengths were achieved with
short grinding periods, without showing a strength reduction over time for all evaluated

intervals.

The results obtained indicate that the ideal process parameters for the production of
alkali-activated pastes through the alkaline activation of RHA are curing temperature of 40°C
and grinding time of RHA of 30 minutes. With obvious positive impacts on economic and
environmental performances, these parameters were used in the second stage of the study to
evaluate the influence of dissolution time of RHA in NaOH.

b) Step 2: Influence of dissolution time

To investigate the influence of SiO> dissolution time, RHA ground for 30 minutes was
dissolved in NaOH and water at a concentration of 10M, reaching a temperature of 80°C. This
temperature was kept constant for five separate times: 1 h, 3 h, 6 h, 12 h, and 24 h. The
corresponding results of unconfined compressive strength are presented in Fig. 3.5, indicating
asignificant increase in SiO2 dissolution (P-value = 0,044) as the unconfined strength increased
up to 12 hours for the 7 and 28 days curing periods, but mostly up to 6 hours. For longer curing
periods (56 days), a tendency for strength reduction is observed after 6 hours of dissolution.
Overall, considering all thermal curing periods, the observed response for the unconfined

compressive strength does not justify dissolution times greater than 6 hours.
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Figure 3.5. Compressive strength of alkali-activated pastes for different dissolution

times

The results obtained so far indicate that the ideal parameters for the production of alkali-
activated pastes from an alternative sodium silicate derived from RHA are: RHA grinding time

of 30 minutes, curing temperature of 40°C and dissolution time of 6 hours.

c) Step 3: Influence of thermal curing time

The process parameters found as the best combination in section b) were fixed (grinding
time of 30 minutes, curing temperature in an oven of 40°C) and the effect of different initial
thermal curing times (4 h, 8 h, 12 h, 16 h, 20 h, and 24 h) on the unconfined compressive

strength was evaluated, as shown in Fig. 3.6.
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Figure 3.6. Compressive strength of alkali-activated pastes for different thermal

curing times

The thermal curing time at an elevated temperature (40°C) does not seem to have a
major influence on the final product (P-value = 0,245). Only the initial thermal curing time of
20 h stands out, which can be considered critical because it presents a reduction in strength for
all curing periods evaluated. Previous studies (Sturm et al., 2016; Van Jaarsveld et al., 1998)
show that longer curing times do not affect the crystalline part of the alkali-activated material,
indicating that the changes responsible for the differences in compressive strength originate and
occur within the amorphous of the structure. As observed in Fig. 3.6, the curing times at high
temperatures that showed the best behavior were 8h, 16h, and 24h. According to Kirkli (2016),
the first 24 hours of thermal curing are important because gels form and fill the pores of the

material, making it more resistant.
3.3 Efficiency of alternative sodium silicate based on RHA

The evaluation of the effects of the factors involved in the production of the alternative
silicate allowed the selection of a set of parameters that led to a better performance, when
considering the pastes produced from it. Higher resistance values were obtained with relatively
low environmental and economic costs. The efficiency of the alternative sodium silicate based
on RHA was evaluated in relation to a commercially available activator through UCS, XRD,
Thermogravimetry (TG and DTG).

3.3.1 Unconfined compressive strength
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The unconfined compressive strength results of the alkali-activated pastes considering
the two types of activators (RHA-based sodium silicate and commercial sodium silicate) are
shown in Fig. 3.7. The compressive strength of pastes prepared with commercial sodium silicate
(SS) increased by 21% from 7 days to 28 days, while for those with the RHA-based sodium
silicate it was only 9.2%. Despite this increase in strength over time, a statistical analysis
indicates that there is no significant difference in curing time for the two silica sources evaluated
in this study.

Although the pastes produced with RHA show a slower reaction rate, they presented
higher values at all curing ages. Sodium silicate solutions that use RHA as a source of silica
present coarser molecular compounds that contribute to the formation of denser structures with
high strength (Kamseu et al., 2017). Although some authors indicate a pre-treatment for
filtration of silicate produced from RHA (Geraldo et al., 2017; Hervé K Tchakouteé et al., 2016;
Hervé Kouamo Tchakouté et al., 2016), the objective of the present study was centered on
reducing its production costs and, therefore, filtration and calcination. This approach caused the
undissolved residue to remain in the matrix acting as a filler or contributing to interfacial
reactions (Kamseu et al., 2017). The results are consistent with the literature (Sturm et al.,
2016), which evidenced that alternative sodium silicate solutions obtained simply by dissolving
RHA in NaOH are able to achieve good strength and density because they have larger colloidal

particles.

In contrast to the results obtained here, previous studies (Bernal et al., 2015) suggest
that RHA-based alkali-activated pastes are expected to have a lower dissolved silica content
when compared to those prepared with commercial sodium silicate. A probable reason is that
the amount of silica present in the RHA studied by these authors is lower than that used in the
present work. In this way, some amorphous products are partially dissolved during the first 24
h, during which the solution equilibrium occurs, decelerating the availability of SiO; in the
system and, therefore, resulting in lower mechanical strength. However, other authors have also
observed reduced and similar strength to this study in samples produced with commercially
available sodium silicate (Apolonio et al., 2020; Lima et al., 2021).
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Figure 3.7. Compression strength of alkali-activated pastes with different activators: RHA-

based and commercial sodium silicate (SS)

3.3.2 X-Ray Diffractometry

The XRD results obtained at 7 and 28 days are shown in Fig. 3.8. The main peak
identified in all samples is quartz (SiO). Graphite appears in smaller amounts and only in the
pastes produced from RHA. It is also observed that these minerals did not change over time,

which is consistent with the TG results.

The intensity of the peaks associated with crystalline quartz was lower at 28 days for
both pastes, suggesting a dissolution of quartz and, therefore, an increase in strength for longer
curing times (Tong et al., 2018). The presence of significant amorphous phases in the samples

suggest higher compressive strengths and denser matrices (Ramadhansyah et al., 2012), as

observed in this study.
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3.3.3 Thermogravimetry
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The results of mass loss in relation to the heating temperature of alkali-activated pastes

are shown in Fig. 3.9. The main losses occurred up to the temperature of 180°C, removing the
absorption water or free water, a process that can occur in low heating rate conditions (Rosas-
Casarez et al., 2014). The second thermal degradation occurs between 180°C and 350°C and is
specifically associated with the presence of the sodium aluminosilicate gel (Rosas-Casarez et
al., 2014). The remaining mass loss between 350°C and 650°C can be attributed to the
remaining bound water that results from the condensation of silanol or aluminol groups (Mehta,
1998). This last mass loss is due to the dihydroxylation of the OH groups, and subsequent
polycondensation in Si-O-Si siloxo bond, binding to the neighboring geopolymer micelles

(Davidovits, 2020).
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Figure 3.9. Thermogravimetry curves of alkali-activated pastes with different

activators: RHA-based and commercial sodium silicate (SS)

The total mass losses at 7 days were around 22.5% for the two pastes, while at 28 days
the values diverged reaching 25% and 30% for the pastes based on RHA and commercial
sodium silicate, respectively. These results are not consistent with the literature (Hervé K
Tchakouté et al., 2016) which reports that slower mass losses indicate lower dissolution and,

therefore, lower strengths.

Slurries produced with the alternative sodium silicate showed lower mass losses over
time when compared to slurries produced with commercial sodium silicate. This result suggests
that the amount of C-S-H gel did not show much variation over time for the slurries with
alternative sodium silicate. This observation is consistent with the compressive strength results

that showed a smaller increase in strength over time for the pastes produced from RHA.

Although at 7 days the two pastes showed similar mass losses, suggesting that they have
the same amount of C-S-H gel, the results of compressive strength for the RHA pastes showed
higher values, ranging from 7 MPa to 22.9 MPa. This comparison confirms the hypothesis that
the higher compressive strength observed for the RHA-based pastes is due to the presence of

RHA particles that form denser structures.

After curing for 28 days, it is observed from the DTG that the pastes produced with the
commercial sodium silicate show a peak centered at 100°C. This can be explained by the “water
damming effect”, in which part of the water does not chemically react with the internal hydrates,
but is physically bound to the surface of the materials they form as alkali-activated masses (Xu
et al, 2023).
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4. Conclusions

With the objective of optimizing the mechanical performance, the present study sought
to establish a process to produce sodium silicate based on RHA. The following conclusions for

the evaluated parameters were established:

- Grinding time: the grinding time of RHA has significantly influenced the unconfined
compressive strength of the pastes. The optimum grinding time to produce sodium silicate based
on RHA was found to be around 30 minutes.

- Thermal curing temperature: the variation in the thermal curing temperature resulted in
changes in the compressive strength of the alkali-activated pastes, but not always representing
a better mechanical response. Curing at 40°C and 80°C positively affected the development of
strength, in the sense that there was no reduction and/or randomness in the values over time.

An optimum curing temperature of around 40°C was found to produce a better response.

- Dissolution time: the compressive strength results for heating periods longer than 6 hours did
not indicate an increase in SiO2 dissolution, and therefore, a sufficient dissolution time of 6

hours was established.

- Thermal curing time at elevated temperature: in general, this factor did not have a major
influence, except for the thermal curing time of 20 h, which can be considered critical because
it presents reductions in strength for all curing periods. The thermal curing time of 8 hours was
found to be the optimal condition, as it presents the highest strength at 56 days, which results

in positive economic and environmental impacts.

Finally, the pastes produced from the production process established in this work
showed a slower reaction rate and higher strengths than the pastes produced with commercial
sodium silicate. From a technical point of view, the results of this study show that the
optimization of the production process of alternative sodium silicate based on RHA brings

positive perspectives, in the sense of promoting the use of alkaline activation in practice.
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3.2 Rice husk ash as an alternative soluble silica source for alkali-activated metakaolin
systems applied to recycled asphalt pavement stabilization

Abstract

Alkali-activated binders have been shown as a viable alternative to ordinary Portland cement.
However, the development of lower carbon emission activators for this process is still a
research-gap. The goal of this research was to analyze the stabilization of recycled asphalt
pavement (RAP) mixtures with a metakaolin-based binder, alkali-activated by rice husk ash
synthetized sodium silicate. Compaction, unconfined compressive strength (UCS), scanning
electron microscopy (SEM), and X-ray diffraction (XRD) tests were conducted in stabilized
RAP mixtures, submitted to different curing periods and temperatures. Also, results were
correlated with the porosity/binder content index. Compaction results showed a reduction in
dry unit weight as the RAP content increased for non-stabilized mixtures and a non-linear
behavior for stabilized ones. For the UCS tests, the increase in binder content led to an increase
in strength for all mixtures. High curing temperatures prevented the efflorescence phenomenon,
however reduced strength due to crack formation. XRD analyzes showed the formation of
minerals rich in silica and alumina, indicating the formation of geopolymerization products.
Finally, the porosity/binder index was shown to be a viable dosage method to predict the

strength of stabilized RAP mixtures.

Keywords: Recycled asphalt pavement; alkali-activated cement; alternative silica source;

industrial waste; rational dosage methodology
1. Introduction

Recycled Asphalt Pavement (RAP) is a type of waste obtained during the rehabilitation of
highways (Rahman et al., 2014), majorly composed of aged bituminous aggregates and
additives (Hoy, Horpibulsuk e Arulrajah, 2016). This material can be reused in pavements base
and subbase layers, reducing the overall cost of pavement sections up to 46% (Debbarma,
Ransinchung e Singh, 2019; Singh et al., 2018), as well as significantly reducing environmental
impacts in the infrastructure sector (Costa et al.,, 2020). Although its clear practical
applicability, one of the main challenges in reusing RAP consists in the lack of adhesion of its

grains, normally compensated by utilizing cementing agents.
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Ordinary Portland cement (OPC) has been widely applied as a stabilizing material in pavement
design, acting in the connection of particles through cementitious reactions, increasing strength
and stiffness while reducing strain and improving permeability (Nawaz, Heitor e Sivakumar,
2020). Nevertheless, the manufacturing process of OPC is linked to high consumptions of
energy and non-renewable resources, in addition to a large generation of carbon dioxide (CO>)
(Zhang et al., 2020). Thus, alternative materials to OPC are a current necessity.

Alkali-activated binders are rapidly becoming effective options, considering their lower carbon
dioxide emission compared to OPC (Queirdz et al., 2022). Alkali-activation can be defined as
the chemical reaction between an amorphous/semi-crystalline aluminosilicate source and an
activator, generating cementitious structures similar to the ones found in OPC. This process is
interesting from an environmental perspective, considering that during its production process
several industrial by-products/wastes can be incorporated: fly ash (Phoo-ngernkham et al.,
2015; Zhuang et al., 2016), blast furnace slag (Awoyera e Adesina, 2019), water treatment
sludge (Geraldo, Fernandes e Camarini, 2017), sugarcane bagasse ash (Bruschi, Santos, dos, et
al., 2021; Bruschi, Santos, et al., 2021; Pereira dos Santos et al., 2022), carbide lime (Bruschi
etal., 2022; Carvalho Queiroz et al., 2022; Queiroz et al., 2022), eggshell lime (Consoli, Tonini
de Aradjo, et al., 2021; Tonini de Aradjo et al., 2021), and rice husk ash (Bernal et al., 2012;
Luukkonen et al., 2018; Mejia, Mejia de Gutiérrez e Puertas, 2013; Sturm et al., 2016;
Tchakouté et al., 2016; Tong, Vinai e Soutsos, 2018). As for the activators, the most common
include sodium or potassium hydroxides and/or silicates, while aluminosilicates may include
suitable raw materials and by-products/wastes produced from various industrial processes

(Torres-Carrasco, Palomo e Puertas, 2014).

Although alkali-activated binders (AA) are considered a more sustainable option when
compared to OPC, it is important to highlight that the production process of several alkaline
activators also contributes for CO2 generation; considering that manufacturing processes are
energy-intensive, involving temperatures up to 1400°C (Villaquiran-Caicedo, Mejia De
Gutiérrez e Gallego, 2017). For instance, in the production of 1kg of commercial sodium silicate
more than 1.5 kg of CO: is generated (Tchakouté et al., 2016). Previous researchers have
studied alternative ways to incorporate glass waste to synthetize sodium silicate (Puertas e
Torres-Carrasco, 2014; Torres-Carrasco, Palomo e Puertas, 2014; Torres-Carrasco e Puertas,
2015). However, products such as brine, ammonia and calcined limestone were utilized to

enhance the silica dissolution process, once again utilizing energy-intensive materials.
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In such way, alternative silica sources for the synthetization of sodium silicate are emerging as
an attractive choice. Rice husk ash (RHA) has the potential to become a competitive option for
this synthetization process, as this material is majorly composed by silica in an amorphous state
(Consoli et al., 2019). Several studies have been carried with RHA as a precursor in the
development of activating solutions (Bernal et al., 2015; Bouzén et al., 2014; Tchakouté et al.,
2016; Villaguiran-Caicedo, Mejia De Gutiérrez e Gallego, 2017); results were shown to be

similar to commercial silicates, both in terms of strength and microstructure.

As for paving applications, alkali-activated binders were already utilized as a stabilizing agent
in combination with RAP (Adhikari, Khattak e Adhikari, 2020; Al-Hdabi, 2016; Avirneni,
Peddinti e Saride, 2016; Edeh, Onche e Osinubi, 2012; Horpibulsuk et al., 2017; Hoy et al.,
2018; Jallu et al., 2020; Kang, Ge, et al., 2015; Kang, Kang, et al., 2015; Saride, Avirneni e
Challapalli, 2016; Sukprasert et al., 2021; Syed, GuhaRay e Goel, 2022; Tabyanga et al., 2021).
However, the utilization of RAP alongside with alternative activators for the alkali-activation
process is still a research-gap. The development of lower carbon emission activators is highly
desirable and could lead to a significant reduction in the global warming potential of alkali-
activated binders. Thus, the objective of this research was to stabilize RAP mixtures with a
metakaolin-based binder, alkali-activated by rice husk ash synthetized sodium silicate. To that
extent, compaction, unconfined compressive strength, scanning electron microscopy, and X-
ray diffraction tests were conducted. In addition, all results were correlated with the
porosity/binder content index to create a rational dosage methodology for the stabilized

mixtures.

2. Materials and Method
2.1 Materials

The materials utilized in this research were reclaimed asphalt pavement (RAP), stone powder
(SP), gravel (G), metakaolin (MK), rice husk ash (RHA), and sodium hydroxide (NaOH). RAP
was acquired from ERS - 135 highway, located in city of Coxilha in southern Brazil. RHA is
the waste of a rice processing industry and was collected directly from the company in Rio
Grande do Sul, Brazil. On the other hand, SP, G, MK, and NaOH were all purchased from local

manufacturers in Rio Grande do Sul, Brazil.

Materials physical characterization (Figure 2.1 and Table 2.1) was evaluated by determining
their grain size distribution (ASTM, 2017a) and specific weight of grains (ASTM, 2014). For
RAP, the bitumen content was determined in accordance with ASTM D 2172 (ASTM, 2018);
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the specific gravity for coarse aggregate of RAP was determined according to NBR NM 53

(ABNT, 2009a), while for the fine aggregate NBR NM 52 (ABNT,
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Figure 2.1. Materials grain size distributio

Table 2.1. Materials physical properties.

2009h).

100

n.

Property RAP MK RHA SP Gravel 3/4”  Gravel 3/8”
Specific unit weight of grains (g/cm?) 242 264 223 280 2.85 2.8
Bitumen content (%) 5.8 - - - - -
Gravel (4.75mm < diameter) (%) 72 0 0 0 100 94
Sand (0.06mm < diameter < 4.75mm) (%) 28 0 10 88 0 6

Silt (0.002mm < diameter < 0.06mm) (%) 0 86 82 22 0 0
Clay (diameter < 0.002mm) (%) 0 14 8 0 0 0
USCS classification GW SM SM SW GP GP

The mineralogical composition (Figure 2.2) was determined through an X-ray diffraction

(XRD) test, the analysis was performed on a Shimadzu X-ray diffractometer, model XRD-6000

(0-20), operating at 40 kV and 30 mA in the primary beam and curved graphite monochromator

in the secondary beam. X-ray fluorescence spectrometry (XRF) was utilized to determine the

elemental composition (Table 2), through a quantitative analysis with a calibration curve based

on tabulated rock patterns from Geostandards. Scanning electron microscopy (SEM) analysis

(magnifications of 4000 times) was utilized to study the microstructural characteristics of the
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raw materials. In addition, an environmental classification was carried out on the RHA,
following the procedures of NBR 10004 (ABNT, 2004a), NBR 10005 (ABNT, 2004b), and
NBR 10006 (ABNT, 2009c). Metal concentrations were measured by inductively coupled

plasma atomic emission spectrometry (Shimadzu-branded ICP-AES).
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Figure 1.2. Mineralogical composition of RAP, MK and RHA.

Table 2.2. Materials chemical composition.

SiOz A|203 Fe,O3 Cao MgO SO, Na,O K,0 P,0s5 Ti02 Zn0O
(%) (%) (%) ) ) ) () ) (%) (%)

RAP 6439 14.65 1.16 4.10 <0.10 7.68 - 555 165 <0.10 <0.10
MK 5472  40.80 1.80 0.10 0.10 - 0.18 021 - 2.09
RHA 89.33 0.62 1.53 3.84 2.51 - - 2.18 -

RAP was classified as GW (well-graded gravel), while MK and RHA as SM (sand with fines)
in accordance with the Unified Soil Classification System (USCS) (ASTM, 2017b). Regarding
the mineralogical composition (Figure 2.2), RAP presented a crystalline structure composed by
quartz (SiO2) and labradorite [(Ca,Na)(Al,Si)s0g]; MK presented quartz (SiOz2), cristobalite
(SiO2), and berlinite (AIPO4); and RHA was predominantly amorphous, with few sharp
diffraction peaks of cristobalite (SiO.). Crystalline silica has three polymorphic forms,
cristobalite being obtained when subjected to burning temperatures between 981-991°C, as in

the case of the RHA of this research. As for the chemical composition, RAP and MK majorly
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consisted of silica and alumina, while RHA was mainly composed of silica. It is important to
highlight that in its natural condition, RHA presents non-uniform particle size and therefore in
this research it was subjected to grinding in a laboratory ball mill for 1 hour and then sieved in
a sieve with an opening of 150 um. RHA morphology after processing and in natura is shown
in Figure 2.3a e Figure 2.3b respectively, indicating that the particles have an irregular, porous
and finer shape after processing.
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Figure 2.3. RHA morphology (a) after processing and (b) in natura.

Tables 2.3 and 2.4 show the leached and solubilized extracts for RHA. As for the classification,
annex F of NBR 10004 (ABNT, 2004a) classifies the materials in Hazardous Waste or Non-
Hazardous while annex G (ABNT, 2004a) the Non-Hazardous Inert or Non-Hazardous Non-
inert characteristics. The leached extracts for RHA (Table 2.3) were all below the maximum
limit of annex F, while solubilized extracts were higher than limits of annex G (Table 2.4) only
for manganese (Mn). Therefore, this material is classified as Class Il A — Non-Hazardous Non-
inert, e.g. it may present biodegradability, combustibility, or water-solubility properties.

Table 2.3. Chemical composition of the leached extract.

Element RHA (mg.L) Limits (ABNT, 2004a - Annex F)

Ag <0.005 5
As <0.001 1
Ba 0.692 70
Cd <0.05 0.5
Cr <0.003 5
Hg <0.00015 0.1
Pb < 0.005 1
Se <0.008 1

Fluorides 0.04 1
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Table 2.4. Chemical composition of the solubilized extract.

Element RHA (mg.L 1)  Limits (ABNT, 2004a - Annex G)

Ag < 0.005 0.05
Al 0.103 0.2
As <0.0015 0.01
Ba 0.071 0.7
Cd < 0.005 0.005
Cr < 0.003 0.05
Cu <0001 2

Fe 0.001 0.3
Hg < 0.0001 0.001
Mn 1.2 0.1
Na 45 200
Pb < 0.005 0.01
Se < 0.008 0.01
Zn 0.668 5

Cl 29.7 250
Surfactants 0.066 0.5
Nitrates 2.512 10
Cyanides <0.001 0.07
Sulfates 159.1 400
Chlorides 29.7 250
Fluorides 0.05 15

2.2 Production of the alkali-activated binder

For the production of the alkali-activated binder (AA), the liquid alkaline activator was
previously prepared by dissolving the RHA in a solution of sodium hydroxide (NaOH) at a 10
M concentration and kept at temperature of 80 °C for 12 hours. The mixing procedure,
concentration of the solution, and SiO2/Al.O3 = 4 ratio were kept constant and selected based
on previous studies (Bernal et al., 2012; Davidovits, 1989). After the dissolution time and upon
reaching room temperature, the solution was then mixed with the solid aluminosilicate source

(MK) and latter with the materials to be stabilized (RAP and virgin aggregates).

2.3 Compaction test

The Proctor compaction test was performed using standard effort, in accordance with the
guidelines of ASTM D698 (ASTM, 2012). The method involves placing (in a specified manner)
a soil sample at a known water content in a mold of given dimensions, subjecting it to a
compactive effort of controlled magnitude, and determining the resulting unit weight. The
procedure is repeated for various water contents sufficient to establish a relation between water
content and unit weight; through this process is possible to define the maximum dry unit weight

(ydmax) and the optimum water content (OWC) of the studied mixtures.

2.4 Unconfined compression tests
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Unconfined compression strength (UCS) tests were executed in accordance with ASTM D2166
(ASTM, 2016), using an automatic loading machine, with a maximum load capacity of 50kN.
The rate of displacement adopted was 1.14mm per minute, to produce an axial strain at a rate
between 0.5%/min and 2%/min, as recommended by ASTM D2166 (ASTM, 2016).

2.5 Mineralogical and microstructural analysis of the cemented mixtures

The mineralogical analysis consisted of X-ray Diffraction (XRD) tests performed in a Shimadzu
equipment, XRD — 6000 model (CuKa radiation, 40 kV, 30 mA, 2h range of 10-80°, step size
of 0.02°, 1 s/step, and COD database). The microstructure of the mixtures was evaluated by a
scanning electron microscopy (SEM). SEM analysis was performed in the following
conditions: backscattered electrons (BSE) with magnification of 4000 times, electron beam of
voltage of 20 kV, with gold-coated samples (Quorum Q150). For the study the XRD e SEM
analysis were performed for the two extremes of the experimental matrix (RAP: AA = 30: 20

and 50:40), for samples at 7 and 28 days and at room temperature and 60°C.

2.6 Molding and curing procedures

To explore the influence of the reclaimed asphalt pavement content on the behavior of the
mixtures, three distinctive RAP levels (30%, 40% and 50%) were studied. The virgin aggregates
(SP and G) were added to the RAP contents in different quantities, so the particle size limits for
pavement applications, established by the WIRTGEN technical manual (Wirtgen GmbH,

2012), were respected. Table 2.5 shows the proportions of the non-cemented compositions.

Table 2.5. Proportions of the non-cemented compositions.

Reclaimed asphalt pavement Stone powder content  Gravel 3/4”” content ~ Gravel 3/8”” content
content (%) (%) (%) (%)

30 50 10 10

40 40 10 10

50 40 4 6

For the study of the influence of the alkali-activated cement, mixtures from Table 2.5 were
stabilized by adding 20%, 30%, and 40%. Thus, the RAP:AA ratios evaluated were 30:0, 30:20,
30:30, 30:40, 40:0, 40:20, 40:30, 40:40, 50:0, 50:20, 50:30 and 50:40. Table 2.6 shows an
overview of the studied variables of the experimental design for the mechanical tests.
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Table 2.6. Variables of the experimental design.

Test Reclaimed asphalt Alkali-activated cement  Curing period Curing temperature
pavement (%) (%) (days) (°C)
UCS 30, 40, 50 0, 20, 30, 40 7,28 23, 60

For UCS tests triplicates of cylindrical specimens of 10mm in diameter and 127mm in height
were utilized. The molding procedure starts by the mixing of the air-dried materials (RAP,
virgin aggregates and metakaolin) with the liquid alkaline activator (prepared by dissolving the
RHA in a solution of sodium hydroxide) and water until homogenization is achieved. Then,
specimens are molded at the optimum moisture content (OMC) and maximum dry unit weight
(vdmax) from the compaction curves. After specimens were molded and had their dimensions
taken, they were sealed in hermetic bags before being stored in a humid room with controlled
moisture (95 + 2%) at two distinctive temperatures (23 = 2°C and 60 + 2°C) for 7- and 28-days
curing. Specimens were considered suitable for testing if the following criteria was met: degree
of compaction between 99% and 101%; water content within 0.5% of the target value; diameter

within 0.5 mm of the target value; and height within 1 mm of the target value.

2.7 Porosity/binder index (1/Biv)

The mechanical behavior of the cemented mixtures was also expressed in relation to the
porosity/binder index (Consoli, Winter, et al., 2018) and calculated by Equations 1 and 2.

RAP  SP G MK  RHA

- N Tq 100 , 100 , 100 , 100 100
now IOO{RAP+S_P+Q+@+RHA " *y_*—} ®
100 100 T00 T00 100 JL “Rap 5P 56 SMK TSRHA
MRHA 1801V1°¢
BiV _ VRHA +VMK _ /YSRHA + /YSMK (2)
Vv \

Porosity (1) is a function of the dry unit weight (yq) and unit weight of solids (ysrap, ySsp, YSa,
ysmk, and ysrHa) Of the reclaimed asphalt pavement, stone powder, gravel, metakaolin, rice
husk ash. The binder content (Biv) results from the volume occupied by MK and RHA divided
by the total volume of the specimen. Also, RAP is the reclaimed asphalt pavement content of
the mixture; SP is the stone powder content of the mixture; G is the gravel content of the
mixture; MK is the metakaolin content of the mixture; and RHA is the rice husk ash content of

the mixture. This index allows the unification of all experiments in a single relation, resulting
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in a rational dosage methodology for any cemented soil mixture, replacing trial and error

conventional strategies that are laborious and time consuming. However, such equations are

only valid for the cemented mixtures studied herein and functional if the boundary conditions

of the applied variables are ensured.

3. Results and discussion

3.1 Compaction tests

Figure 2.4 presents the relationship between the dry unit weight (yd) and the water content of

mixtures with RAP and virgin aggregates (Figure 2.4a), as well as for the same mixtures
compacted with AA (Figure 2.4b, Figure 2.4c and Figure 2.4d).
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Figure 2.4. Compaction test results: (a) RAP without AA, (b) RAP with 30% AA, (c) RAP
with 40% AA e (d) RAP with 50% AA.

For mixtures of 0% AA (Figure 2.4a), the dry unit weight parameter was more sensitive than

the OWC; as RAP content increased, dry unit weight decreased for all RAP contents. This
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behavior is supported by the fact that most RAP particles are coated with bitumen, reducing
moisture absorption and making the added water improve workability (Mohammadinia et al.,
2018; Mousa, EI-Badawy e Azam, 2021; Taha et al., 1998). However, for the incorporation of
different AA contents the opposite behavior was evidenced; in which the dry unit weight
presented no expressive variation and the OMW varied non-linearly. AA improved the
compaction properties, mainly for the replacement percentages of 40% and 50% of RAP, in
which the largest dry unit weight increases were observed. Although the highest dry unit weight
was expected for mixtures with 30% RAP, when adding AA this increase was less expressive
than in the other mixtures. For the proportion of 30% RAP, the largest amount of fine virgin
aggregates was added among all mixtures (50% of stone powder), showing that AA improves
the workability (or packaging) mainly of materials with larger particles. This fact can also be
explained by the difficulty in homogenizing fine materials with AA that have a higher viscosity
than water. Thus, although the addition of fine virgin aggregates improves the packing of the

mixtures, this behavior is not reproduced efficiently in mixtures with AA.

3.2 Unconfined compressive strength

Figure 2.5 presents the unconfined compressive strength (UCS) results for the stabilized RAP
mixtures. The increase in AA content led to an increase in UCS for all evaluated mixtures; the
increase in AA content reduces porosity aiding on strength development. Porosity reduction
induces a greater contact area between the particles, intensifying the interlocking and
mobilizing friction between particles. In addition, the increase in AA content is linked to the
increase in cementitious reactions, also contributing for strength development (Pereira dos
Santos et al., 2022). Similar results have been found for RAP stabilized with alkali-activated
binders (Hoy et al., 2018; Hoy, Horpibulsuk e Arulrajah, 2016; Mohammadinia et al., 2016),
cement stabilized RAP (Mohammadinia et al., 2016; Suebsuk e Suksan, 2014; Taha et al., 2002)
and other cement-stabilized geotechnical materials (Consoli et al., 2007; Diambra et al., 2017;
Festugato et al., 2018).
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Figure 2.5. Compressive strength of RAP and RAP-AA blends cured at: and 28 days: (a) at
room temperature at 7 days (b) at room temperature at 28 days (c) at 60°C at 7 days and (b) at
60°C at 28 days.

Considering that AA additions were carried out in relation to the dry weight of RAP, the
increase in strength is less expressive in RAP:AA ratios of 30:20 and 30:30. This implies that,
for applications that require high initial strength, a greater incorporation of AA is indicated.
Although the highest UCS values were observed for the highest AA contents, it was observed
that the strength decreases over time for these same mixtures. This loss in strength was also
observed in alkali pastes activated by both commercial sodium silicate and alternative RHA
silicate, at curing periods greater than 28 days (Longhi et al., 2014), evidencing that the
alternative silicate is not the triggering phenomenon of strength reduction over time.
Metakaolin-based geopolymers undergo a major microstructural reorganization, in which

amorphous geopolymer gels are able to convert into crystalline zeolites after aging, resulting in
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binder densification and the formation of large pores, accompanied by a large reduction in
strength (Lloyd, 2009). For the curing condition of 60°C the reduction in mechanical
performance can occur because the activated alkali ash hydration products are generally
amorphous, but higher temperatures lead to the formation of crystalline hydration products
(Wang, Li e Yan, 2005). In addition, the alkali-activated products undergo changes in the gel
microstructure formed during longer curing times, suggesting that the continuous
reorganization and polymerization of the aluminosilicate gel may be causing autogenous
shrinkage, and a reduction in strength (Longhi et al., 2016). The loss of strength may also be
related to the beginning of crystallization of the products formed by hydration, resulting in a
thermodynamic instability of the amorphous reaction of the products (Lloyd, 2009; Takeda et
al., 2013). Finally, except for the ratio RAP:AA = 30:20, 30:30 at 7 days and 28 days and
RAP:AA = 40:20 at 7 days, the blends have minimal resistance for use as road construction
material in accordance with the requirements of the National Department of Infrastructure and
Transport of Brazil.

3.3 Mineralogical and microstructural analysis of the cemented mixtures

XRD results of 30:20 RAP:AA mixtures are presented in Figure 2.6. Results show that some
peaks of Quartz (SiO2) from the raw precursor materials are maintained in the alkali-activated
mixtures, indicating that these minerals were not dissolved and remained within their original
structures throughout the studied curing periods. Nevertheless, new chemical products rich in
silica and alumina were also generated: Anorthoclase [(Na,K)AISizOg], Bytownite
[(Na,Ca)All1-2Sis-20g], Albite (NaAlSizOg), Oligoclase [(Na,Ca)Al2SiOs], Ye’eemite
(CasAlg(SO4)0O12) and Labradorite [(Ca,Na)(Al,Si)40g]. Several studies report that the main
product of the alkali-activation process is a sodium aluminosilicate gel (N-A-S-H) (Fernandez-
Jimenez e Palomo, 2009; Gartner e MacPhee, 2011; Juenger et al., 2011) with subsequent
formation of some type of zeolite (Gartner e MacPhee, 2011), as seen in the XRD results of
RAP:AA = 30:20 (Figure 2.6) where the peaks formed are part of the zeolite family.
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Figure 2.6. XRD patterns for RAP:AA of 30:20 for (a) 23°C curing temperature; and (b) 60°C

curing temperature.

For the room temperature samples (Figure 2.6a), a reduction on the peaks of the metakaolin
minerals was observed; this phenomenon results in the release of silicate and aluminate species
in the solution, represented by the minerals Quartz (SiO2) and Anorthoclase [(Na,K)AISizOg]
respectively. In addition, this process resulted in a new alkali-activated matrix, including
Bytownite [(Na,Ca)All-,Siz-2Og] and Pigeonite [(Mg,Fe,Ca)(Mg,Fe)Si20s], as observed in the
range between 20° and 30°. As for the 60°C curing temperature samples (Figure 2.6b), XRD
analyzes show a reduction in the peaks corresponding to the cementitious products (Quartz and
Albite) between 25° and 30°; indicating an acceleration in the reactions caused by the increase
in temperature and the total dissolution and consumption of the alumina. This resulted in the
formation of alumina-free products such as Cristobalite (SiO.), Quartz (SiO.) and Pigeonite
[(Mg,Fe,Ca)(Mg,Fe)Si20s]. The reduced strength at elevated temperatures can be attributed to
the breakdown of the mixture structure during geopolymer synthesis, resulting in dehydration
and excessive shrinkage as the gel contracts to a more semi-crystalline form (Khalil e Merz,
1994).

SEM images of 30:20 RAP:AA mixtures are shown in Figure 2.7. For both curing temperatures,
a denser cementation matrix is formed with the increase in curing period. However, for the
60°C curing temperature samples, small cracks are evidenced with the increase in curing period,
corroborating the reduction in strength over time, evidenced in the UCS results.



85

10 pm

10
|L1 EHI'=10.00kV Signal A=SEl WD=7.5mm Mag=4.02KX ¢ f—— EHI'=10.00kV SignalA=SEl WD=7.5mm Mag=4.02KX (b)

) 10 ym
2 BUT 1000kV Signal A SEL WD 7.5mm Mag 402KX  (€) | | ENT-10.00kV Signl A—SEI WD=7.5mm Mag-4.02kx (d)

Figure 2.7. SEM images of RAP:AA = 30:20 cured for: (a) 7 days at room temperature, (b) 28
days at room temperature, (c) 7 days at 60°C and (d) 28 days at 60°C.

XRD results of 50:40 RAP:AA mixtures are presented in Figure 2.8. Results show that, for the
specimens cured at 60°C, a large part of the alumina was consumed and the silica peaks
increased (i.e. alumina was quickly consumed while silica remained unreacted in the system).
This behavior indicates that by subjecting the specimens to high temperatures the material
becomes more amorphous. At room temperature, it was observed that the labradorite
[(Ca,Na)(Al,Si)40s] peak is converted into Quartz (SiO2) and undergoes a crystallization
process over time, consistent with UCS results, which showed a reduction in strength from 7 to
28 days. Furthermore, for room temperature samples, higher AA contents made the material
more susceptible to the formation of efflorescence (which is associated with a process of
degradation of the binder), resulting in a decrease in strength. The efflorescence phenomenon
is characterized by the excess of unreacted sodium oxide, causing the product surface to be
enriched with this alkaline material, which can react with the CO> present in the air forming a
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white carbonate surface (Kani, Allahverdi e Provis, 2012). In XRD analyzes at room
temperature (Figure 2.8a), the occurrence of efflorescence can also be identified through the
appearance of the mineral Bytownite [(Na,Ca)Al1-2Siz-20g] and Oligoclase [(Na,Ca)Al2Si>Os]
in the curing period of 28 days.

The increase in RAP and AA content (represented by the higher ratio RAP:AA =50:40 and the
increase in temperature to 60°C) also showed a change in the mineralogical composition that
indicates the development of geopolymerization products over time. The XRD analyses (Figure
2.8c and Figure 2.8d) indicate a reduction in the intensity of the peaks related to the formation
of geopolymerization gels (N-A-S-H), suggesting a certain reactivity provided by the
temperature increase. Furthermore, as a result of alkaline activation, new products including
Anorthoclase [(Na,K)AISizOs] and Bywtonite [(Na,Ca)Al1-2Sis-2Og] are detected at peaks
between 20° and 35°. As in most chemical reactions, temperature accelerates the alkaline
activation process (Alonso e Palomo, 2001), favoring the compounds' dissolution, thus

generating greater mechanical strength (Bernal et al., 2011).
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Figure 2.8. XRD patterns for RAP: AA of 50:40 for (a) 23°C curing temperature; and (b)
60°C curing temperature.

SEM images of 50:40 RAP:AA mixtures are shown in Figure 2.9. The increase in curing period
led to a denser structure for both curing temperatures. However, high curing temperatures also
result in the appearance of cracks in the surface of the mixture, negatively impacting the

development of strength (Jaarsveld, Deventer e Lukey, 2002).
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Figure 2.9. SEM images of RAP:AA =50:40 cured for: (a) 7 days at room temperature, (b) 28
days at room temperature, (c) 7 days at 60°C and (d) 28 days at 60°C.

Finally, it is important to highlight that the final product is the same regardless of the synthesis
temperature. As shown by the XRD results, there is only a change in the dissolution rate of the
aluminosilicates, but the later phases are not affected by the temperature increase and therefore

no significant differences in the final strength are observed.

3.4 Porosity/binder index (n/Biv)

The UCS results were correlated with the porosity/binder index, aiming to unify the
experiments in a single relation; this unification results in equations that allow the prediction of
strength of the cemented mixtures. Figure 2.10 shows the UCS results for 7-days curing period
and 23°C curing temperature. For all RAP contents (30%, 40%, and 50%) the increase in binder
content and decrease in porosity led to higher unconfined compressive strength values. The
increase in binder content (from 20% to 30% and latter to 40%) increases the amount of alkali-

activated reactions occurring in the mixtures, directly influencing the evidenced development
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of strength. Regarding the porosity effect, its reduction increases the contact area between
particles, enhancing the interlocking phenomenon and friction mobilization resulting in an
increase in strength. This physical-chemical phenomenon has also been evidenced in different
cemented geotechnical materials, like stabilized RAP (Consoli et al., 2020; Consoli, Giese, et
al., 2018; Consoli, Pasche, et al., 2018; Consoli, Scheuermann Filho, et al., 2018; Consoli,
Tebechrani Neto, et al., 2021), stabilized soils (Consoli, Daassi-Gli, et al., 2021; Consoli, Tonini
de Aragjo, et al., 2021; Consoli, Rosa e Saldanha, 2011; Festugato et al., 2018; Lotero et al.,
2021; Piuzzi et al., 2021; Quifionez Samaniego et al., 2021; Saldanha et al., 2021; Tonini de
Araljo et al., 2021), and even stabilized mining tailings (Bruschi, Santos, dos, et al., 2021;
Bruschi, Santos, etal., 2021; Consoli et al., 2017; Consoli, Silva, et al., 2018; Pereira dos Santos
etal., 2022).
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Figure 2.10. UCS versus n/Biv index 7-days curing period and 23°C curing temperature (a)

non-normalized (b) normalized by RAP content

Considering that different RAP contents represent different geotechnical materials, three
different Equations (Eqgs. 3-5) were generated through the n/Biv index. Adequate correlations
between the UCS of the mixtures and the n/Biv index were evidenced for all RAP contents
(30%, 40%, and 50%); with determination coefficients (R%) between 0.70 and 0.98. The
elevated determination coefficients suggest the viability of the index on the prediction of the

UCS behavior of cemented RAP mixtures; this behavior has also been corroborated by several
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other research (Consoli et al., 2020; Consoli, Giese, et al., 2018; Consoli, Pasche, et al., 2018;
Consoli, Tebechrani Neto, et al., 2021).

n -2.45

30% RAP: UCS (MPa),, . = 40.2¢ [(Vpio )] ®)
n -2.45

40% RAP: UCS (MPa),, . =33.3% | (Vi )] )
n -2.45

50% RAP: UCS (MPa),, s =355 [ (Viiv )] ©)

From the analysis of Eqs. 3 to 5, it is possible to notice that the external exponents of the
equations are the same, however, the initial constants present different values. Consoli et al.
(2018) proposed that the mechanical behavior of soil-cement mixtures, for the same stabilizing
agent, can be normalized over several pre-established variables (e.g. curing time, temperature,
type of soil, moisture content) if the external exponent of the analyzed equations is the same.
Thus, it becomes possible to generate a single mathematical correlation despite different initial
variables. Considering that different equations (Egs. 3-5) were generated for each RAP content
(30%, 40%, and 50%), the data was normalized over the variable RAP content of the mixtures.
This normalization was achieved through the division of UCS results (Figure 10a) by a specific

value of UCS (corresponding to a n/Biv = 4), as shown by Eq. 6 (R? of 0.91).

uesrues 2056 [V .

N/ =4
/Biv )7days/23°C

The UCS results for the remaining curing periods and temperatures are shown in Figure 2.11
(28 days and 23°C), Figure 2.12 (7 days and 60°C), and Figure 13 (28 days and 60°C). As in
the case of Figure 10a (7-days curing period and 23°C curing temperature), the increase in
binder content and decrease in porosity led to higher unconfined compressive strength values
for all curing conditions. This was once more to the greater contact area between the mixtures
particles, alongside the increase in alkali-activated reactions, that contributed to strength
development (Consoli et al., 2020; Consoli, Giese, et al., 2018; Consoli, Scheuermann Filho, et
al., 2018; Consoli, Tebechrani Neto, et al., 2021).
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Fair correlations (Egs. 7-15) were also identified for the remaining curing conditions; with

determination coefficients (R?) ranging from 0.70 to 0.98. These elevated determination

coefficients again suggest the viability of the index on the prediction of the UCS behavior of

cemented RAP mixtures for all analyzed curing periods (7 and 28 days) and curing temperatures
(23°C and 60°C) at different RAP contents (30%, 40%, and 50%).
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Considering that the external exponents the equations are the same, with only different scalars,
the data can be once more normalized (Consoli, Scheuermann Filho, et al., 2018). As for the
case of Figure 2.10b (7-days curing period and 23°C curing temperature), the normalization
was made over the RAP content of the mixtures. This normalization was once more achieved
through the division of UCS results (Figures 2.11a, 2.12a, and 2.13a) by a specific value of
UCS (corresponding to a n/Biv = 4), as shown by Eq. 16-18 (R2 ranging from 0.90-0.94).

UCS/UCS 20.86x [(" )]'“5
= X .
(11/ Biv ~ 4) 28days/23°C ' /BIV (16)
_ " n 4 -2.45 (17)
Ucsiuesw, . _y 268 (V)]
-2.45
UCS/UCS =29.75x (/4. (18)
( Biv ~ 4) 28days/60°C [( /BW)]

With basis on Equations 3-5 and 7-15, it becomes feasible to choose the best combination of
porosity and binder content for a specific engineering design, without trial-and-error
experiments for a soil-cement dosage. For example, according NBR 12253 (ABNT, 2012) the
UCS of cemented soils should be at least 2.1 MPa for application in pavement layers; it is
possible to insert the 2.1MPa value on the proposed equations and obtain a minimum n/Biv that
fulfills the requirements of NBR 12253 (ABNT, 2012) for any of the analyzed mixtures. By
using this minimum n/Biv value, the engineer can determine the best and most economic
combination (varying porosity and binder content) for practical applications. In addition, the
minimum strength value of any standard [e.g. American Association of State Highway and
Transportation Officials (AASHTO), 2008; AUSTROADS, 2017; Portland Cement
Association (PCA), 1992; United States Army Corps of Engineers (USACE), 1984] could also
be inserted in the equations. Besides the clear applicability of the mixtures as a pavement layer
according to NBR 12253 (ABNT, 2012), other applications can be foreseen, such as pipe

bedding, slope protection, and facing for earth-fill dams (Pereira dos Santos et al., 2022).
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4. Conclusions

This study investigated the stabilization of RAP with a metakaolin-based binder alkali-activated

by rice husk ash synthetized sodium silicate. In addition, a rational dosage methodology

(porosity/binder index) was also investigated. Based on the findings of this study, the following

conclusions can be disclosed:

a)

b)

d)

Compaction results showed that the increase in RAP content leads to a linear decrease
in dry unit weight for non-stabilized samples. However, the incorporation of the alkali-
activated binder resulted in a more expressive increase in the dry unit weight of the
samples with lower percentages of fine virgin aggregates, due to the better
homogenization conditions.

The increase in AA content led to an increase in UCS for all mixtures. This was mainly
attributed to two phenomena, decrease in porosity (increasing contact area between
particles while providing greater friction mobilization) and increase in cementitious
reactions in the mixtures.

High initial curing temperatures showed no significant difference when compared to
room temperature curing. Subjecting specimens to higher curing temperatures tends to
avoid the efflorescence phenomenon. However, this increase in temperature can also
result in cracks that, in turn, hinder the mechanical behavior of specimens over time;
Microstructural analyzes of the stabilized mixtures depicted minerals rich in silica and
alumina, indicating the formation of geopolymerization structures (N-A-S-H).
Furthermore, it can be stated that the final product is the same regardless of the synthesis
temperature, only with different the dissolution rates;

The porosity/binder index was shown to be a viable dosage method to predict the
strength of RAP stabilized with a metakaolin-based binder alkali-activated by rice husk
ash synthetized sodium silicate. The index allowed the unification of the mechanical
behavior in a single relation, replacing trial and error conventional strategies that
normally are laborious and time-consuming; Several equations were presented
throughout this paper, notwithstanding it is important to consider that such equations
are only functional if the boundary conditions are ensured.
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3.3 Curing conditions effect on the stabilization of recycled asphalt pavement with
alkali-activated metakaolin and rice husk ash-derived activator

Abstract

The stabilization of reclaimed asphalt pavement (RAP) with alkali-activated cement (AAC) is
a topic of growing interest for sustainable engineering, especially those containing alternative
activators produced from waste. This study evaluated the effect of curing temperature on the
stabilization of RAP with a metakaolin AAC and rice husk ash-derived activator. Unconfined
compressive strength (UCS), X-ray diffraction, and scanning electron microscopy tests were
performed. Analysis of variance was applied to statistically investigate the impact of curing
temperature, curing oven time, and curing time. Higher strength values were associated with
higher temperatures and curing times. Curing oven time presented no influence over UCS and
mineralogy. Blends cured at 20°C exhibited efflorescence formation and prolonged curing time
at high temperatures negatively affected the mechanical performance. Curing temperature of
80°C up to 24h promoted the formation and uniform distribution of cementing gels and a dense

and compact structure, improving the compressive strength.

Keywords: Reclaimed asphalt pavement; alkali-activated cement; alternative alkaline

activator; strength development; mineralogy; microstructure.

1. Introduction

Natural aggregates are essential elements of pavement layers, composing up to 90% weight
total of asphalt mixtures and 100% of unbound layers; pavement construction is currently
associated with the utilization of millions of tons of these non-renewable materials
(Pourkhorshidi et al., 2020; Radevi¢ et al., 2020). Thus, emerging environmental issues have
led to the search for alternative materials that may decrease the impact of the infrastructure
sector.

Recycled asphalt pavement (RAP) is a waste obtained in the rehabilitation of roads,
constituted by aged bituminous aggregates and additives. RAP can be utilized as an alternative
material for pavements base and subbase layers, reducing global costs of pavement sections up
to 40% (Debbarma et al., 2019; Singh et al., 2018) while benefiting society in the optimization
of natural sources and reduction of construction waste (Yang et al., 2020). Even though this
material has been extensively utilized, the lack of adhesion between its grains (due to the
presence of aged bitumen coating) needs to be compensated by using cementing agents
(Cihlarova et al., 2018).
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Portland cement (PC) has been widely applied as a stabilizing material in pavements
design and reclamation (Fedrigo et al., 2020; Ma et al., 2016; Nemati & Uhlmeyer, 2021;
Pasche et al., 2022). However, PC utilization is linked to high consumption of energy and non-
renewable resources. For the production of one ton of cement, approximately one ton of carbon
dioxide (CO>) is emitted (Garcia-Lodeiro et al., 2015; Qin et al., 2018), which corresponds to
7-8% of global anthropogenic CO> emissions (Miller & Myers, 2020). Current methods of
reducing the amount of embodied carbon in cement (e.g. partial replacements with fly ash,
ground granulated blast furnace slag, condensed silica fume, limestone dust, cement kiln dust)
are still limited. Nevertheless, promising alternatives are being developed to meet these
environmental challenges.

Alkali-activated materials are swiftly turning into a sustainable alternative to PC (Miller
& Myers, 2020). Alkali-activation consists in a chemical process that allows the transformation
of vitreous structures (partially or totally amorphous and/or metastable) into cementing
materials. This process occurs in a highly alkaline media through the use of an activator (e.g.
sodium or potassium hydroxides and/or silicates) (Provis, 2018). As for the precursors
(aluminosilicate source), several industrial by-products/waste can be incorporated, reducing the
consumption of raw-materials for cement production. In this sense, a wide variety of materials
can be utilized, such as ground blast furnace slag (Duzy et al., 2022; Mavroulidou et al., 2021;
Zhang et al., 2021), stone waste (Queir6z, Souza, et al., 2022), alternative limes (Queir6z,
Miguel, et al., 2022; Queirdz, Souza, et al., 2022), sugarcane bagasse ash (Bruschi et al., 2022;
Bruschi, dos Santos, et al., 2021; Bruschi, Santos, et al., 2021; Pereira dos Santos et al., 2022).

Even though alkali-activated materials may incorporate industrial waste, conventional
activators are still linked to high carbon dioxide emissions (Mendes et al., 2021); considering
that temperatures ranging from 1000-1400°C are still involved in their manufacturing process
(Hervé Kouamo Tchakouté et al., 2016; Turner & Collins, 2013). For instance, sodium silicate
depicts elevated energy and environmental impact, generating 1.514 kg CO: per produced kg
of sodium silicate glass (Na2SiO3) (Turner & Collins, 2013) or 0.67 kg CO2 eg/kg sodium
silicate solution (Davidovits, 2018). In such a way, alternative silica sources for the
synthetization of sodium silicate are emerging as an attractive choice (Alnahhal et al., 2021,
Mendes et al., 2021). Rice husk ash (RHA) has the potential to become a competitive option
for this synthetization process, as this material is majorly composed of silica in an amorphous
state (Alnahhal et al., 2021; Consoli et al., 2019). Several studies have been carried out with

RHA as a material in the development of activating solutions (S. A. Bernal et al., 2015; Bouzon
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et al., 2014; Hervé K. Tchakouté et al., 2016; Villaquiran-Caicedo et al., 2017); results were
shown to be similar to commercial silicates, both in terms of strength and microstructure.

As for paving applications, alkali-activated binders were already utilized as a stabilizing
agent in combination with RAP (Adhikari et al., 2020; Al-Hdabi, 2016; Avirneni et al., 2016;
Edeh et al., 2012; Horpibulsuk et al., 2017; Hoy et al., 2018; Jallu et al., 2020; Kang, Ge, et al.,
2015; Kang, Kang, et al., 2015; Saride et al., 2016; Sukprasert et al., 2021; Syed et al., 2022;
Tabyanga et al., 2021). However, the utilization of RAP alongside alternative activators for the
alkali-activation process is still a research-gap, especially regarding temperature influence. The
development of lower carbon emission activators is highly desirable and could lead to a
significant reduction in the global warming potential of alkali-activated binders. Thus, the
objective of this research was to stabilize RAP blends with a metakaolin-based binder, alkali-
activated by rice husk ash synthetized sodium silicate, while evaluating the influence of curing
temperature of the blends. To that extent, unconfined compressive strength, X-ray diffraction,
and scanning electron microscopy tests were conducted. In addition, an analysis of variance
was applied to investigate the statistical significance of curing temperature, curing oven time

and curing time on the compressive strength of the blends.
2. Materials and Methods

2.1 Materials

Reclaimed asphalt pavement (RAP), stone powder (SP), gravel (G), metakaolin (MK), rice husk
ash (RHA), and sodium hydroxide (NaOH) were utilized in this research. Materials physical
characterization (Table 3.1 and Figure 3.1) was determined through grain size distribution
(ASTM, 2017b) and specific weight of grains (ASTM, 2014) tests. In addition, bitumen content
(ASTM, 2018) and specific gravity for coarse (ABNT, 2009b) and fine aggregate (ABNT,
2009a) tests were executed for RAP.

X-ray diffraction (XRD) technique was utilized to determine the mineralogical
composition of RAP, MK, and RHA. The tests were performed in a Shimadzu X-ray
diffractometer, model XRD-6000 (6-26), operating at 40 kV and 30 mA in the primary beam
and curved graphite monochromator in the secondary beam. The elemental composition was
determined through X-ray fluorescence spectrometry (XRF) technique, through a quantitative
analysis with a calibration curve based on tabulated patterns of a data library from Bruker. The
scanning electron microscopy (SEM) analysis were performed in a scanning electron
microscope, Zeiss brand, model EVO LS25, using secondary electrons (SE) with magnification

of 228 times and electron beam of 10 kV voltage, and gold-coated samples (Quorum SC7620).
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Figure 3.1. Materials grain size distribution.

As shown in Table 3.1, materials were classified following the Unified Soil
Classification System (USCS) (ASTM, 2017a); with RAP being a well-graded gravel (GW),
and MK and RHA a sand with fines (SW). RAP depicted a crystalline structure, mainly
composed by potassium silicate (KeSi3Og), quartz (SiOz), bytownite ((Ca,Na)(Si,Al)40s) and
labradorite [(Ca,Na)(Al,Si)40s]; both MK and RHA presented a semi-crystalline structure, with
the first being composed by mica, berlinite (AIPO4) and quartz (SiO2), and the later by
cristobalite (SiO2) (Figure 3.2). Cristobalite is a polymorphic silica phase, obtained at
temperatures up to 990°C, as the case of the RHA of this research. RAP and MK majorly
consisted of silica and alumina, while RHA was mainly composed of silica (Table 3.2). Figure
3.3 depicts the morphology of RHA before and after processing; in its natural state, RHA
presents a non-uniform particle size, while after processing (milling for 1 hour and sieving at

150 um) particles present an irregular, porous and finer shape.

Table 3.1. Materials physical properties.

Property RAP MK RHA SP  Gravel 3/4” Gravel 3/8”
Specific unit weight of grains (g/cm?) 242 264 223 280 2.85 2.8
Bitumen content (%) 5.8 - - - - -
Gravel (4.75mm < diameter) (%) 72 0 0 0 100 94
Sand (0.06mm < diameter < 4.75mm) (%) 28 0 10 88 0 6

Silt (0.002mm < diameter < 0.06mm) (%) 0 86 82 22 0 0
Clay (diameter < 0.002mm) (%) 0 14 8 0 0 0
USCS classification GW SM SM SW GP GP
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Figure 3.2. Mineralogical composition of RAP, MK and RHA.

Table 3.2. Materials chemical composition.

Oxides (%) SiOz A|203 Fe,Os CaO MgO SO, Na,O KO P,05 Ti02 Zn0O

RAP 6439 1465 116 410 <010 7.68 - 555 1.65 <0.10 <0.10
MK 5472 4080 180 010 010 - 0.18 021 - 209 -
RHA 89.33 062 153 384 251 - - 2.18 - - -

100 pm 100 pm
EHT = 10.00 kV Signal A = SEI WD = ¥ mm Mag =228 X | '._{ EHT = 10.00 kV Signal A = SE1 WD = ¥ mm Mag - 228 X

Figure 3.3. RHA morphology (a) in natura and (b) after processing.
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2.2 Alkali-activated cement

The alternative alkaline activator was produced through the dissolution of RHA in 10M sodium
hydroxide solution (maintaining SiO2/Al,O3 = 4), in a thermostatic bath at 80°C for 12h (Susan
A. Bernal et al., 2012; Davidovits, 1989). After the dissolution time and upon reaching room
temperature (25°C), the solution was then mixed with the solid precursor (MK) and later with

the rest of the materials.

2.3 Molding and curing procedures
Virgin aggregates (stone powder and gravel) were added to RAP in order to correct particle size
limits for pavement applications, as indicated in WIRTGEN technical manual (Wirtgen GmbH,

2012); Table 3.3 shows the proportions of the non-cemented specimens.

Table 3.3. Proportions of the non-cemented compositions (%).

Reclaimed asphalt pavement content  Stone powder content  Gravel 3/4°” content  Gravel 3/8’” content
40 40 10 10

For the study of the influence of the alkali-activated cement, mixtures from Table 3.3
were stabilized by adding 30% of alkali-activated cement (AAC). Proctor test was performed
for RAP-AAC (recycled asphalt pavement-alkali-activated cement) blends following standard
D698 methodology (ASTM, 2021).

Cylindrical specimens of 100mm in diameter and 127.3mm in height were utilized for
the strength tests. The molding procedure started by the mixing of the air-dried materials (RAP,
virgin aggregates and metakaolin) with the liquid alkaline activator (prepared by dissolving the
RHA in a solution of sodium hydroxide) and water until homogenization is achieved. Then,
RAP-AAC specimens are molded at the optimum moisture content (5.6%) and maximum dry
unit weight (22.8 kN.m®) from the compaction curve (Figure 3.4). Curing procedures were
conducted as follows: initially specimens were cured for 24 or 48 hours at different
temperatures (20, 60, 40, 80°C), in oven, and then maintained at room temperature (25°C) for
the rest of the curing period (7 and 28 days). Specimens were considered suitable for testing if
the following criteria was met: degree of compaction between 99% and 101%; water content
within 0.5% of the target value; diameter within 0.5 mm of the target value; and height within

1 mm of the target value.
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Figure 3.4. Compaction curve of RAP-AAC blend.

2.4 Experimental design

A three factors full factorial design with duplicates, resulting in 32 experiments, was used
throughout this research. Analyzed controlled factors were: curing temperature (A); curing
oven time (B) and curing time (C). Unconfined compressive strength (UCS) was the response
variable. Factors and their respective levels can be seen in Table 3.4. Analysis of variance
(ANOVA) was used to determine the statistical significance of controlled factors over the

mechanical response.

Table 3.4. Controlled factors and levels of the experimental design.

. Levels
Factors Unit Symbol 1 > 3 2
Curing temperature °C A 200 40 60 80
Curing oven time hours B 24 48
Curing time days C 7 28

2.5 Unconfined compressive strength

Unconfined compressive strength (UCS) tests were executed in accordance with ASTM D2166
(ASTM, 2016), using an automatic loading machine, with a maximum load capacity of 50kN.
The rate of displacement adopted was 1.14mm per minute, to produce an axial strain at a rate
between 0.5%/min and 2%/min, as recommended by ASTM D2166 (ASTM, 2016).

2.6 Mineralogical and microstructural analysis
The mineralogical composition and microstructure of the RAP-AA blends cured for 28 days

were evaluated by XRD and SEM techniques, respectively. XRD analysis were carried out in
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a Shimadzu X-ray diffractometer, model XRD-6000 (6-20) (40 kV, 30 mA, in the primary beam
and curved graphite monochromator in the secondary beam, and COD database). The SEM
analysis were performed in a scanning electron microscope, Zeiss brand, model EVO LS25,
using secondary electrons (SE) with magnification of 2500 times, electron beam of 10 kV

voltage, and gold-coated samples (Quorum SC7620).
3 Results and discussions

3.1 Unconfined compressive strength

Figure 5 presents the unconfined compressive strength (UCS) results for the RAP-AAC blends
at temperatures of 20, 40, 60, and 80°C for 24 and 48h (in oven) and cured at room temperature
for 7 and 28 days. The increase in curing temperature, curing time and oven time led to RAP-
AAC blends with higher strength (Figure 3.5). The blend cured at 80°C for 24h after 7 days
showed a 27% increase in strength compared to the blend cured at 20°C in the same period
(from 2.2 to 2.8 MPa); this increment was approximately 124% (from 2.1 to 4.7 MPa) after 28
days. The high temperature (especially 80°C) acted as a catalyzer for geopolymerization
reactions (dissolution, polymerization and reprecipitation), accelerating the formation of
cementitious products and contributing to the increase in strength of the RAP-AAC. Similarly,
other studies verified that 80°C is the optimum curing temperature for ashes-based geopolymers
and copper tailing-based geopolymers, respectively (Nazari et al., 2011; Tian et al., 2020).

As expected, a longer curing period improved the polymerization process and enabled
the formation of a hard and denser structure, resulting in higher UCS for all blends. RAP-AAC
blends cured at higher temperatures showed higher strength than those cured at lower
temperatures for the same curing period. Nevertheless, the highest strength achieved (4.7 MPa)
corresponds to the blend cured for 24h at 80°C, 28 days. Prolonged curing periods at high
temperatures (i.e. 80°C for 48h) can cause the contraction of the cementitious gel, resulting in
dehydration and excessive shrinkage of the blend and consequently reduced strength (Nazari et
al., 2011).

The UCS of RAP-AAC blends cured at 40 and 60°C, were mostly higher than those
cured at 20°C. This behavior occurs due to the moderately high temperatures (40 and 60°C)
promoting sufficient geopolymer gel formation to bind metakaolin particles in the early-age of
geopolymerization (Mo et al., 2014). In general, curing temperatures from 30°C to 90°C
increase the compressive strength of geopolymers; curing at 70°C improved the mechanical
response compared to 30°C for the same curing periods (Khale & Chaudhary, 2007). RAP-
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AAC blends cured at 60°C exhibit higher strength than those treated at 40°C for both curing
periods (7 and 28 days), which corroborates the temperature increase effect described in the
abovementioned study. Besides, blends cured at temperatures of 40 and 60°C presented no

significant difference in strength compared to the periods of 24 and 48h.

55 335

24 hours 24 howrs
504 ——— 48 howrs 509 ——=— 48 hours
45 45
% 354 % 35 /,E’ ///
= o0 ’,% = 3.0 _f /,//
25 __,,{’/,,/ - }/
20 T E’l— 2.0
1.5 . : . . 15 ‘ . . T
20 40 60 80 20 40 60 80
Curing temperature (°C) Curing temperature (°C)
| (@) (b)
Figure 3.5. UCS of RAP-AAC blends cured at 20, 40, 60 e 80 °C for 24 and 48h (a) at 7 days
(b) and 28 days.

At lower curing temperatures (20°C), the dissolution of amorphous aluminosilicates
from metakaolin and the formation of cementitious gels is slow, which explains their inferior
mechanical performance. Similar behavior was identified in metakaolin-based geopolymer
cured at different temperatures (20-100°C) (Mo et al., 2014). Also, RAP-AAC blends after oven
periods of 24 and 48h at 20°C exhibited efflorescence formation. The crystalline deposit of salts
(Figure 3.6) consists of sodium carbonate from the reaction between residual excess alkaline
solution in the RAP-AAC (due to low dissolution rates) and the carbon dioxide of the
atmosphere, when the blends were exposed to humid air. This pathological manifestation was
also observed in several geopolymers cured at 20-25°C (Allahverdi et al., 2010; Temuujin et
al., 2009; Xie & Ozbakkaloglu, 2015; S. Zhou et al., 2020).
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Figure 3.6. Efflorescence in RAP-AAC blends cured at 20°C (in oven) for (a) 24 and (b) 48h.

There is a higher tendency toward efflorescence formation in alkali-activated materials
with a high concentration of sodium-based activator (Allahverdi et al., 2015). Efflorescence can
be controlled by different methods such as addition of alumina-rich admixtures, hydrothermal
curing (Najafi Kani et al., 2012); silane surface treatment (Xue et al., 2018), and decreasing
Na2O/Al,Oz3 molar ratio (Simdo et al., 2021). In this study, efflorescence formation in RAP-
AAC blends was controlled by accelerating the dissolution rates on curing at higher
temperatures (40, 60, and 80°C) (Figure 3.7).

Figure 3.7. RAP-AAC blends cured for 48h (in oven) at (a) 40°C, (b) 60°C and (c) 80°C: no
visible efflorescence.

Finally, all RAP-AAC blends presented the minimum strength (i.e. 2.1 MPa after 7
days) for utilization as road construction materials (base and sub-base), according to the
requirements of the National Department of Infrastructure and Transport of Brazil (DNIT,
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2010). In addition, depending on the local climate, RAP-AAC blends at higher temperatures
can be applied in practice, without the need for a large amount of energy. For example, in hottest
months in Rio Grande do Sul (Brazil), RAP-AAC can be applied at 40°C as this is the maximum
average temperature in the state (SEPLAG, 2021).

The abovementioned mechanical behavior corroborates the statistical results; that show
the significantly positive effect of two controlled factors on the UCS response. The Pareto chart
(Figure 3.8) shows that both factors significantly affected the blends strength, from the highest
to the lowest magnitude: curing temperature and curing time. Curing oven time presented no
significant influence on UCS. Curing temperature governs fly ash-based geopolymer strength
as compared to other factors (alkaline-activator concentration and curing time) (Sajan et al.,
2021). The interaction between curing temperature and curing time presented a significant
influence on UCS; with that in mind, the designer can choose between producing RAP-AAC
blends at higher temperatures for shorter curing times, or at lower temperatures for longer
curing periods. Although three-factor interaction effect was significant, it presents no practical
interest as its prediction is complex due to variability caused by uncontrollable factors in the
field. Also, the two significant factors (curing temperature and curing time) influenced the
mechanical behavior in a positive way, i.e., the increase in the level of the factor resulted in an

increase in strength, as shown in Figure 3.9.
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Figure 3.8. Pareto chart of UCS for RAP-AAC blends.
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3.2 Mineralogy and microstructure

Figure 3.10 shows the diffractograms of the RAP-AAC blends at different temperatures (20,
40, 60 and 80°C) for 24 and 48h (in an oven) and cured at room temperature for 28 days. All
samples share the presence of quartz, labradorite, diopside and amorphous phases. Quartz
(SiO2) and labradorite ((Ca,Na)(Al,Si)sOg) are minerals from the precursor (metakaolin) and
stabilized material (RAP) respectively. Some blends presented bytownite ((Ca,Na)(Al,Si)4O0s)
and berlinite (AIPOa4), which are minerals from RAP and metakaolin. Diopside (CaMgSi20), a
calcium-based aluminosilicate, was produced from the chemical reactions between metakaolin,
ash and CaO (oxide present in RAP and RHA). Berlinite, a mineral characteristic of metakaolin,
was identified in only one of the RAP-AAC blends. Finally, fervanite (Fe*4Vv°*4016-5H,0)
was found in one of the blends, possibly originated from RAP as petroleum asphalt cement
(PAC) contains chemical elements such as iron and vanadium. The punctual observations
mentioned above and the different degrees of crystallinity of quartz in the diffractograms
suggest great heterogeneity of the asphalt waste, as shown by several authors (W. Ferreira et

al., 2022; W. L. G. Ferreiraet al., 2021; Lo Presti et al., 2020; Vislavi¢ius & Sivilevicius, 2013).

The curing temperature effect on the cementitious products formation is mainly noted
by the different amorphous phases in the XRD pattern of RAP-AAC cured at 20°C and RAP-
AAC cured at 80°C, as seen in Figure 3.10.
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Figure 3.10. XRD patterns for RAP-AAC cured at different temperatures (20, 40, 60 and

XRD results show that increasing the curing time from 24h to 48h presented no effect

on the mineralogical composition of the RAP-AAC blends. Considering that the precipitates

from a low-calcium system present an amorphous halo at 26 of 20-35° (Garcia-Lodeiro et al.,

2011), it is possible to identify the presence of N-A-S-H gel (hydrated sodium aluminosilicate)

in amorphous phases within the characteristic angular range (i.e. 20-35°) in the RAP-AAC

blends. In addition, due to amorphous properties of C-A-S-H gel (hydrated calcium
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aluminosilicate), the phases form broad diffraction peaks at 26 of 28-30° and 34-35° (H. Zhou
et al., 2021). A small amount of CaO from metakaolin participates in the reactions to form the
C-A-S-H gel (Dai et al., 2022; H. Zhou et al., 2021), which appears as “featureless peaks” (28-
30° and 34-35°) in the RAP-AAC blends. The N-A-S-H and C-A-S-H gels formed from
geopolymeric reactions fill the voids of the RAP-AAC structures, resulting in improved
mechanical behavior of the material.

XRD analysis provided qualitative information about the cementitious products
developed in the RAP-AAC systems. SEM images of RAP-AAC blends were examined to
support the mineralogical results. Figure 3.11 presents SEM images of the RAP-AAC cured at
different temperatures for 24 and 48h. In general, blends cured at higher temperatures presented
denser and more homogeneous structures, indicating a higher degree of geopolymerization than
lower temperatures ones. RAP-AAC blends cured at 20°C were characterized by a more
heterogeneous structure with loose particles and many voids (interpreted as black areas) (Figure
3.11-a,b), making them more susceptible to early-failure in the UCS test. Also, the presence of
crystals corresponding to the efflorescence formation is evidenced. These characteristics are
due to the incomplete dissolution of aluminossilicates in the matrices at lower curing

temperature.

The blends cured at 40°C present a relatively more homogeneous structure with fewer
voids (Figure 3.11-c,d) than those exposed to 20°C, corroborating the reported improvement in
strength. RAP-AAC cured at 40°C for 48h (Figure 3.11-d) presented an irregular surface with
a gap, due to the RAP heterogeneity and insufficient gel formation to fill these voids. In general,
blends cured at 60°C resulted in a denser structure (Figure 3.11-¢) than blends exposed to lower
temperatures (20 and 40°C), positively impacting the mechanical response (Figure 3.5). In all
SEM images of Figure 3.11, clusters of different sizes and shapes were observed; these clusters
are normally encountered in RAP (Ferreira et al., 2021a) and RAP-AAC blends. Furthermore,
cementing gels can be inside the RAP-AAC matrices and in the surface of RAP clusters
(interpreted as lighter areas). The blends cured at 60°C for 48h showed microcracks in the
surface (Figure 3.11-f); however, these cracks resulted in no detrimental effect in the strength
of the material. The gap and microcracks observed in the blends cured at 40°C-48h and 60°C-
48h explain the lower strength gains compared to the blends cured at the same temperatures for

24h (as seen in Figure 3.5).

RAP-AAC cured at 80°C for 24h exhibited a highly homogeneous, dense and compact

structure (Figure 3.11-g), confirming the reported UCS. A heterogeneous structure alongside
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cracks in the surface were observed in RAP-AAC exposed at 80°C for 48h (Figure 3.11-h).
These cracks form from the breakage of the gels structures due to the excessive curing
temperature, resulting in dehydration and shrinkage of the blend and strength reduction. This
behavior was also reported on copper tailings-based geopolymers cured at temperatures above
80°C (Tian et al., 2020). In the study, prolonged curing time at high temperatures (i.e. 80°C for
48h) affected gels formation and mechanical performance. Curing at higher temperature (80°C)
up to 24h promotes the formation and uniform distribution of gels, filling the matrix voids and

improving compressive strength of the RAP-AAC.
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Figure 3.11. SEM images of RAP-AAC blends cured at (a) 20°C-24h, (b) 20°C-48h, (c)
40°C-24h, (d) 40°C-48h, (e) 60°C-24h, (f) 60°C-48h, (g) 80°C-24h and (h) 80°C-48h.
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Although all RAP-AAC blends presented satisfactory UCS for application in pavement
bases and sub-bases, their macro and microstructures should be considered. Blends cured at
20°C developed fluorescence that could affect the long-term behavior of the material. RAP-
AAC exposed to high temperature for a long period of time resulted in cracks and lower strength
values; while improved results were obtained for shorter exposure time at 80°C. Therefore, it
Is important to focus on curing temperature combined with curing time to produce RAP-AAC
blends with general microstructure and compressive strength that can meet pavement design

requirements.

4 Conclusions
Based on the findings of this study, the following conclusions can be drawn:

e In general, RAP-ACC blends cured at higher temperatures and curing periods resulted
in better mechanical behavior with denser structures;

e Low curing temperature (20°C) in the first 24 to 48h is not recommended as it negatively
affected the dissolution rates of aluminosilicates and consequently the strength of RAP-
AAC;

e Curing temperature was the factor that governed the compressive strength of RAP-AAC
blends, followed by curing time. Curing oven time presented no statistical influence on
UCs;

e Curing oven time resulted in no mineralogical changes. Also, curing temperature and
curing time conditions were responsible for the development of cementing gels,
microstructure, and UCS;

e XRD results depicted the presence of amorphous phases within the characteristic
angular ranges of N-A-S-H and C-A-S-H gels, indicating the viability of the proposed
alkali-activated process;

e Higher curing temperatures promoted the formation of more homogeneous and denser
structures due to the filling of voids by the cementing gels from the alkali-activation
process;

e Prolonged curing periods at high temperatures (i.e. 80°C for 48h) negatively affected
the formation and distribution of cementitious gels, as well as the structure and
mechanical response of the material. Curing RAP-AAC at 80°C for up to 24h is
recommended to obtain a dense and compact structure, with higher compressive

strength.
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3.4  Durability, long-term and environmental evaluation of alkali-activated alternative
soluble silica source for recycled asphalt pavement stabilization

Abstract

The preservation of natural resources has been gaining considerable space in recent decades,
encouraging the use of industrial and civil construction waste. In this work, the recycled asphalt
pavement (RAP), from the milling of the pavements, was used to replace virgin aggregates for
the construction of road base layers. Due to the large amounts of materials involved in road
construction, it is necessary to develop alternative binders. Particularly when it comes to alkali-
activated materials, the use of residues in the production of sodium silicate has not yet been
investigated for RAP stabilization for the stabilization of RAP. Therefore, in this study rice
husk ash (RHA) was activated in an alkaline environment, playing the role of an alternative
source of silica, for the formation of an alkali-activated binder (AAB). The exposure of these
mixtures to seasonal variations in humidity and temperature was evaluated through durability
tests from wet/dry cycles and the unconfined compressive strength (UCS) retained in the
samples after the cycles. AAB permanence was also verified through long-term mechanical
performance and its environmental impact through leaching tests. The results indicated that
mixtures with RAP:AAB ratio = 40:40, 50:30, and 50:40 reached the minimum design strength
(2.1 MPa) even after wet/dry cycles, however the mixture with RAP:AAB = 40:40 ratio is
potentially superior for better performance in field conditions, possibly without premature
failure. In addition, this mixture has no environmental impact as the results of environmental

tests do not show any significant risk or hazardous characteristics.

Keywords: Recycled asphalt pavement; alkali-activated binder; alternative silica source;

durability; longevity; environmental impact.

1 Introduction

Concerning about traffic loads over pavement structures, it is common to observe a
progressive deterioration, which demands continuous maintenance operations. These activities
are normally focused on repairing rut, potholes and cracked areas and frequently results a
reasonable amount of waste materials. In that regard, during the road rehabilitation process, a
residue, composed mainly of aged bituminous aggregates and additives (Hoy et al. 2016a),

named Recycled Asphalt Pavement (RAP) is generated (Rahman et al. 2014). In order to reduce
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the cost of the base and subbase layers of pavements, RAP can be introduced to replace virgin
aggregates (Debbarma et al. 2019; Singh et al. 2018), also providing a reduction in the

environmental impacts caused by the construction of highways (Costa et al. 2020).

The RAP mechanical performance has already been studied by several authors, with or
without stabilizing agents (Arulrajah et al. 2015; Consoli et al. 2018b; Grilli et al. 2018; Pasche
et al. 2018). In the same way, several studies have addressed its influence on the durability
performance of mortars and concretes (Abraham and Ransinchung 2019, 2018; Singh et al.
2017) or when reapplied to pavements (Mullapudi et al. 2020; Saride and Jallu 2020; Singh and
R.N. 2020). Despite already being used for several applications, RAP still presents an
application problem that is related to the presence of a binder that reduces the contact between

the grains and induces the use of cementing materials to compensate for the loss of adhesion.

Several studies suggest that RAP stabilized with lime or cement can be successfully
adopted in the base layers of flexible pavements (Arulrajah et al. 2013; Puppala et al. 2011;
Saride et al. 2010). However, between 2005 and 2017, global cement production grew by more
than 77%, and this growth is a global trend (de Oliveira et al. 2022). In Brazil, cement
production increased from 39.4 million tons in 2001 to 88.5 million tons in 2017, making it the
fifth largest in the world (de Lorena Diniz Chaves et al. 2021). In that regard, new cementitious
materials, with a more sustainable footprint, are necessary to sustain a less aggressive
development. Currently, alkali-activated materials (AAM) are considered a viable alternative
for obtaining construction materials and adding value to waste, as they reuse by-products and
industrial waste, which in most cases do not have an environmentally suitable destination
(Tayeh et al. 2021). Alkaline activation can be defined as the chemical reaction between an
amorphous/semicrystalline aluminosilicate source and an activator, generating cementitious
structures similar to those found in OPC. Several residues from industry and agriculture can be
used as a source of aluminosilicate such as: fly ash (Phoo-ngernkham et al. 2015; Zhuang et al.
2016), blast furnace slag (Awoyera and Adesina 2019), water treatment sludge (Geraldo et al.
2017), sugarcane bagasse ash (Bruschi et al. 2021a; b; Pereira dos Santos et al. 2022), carbide
lime (Bruschi et al. 2022; Queirdz et al. 2022), eggshell lime (Consoli et al. 2021b; Tonini de
Aradujo et al. 2021) and rice husk ash (Bernal et al. 2012; Tong et al. 2018). Metakaolin is one
of the most used precursors, due to its high rate of dissolution in alkaline medium and the
simplicity in terms of controlling the SiO2/Al>Os ratio, in addition to the fact that alkali
activation with metakaolin is seen as a model system, not involving the complexity of industrial

by-products, which may vary depending on how they are obtained and possible contamination.
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As for activators, the most common include sodium or potassium hydroxides and/or silicates,
while aluminosilicates can include suitable raw materials and by-products/waste produced from

various industrial processes (Torres-Carrasco et al. 2014).

Although alkali-activated binders (AAB) have reduced CO2 emissions when compared
to OPC, there is still a point that makes the practical application of these materials unfeasible:
the high temperatures used in the production of alkaline activators also generate significant CO>
emissions into the atmosphere. (Villaquiran-Caicedo et al. 2017). Some studies indicate that the
production of 1 kg of sodium silicate can generate an emission of 1.5 kg of CO: into the
atmosphere (Tchakouté et al. 2016). Therefore, the importance of developing sodium silicates
using alternative sources of silica is highlighted. In this context, rice husk ash (RHA) is an
interesting alternative due to its high silica content (Consoli et al. 2019). The literature reports
good results in terms of strength and microstructure for activators developed with RHA as a
silica source, even showing similar performance to commercially available silicates (Bernal et
al. 2015; Bouzon et al. 2014; Tchakouté et al. 2016; Villaquiran-Caicedo et al. 2017).

AAB already have application in the paving area for RAP stabilization purposes
(Adhikari et al. 2020; Al-Hdabi 2016; Avirneni et al. 2016; Edeh et al. 2012; Hoy et al. 2016b,
2018; Jallu et al. 2020; Kang et al. 2015; Saride et al. 2016; Sukprasert et al. 2021; Syed et al.
2022; Tabyanga et al. 2021). However, all works reported in the literature make use of
commercial activators, suggesting a research gap that encompasses the use of alternative
alkaline activators. In addition, the long-term behavior and efficiency of any
stabilization/activation technique must be evaluated, as it may happen that the luting agent leaks
or disappears during the service period. This is possible when rainwater infiltration occurs or
when reactions change due to variations in temperature and humidity (Avirneni et al. 2016). In
that regard, durability assessment is a definite prerequisite before adopting any stabilization or

field activation technique.

In order to reduce greenhouse gas emissions due to the production of activators,
activators with reduced environmental impact are desired. Thus, the objective of this research
was to evaluate the use of RHA for the development of an alternative binder produced for RAP
stabilization. Durability tests were performed through the evaluation of mass loss through
wetting/drying cycles and after the cycles the residual unconfined compressive strength (UCS)
was also evaluated. The sustenance and permanence of the cement in the mixtures were studied
using the long-term UCS at curing periods of 7, 28, 56, 112 and 224 days. Potential risks to the

environment and public health were also estimated through leaching tests. This study aims to
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assist in the promotion of an innovative and sustainable system using RAP stabilized with a
metakaolin-based binder, alkaline activated by sodium silicate synthesized with RHA in the

construction of pavement without premature failures.
2 Materials and methods
2.1 Materials

For the development of this research, RAP, stone powder (SP) and gravel (G) were used
as aggregates, metakaolin (MK) as precursor and a solution from the dissolution of rice husk
ash (RHA) in sodium hydroxide (NaOH) as activator. The RAP was collected on a highway in

Rio Grande do Sul - Brazil, while the RHA was supplied by an industry in the same state.

For the characterization of the materials, granulometric distribution tests were carried
out (NBR 7181) (ABNT 2016) (ASTM 2017a), RAP bitumen content (NBR 16208) (ABNT
2013), specific weight of coarse aggregate (NBR NM 53) (ABNT 2009a) were carried out for
the characterization of the materials. and fine aggregate (NBR NM 52) (ABNT 2009b) (Figure
4.1 and Table 4.1).
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Figure 4.1. Materials grain size distribution.
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Table 4.1. Materials physical properties.

Gravel Gravel
Property RAP MK RHA SP 3/4° 3/8”
Specific unit weight of grains (g/cm?) 242 264 223 2(')8 2.85 2.8
Bitumen content (%) 5.8 - - - -
Gravel (4.75mm < diameter) (%) 72 0 0 0 100 94
Sand (0.06mm < diameter < 4.75mm) (%) 28 0 10 88 0 6
Silt (0.002mm < diameter < 0.06mm) (%) 0 86 82 22 0 0
Clay (diameter < 0.002mm) (%) 0 14 8 0 0 0
USCS classification GW SM SM SW GP GP

X-ray diffraction (XRD) tests were carried out to determine the mineralogical composition of
the materials (Figure 4.2). A Shimadzu X-ray diffractometer, model XRD-6000 (6-260),
operating at 40 kV and 30 mA in the primary beam and curved graphite monochromator in the
secondary beam was used. For the determination of the elemental composition, X-ray
fluorescence spectrometry (XRF) was used through a quantitative analysis with a calibration
curve based on tabulated patterns from a data library of the Bruker ® equipment (Table 4.2).
The microstructural characteristics of the materials were determined by scanning electron
microscopy (SEM) analysis (4,000 times magnification). Finally, the RHA was evaluated
according to its environmental classification according to the norms NBR 10004 (ABNT
2004a), NBR 10005 (ABNT 2004b) and NBR 10006 (ABNT 2009c) and the results of leached
and solubilized extracts indicated that RHA is classified as Class Il A — Non-Hazardous Non-

Inert.
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Figure 4.2. Mineralogical composition of RAP, MK and RHA.

Table 2.2. Materials chemical composition.

SiO, Al,O3 Fe O3 CaO MgO SO, Na,O K>0 P,0Os5 TiO, ZnO
(%) (%) (%) (%) (%) ) () ) ) (%) (%)

RAP 6439 14.65 1.16 4.10 <0.10 7.68 - 555 165 <0.10 <0.10
MK 5472 40.80 1.80 0.10 0.10 - 0.18 021 - 2.09
RHA 89.33 0.62 1.53 3.84 2.51 - - 2.18 -

According to the granulometric distribution, through the Unified Soil Classification System
(USCS) (ASTM 2017b), the RAP was categorized as GW (well-graded gravel) and the other
materials as SM (sand with fines). The XRD and XRF results (Figure 4.2 and Table 4.2) showed
minerals rich in silica and alumina for all materials used, demonstrating their potential as raw

materials for alkali-activated materials.
2.2 Production of the alkali-activated binder

The production of the alkali-activated binder (AAB) starts by grinding the RHA in ball
mills for a predetermined period of one hour and then it was subjected to sieving (sieve with an
opening of 150 um). After preparing the RHA, it is dissolved in a solution of sodium hydroxide
(NaOH) and water at a molarity of 10 M. This process lasts 12 hours and the solution is kept at
the temperature that NaOH reaches when mixed with water (80°C). The molarity of the solution
(10 M) and SiO2/Al>03 ratio = 4 were used in this work based on the good results presented in

the literature (Bernal et al. 2012; Davidovits 1989).
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2.3 Experimental design and molding procedures

The proportions of the materials were based on previous studies and only mixtures that
met the normative requirements for mechanical strength for cemented base layers (ABNT
2012a) (Pelissaro et al. 2023) were chosen. The dry materials (aggregates and MK) were
previously mixed and then the AAB was added at room temperature. Table 4.3 shows the
proportions of the materials used in this experimental study design. It is important to emphasize
that the amounts of aggregates totaled 100% of the mixtures and the amount of activated alkali
binder was added in relation to the weight of RAP. It is also worth noting that all mixtures meet
the criteria established by the WIRTGEN technical manual (Wirtgen GmbH 2012) regarding

particle size limitations for flooring applications.

Table 4.3. Proportions of materials compositions.

Reclaimed asphalt Alkali-activated Stone powder Gravel 3/4”° Gravel 3/8”’
pavement content (%) binder (%) content (%) content (%) content (%)
40 20, 30, 40 40 10 10
50 20, 30, 40 40 4 6

After mixing the materials, specimens were molded using the standard proctor compaction
energy in order to reach the optimum moisture content (OMC) and the maximum dry unit
weight (ydmax). For each mixture, three specimens of 100mm in diameter and 200mm in height
were molded. The curing process consisted of preserving the specimens in airtight bags at an
ambient temperature of 23 £ 2°C and humidity of 95 + 2%. After curing, the specimens were
submitted to the respective tests for which they were produced, following a control criterion
that established the following requirements: to reach a degree of compaction between 99% and
101%; OMC variation of a maximum of 0.5%; variation in the diameter of the specimen of up

to 0.5 mm and variation in the height of the specimen of up to 1 mm.
2.4 Durability test

The durability tests (wetting-drying cycles) of the RAP-AAB mixtures followed the
recommendations of DNER-ME 203 (DNER 1994). Mass loss was measured in 12 wetting-
drying cycles, which consisted of submerging the specimens in water for 5 h at 23 °C, then in

anoven at 71 °C for 42 h, and finally being brushed.

2.5 Leaching tests
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Environmental performance evaluation of the samples was done by conducting batch leaching
test in according to NBR 10005 (ABNT 2004b), using extracting solution from glacial acetic
acid. An amount of 2000mL of extracting solution were added to a set of 100 grams of each
sample making a ratio liquid to solid of 20:1. Samples were prepared by crushing to fine powder
and sieved through sieve 9,5 mm and then placed on polyethylene bottles under 30 revolutions
per minute (RPM) in a rotary tumbler. At the conclusion of the leaching test period the aqueous
and solid components were separated using a 45um pore size filter paper. ICP-AES technique
was utilized to determine the concentrations of metals. The pattern solution used was multi
element standard for ICP with elements in dilute nitric acid-HNO3. pH was also determined by
pH meter, model HI 2221, Hanna brand, glass body Ag/AgCl electrode with a ceramic junction,
diameter 9.5 mm, pH range 0 to 13, and temperature 20—40 °C. Metal concentrations from the
leaching test were compared with distinctive standards, being annex F of NBR 10004 (ABNT
2004a) and EPA (USEPA 2022).

2.6 Longevity studies

The behavior of RAP stabilized with AAB in longer curing periods was also
investigated, since preliminary work indicated a trend of reduction in strength over time
(Pelissaro et al. 2023). It is important to assess whether the resistance obtained in the initial
curing times is preserved in the long term. Thus, unconfined compressive strength (UCS) tests
were carried out, following the recommendations of NBR 12770 (ABNT 2022), for curing
periods of 7, 28, 56, 112 and 224 days. These cure times were chosen based on other studies
that also investigated the long RAP stabilization time performance through alkali-activated
binders (Avirneni et al. 2016).

3 Results and discussions
3.1 Durability tests

The effect of cycling on the outer surface of the mixtures after 1, 3, 6, 9 and 12 cycles for the
samples with 40% and 50% RAP are shown in Figures 4.3 and 4.4 respectively. It can be seen
that the mixtures with higher AAB contents are more intact in all cycles, indicating that they
have a stronger bonding structure. On the other hand, large cracks and greater deterioration are
observed in mixtures with lower percentages of AAB (RAP:AAB = 40:20, 40:30 and 50:20
shown in Figures 4.3a, 4.3b and 4.4a, respectively), leading to loss of strength mechanics. In

addition, it is important to emphasize that the RAP has an asphalt coating on its surface, which
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impairs the adherence of the cementing material and that, for this reason, it was observed that
the greatest material losses occurred at the interface with the RAP.

. i
)
4

Figure 4.3. Typical samples after 1, 3, 6, 9 and 12 wet/dry cycles for RAP:AAB (a) 40:20 (b)
40:30 and (c) 40:40
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Figure 4.4. Typical samples after 1, 3, 6, 9 and 12 wet/dry cycles for RAP:AAB (a) 50:20 (b)
50:30 and (c) 50:40

To account for seasonal variations in humidity and temperature, samples cured for 7
days were subjected to 12 wet/dry cycles and the relationship between accumulated loss of mass

(ALM) and the number of cycles is shown in Figure 4.5.



121

Cycle

S
N —~
[
Z A
< \
)
] A\
A—a RAP:AAB =40:30 \. A
0 A—A RAP:AAB =40:40 AN

®—® RAP:AAB =50:20
—® RAP:AAB =50:30
©—0O RAP:AAB =50:40

-25

Figure 4.5. Accumulated loss of mass after wet-dry cycles for alkali-activated CCA binder
stabilized RAP

The ALM results for the RAP:AAB = 40:20 sample were not shown in Figure 4.5
because it presented ALM greater than 50% from the sixth cycle onwards, as can be seen in
Figure 3a. In general, it is noted that the ALM are more significant in the first cycle, as there is
a higher percentage of surface grains that have not yet fully adhered to the main body of the
sample. Higher ALM were also observed for samples with a lower percentage of AAB
(RAP:AAB ratio = 40:30 and 50:20) from the sixth cycle onwards, possibly due to the low
amount of binder that did not involve most of the aggregates and, therefore, showed low
cementation. The increase in the AAB content resulted in more durable specimens,
corroborating the behavior found in the other mechanical tests and indicating that durability is
directly linked to strength. In addition, higher percentages of AAB are associated with a
reduction in porosity, as observed in similar studies that evaluated soils stabilized with Portland
cement (Consoli and Tomasi 2018); stabilized dispersive soils (Consoli et al. 2016); soils
stabilized with ash and limestone (Consoli et al. 2018c, 2020); reclaimed asphalt paving
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stabilized (Consoli et al. 2018a, 2021a) and gold tailings stabilized with Portland cement
(Consoli et al. 2018d).

For the results of the present study, only mixtures with a RAP:AAB ratio of 40:40, 50:30
and 50:40 met the request of the Portland Cement Association (PCA 1956), in which the
maximum ALM after 12 cycles of wet drying should be 14% for stony soils, cured at room
temperature for 7 days. Furthermore, the ALM found in the present study was higher than
mixtures of alkali-activated fly ash binder stabilized RAP (Avirneni et al. 2016; Horpibulsuk et
al. 2017).

From the results of the w-d cycles and the photos, it is apparent that the mixtures with
higher AAB contents provide a very good durability when subjected to seasonal variations in
humidity and temperature. The alternative binder produced from RHA can increase the
durability of the RAP, especially for the RAP:AAB = 50:40 sample.

Based on the performance of these mixtures against the 12 aggressive cycles and
accelerated wet/dry cycles, more than 12 years project life in the field can be estimated.
However, the field life of these mixtures can be much longer than 12 years, as all consecutive
years may not receive heavy rainfall and higher temperatures than were maintained in the trial
(Avirneni et al. 2016).

The mechanical strength of the mixtures after the wetting/drying cycles was also
evaluated to verify the strength after mass loss. Although there are no regulations that provide
any specification for the strength retained after the cycles, it is valid to verify the loss of
strength, especially when alternative materials are used, as is the case of RAP and RHA in this

work.

The loss of strength after the 12 cycles was high for all mixtures (64% on average) as
shown in Figure 4.6. Therefore, only the mixtures with a RAP:AAB ratio = 40:40, 50:30 and
50:40 met the minimum strength requirements, being 25%, 45% and 114% higher, respectively,
than the DNIT specifications of UCS 2.1 MPa for cemented pavement bases (DNIT 2022).
These three blends are potentially superior for better performance in field conditions, possibly

without premature failure.
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Figure 4.6. Variation of UCS and retained strength after 12 wet-dry cycles for different mixes
(a) 40% RAP (b) 50% RAP

Several researchers report the loss of stabilizers from the base layers after a certain
period of service. It has been noticed that secondary chemical reactions during the stabilization
process may result a strength loss over the long performance evaluation and in many cases this
change is associated with the absorption of moisture in the stabilized materials (Avirneni et al.
2016). Previous studies have also reported that the infiltration of moisture through the subgrade
results in variations in pH and in the Ca/Mg ratios, which may influence the permanence of

chemical modifiers (Puertas et al. 2000).
3.2 Longevity studies

Long-term UCS tests were performed to verify the longevity of RAP stabilized with
AAB produced from RHA. Figures 4.7a and 4.7b show the variation of mechanical strength
over the evaluated period (7, 28, 56, 112 and 224 days) for mixtures with 40% and 50% RAP,
respectively. It is observed that the UCS values do not show significant variations for the lowest
AAB content (20%) for both proportions of RAP in the evaluated curing periods. This AAB
content is not recommended because in several curing times evaluated, the minimum resistance
is not reached as recommended by Brazilian road standards. Increasing the AAB content to
30% did not show a significant increase in the UCS of the mixtures in the first curing times (7
and 28 days) and resulted in a reduction in the mechanical performance in the long term. This
decrease in resistance causes the mixture RAP:AAB = 40:30 to reach values below the mixture
with the lowest AAB content (RAP:AAB = 40:20) and which do not meet the DNIT regulations

(ABNT, 2012). Similar behavior was observed in activated alkali pastes, which also reduced
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strength for curing times greater than 28 days, both for pastes produced with commercial
sodium silicate and for those produced with RHA-based sodium silicate (Longhi et al. 2014).
This fact leads to the conclusion that sodium silicate is not the material responsible for this drop
in resistance. Some studies show that the metakaolin used as a precursor may be responsible
for this behavior, since metakaolin-based activated alkali systems undergo a microstructure
reorganization process, where amorphous gels are converted into zeolites after a certain period
of curing. This microstructural change results in denser binders and pore formation that can
affect mechanical performance over time (Lloyd 2009). Some authors also state that the
formation of crystals during hydration results in thermodynamic instability of the amorphous
reaction of the products, which may also be responsible for the reduction in strength (Lloyd
2009; Takeda et al. 2013). A preliminary investigation, which evaluated the microstructure of
RAP stabilized with AAB produced from RHA, showed that when these mixtures are cured at
room temperature, they are subject to the occurrence of efflorescence and that this phenomenon

was responsible for the reduction in resistance (Pelissaro et al. 2023).

Concerning the mixtures UCS, highest AAB content evaluated (40%) has resulted a
strength reduction. This behavior tendency continues to occur for the highest percentage of
RAP (50%), indicating once again that this content is not suitable for application on highways.
However, for 40% RAP, the material behaves similarly to the other AAB contents, even though
the reduction in mechanical performance over time, the values stabilize or even increase in the
longest curing time evaluated (224 days). Similarly observed in this study, no reduction in
strength long-term evaluation has been observed over, other studies, (Avirneni et al. 2016)
shown that after 56 days, the alkali activation reactions nearly stabilize to the point of not

significantly affecting the mechanical performance of the stabilized RAP.
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Figure 4.7. Variation of UCS with curing period for (a) 40% RAP (b) 50% RAP

3.3 Leachate studies

Leaching tests were performed to evaluate the environmental performance from
leachate studies of RAP stabilized with AAB produced from RHA. Table 4.4 present
concentration results, in which shaded cells represent concentrations of RAP stabilized with
AAB that exceeded the limits of the standards in comparation with RHA concentrations. Due
to durability results, samples with RAP:AAB ratio = 40:20 were not evaluated according to
environmental criteria. For all mixtures with 40% and 50% RAP limits of standards NBR 10004
(ABNT 2004a) and EPA (USEPA 2022) were not exceeded for Ag, As, Cd, Cu, Hg and Na.
Besides, none of the metals exceeded the leaching limit of annex F for the Brazilian standard
NBR 10004 (ABNT 2004a), demonstrating the Non-Hazardous characteristics. For EPA limit
(USEPA 2022) only Pb and Se exceeded concentrations for mixture RAP:AAB = 40:30, which
represents an error of determination. In general, no relationship was observed between the
leached concentrations of metals with the different RAP:AAB ratios, indicating that the origin
is not related to AAB and RAP.

Table 4.4. Metals concentration from leaching tests for mixtures with different
RAP:AAB rations

2 0o 0 RS 0

E 8 § & 8 g NBmiotom EPA limit
S g L L g o

o 9 S 3 B 3 (Annex F)
Ag 0 0 00 o0 5

Al 12.2 11 8.9 154 11.45 - -
As 0 0 0 0 0 1 0.01
Ba 0.1 0.05 0.07 0.08 0.05 70 2
Cd 0 0 0 0 0 0.5 0.0005
Cr 0.03 0.03 0.03 0.03 0.03 5 0.1
Cu 0 0 0 0 0 - 1.3
Fe 5.2 0 0 3.91 3.05 - -
Hg 0 0 0 0 0 0.1 0.002
Mn 147 149 1.78 158 0.97 - -
Na 468 6225 4437 575 65.6 -

Pb 0 1 0 0 0 1 0.015
Se 0 1 0

0 0 1 0.05
Zn 0.04 - 0.18 0.12 0.01 - -
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4 Conclusions

This study investigated the stabilization of RAP with a metakaolin-based binder alkali-
activated by rice husk ash synthetized sodium silicate. The following conclusions are drawn
from the combined analysis of durability results from wet/dry cycles, leachate analysis and

long-term studies:

a) Durability studies in terms of aggressive wet/dry cycles indicated that only mixtures
with a RAP:AAB ratio = 40:40, 50:30 and 50:40 satisfactorily met the normative specifications

for mass loss;

b) Retained strength after aggressive wet/dry cycles was higher than the minimum
design strength only for mixtures with RAP:AAB ratio = 40:40, 50:30 and 50:40;

c) From the results of the long-term UCS tests, it was observed that the mechanical
performance decreases for the highest concentrations of AAB. However, after 56 days of curing
for 40% RAP, there is a stabilization in the alkaline activation reactions, making to return to

increase resistance over time;

d) Environmental performance of RAP stabilized with AAB produced from RHA
demonstrated mixtures that did not exceed EPA limit and leaching limit of annex F for the
Brazilian standard NBR 10004 resulting in Non-Hazardous characteristic

e) From a geotechnical engineering point of view, the survey results indicate that RAP
is mechanically and environmentally viable for use in pavement base application when
stabilized mainly at RAP:AAB = 40:40 ratio. In addition to having a high UCS, these blends
exhibit good durability and long-term performance. In addition, these mixtures have no
environmental impact as the results of environmental tests do not show any significant risk or

hazardous characteristics.

f) Besides the clear applicability of the mixtures as a pavement layer according to NBR
12253 (ABNT 2012a), the results presented in this study can help to attend a new law
established in Brazil that provides that all restoration engineering projects, adaptation of
capacity and expansion of road works by the National Department of Transport Infrastructure
- DNIT, must include the reuse of the RAP eventually produced in the undertaking.

Finally, it is worth mentioning that in addition to the properties evaluated in this study,
there is a significant lack of research on the fatigue performance in flexion of RAP pavement
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bases cemented by alkali activation. Fatigue cracking is one of the main failure mechanisms in
mixtures with high RAP content, resulting from the brittle behavior of the material associated

with accumulated damage due to traffic.
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3.5  Flexural fatigue behavior of reclaimed asphalt pavement stabilized with alkali-
activated rice husk ash

Fatigue cracking is one of the main failure mechanisms in cemented base/subbase layers
with a high content of Reclaimed Asphalt Pavement (RAP). Thus, it is essential to evaluate the
behavior of pavements in terms of flexural fatigue under traffic load. Therefore, this study
focuses on investigating the static and dynamic flexural behavior of mixtures of RAP with
metakaolin-based binder, alkali activated by sodium silicate synthesized from RHA. The
experimental program included tests: unconfined compression strength, diametral compression,
bending tensile strength and fatigue life analysis based on four-point bending test. The results
showed that the use of alkali-activated binder (AAB) provided more flexible mixtures for higher
RAP contents and that flexible pavements with base and sub-base layers with high RAP content
can be recycled without compromising the mechanical resistance to wear over time. In addition,
depending on the RAP and AAB content used, when subjected to cyclic loading, the mixtures

may exhibit brittle behavior or break when reaching approximately 50% of its initial modulus.

Keywords: Reclaimed asphalt pavement; Flexural strength; Fatigue modulus; alkali-activated

binder.
1. Introduction

The construction industry is an important sector that serves other sectors and contributes
to global socio-economic growth (Olukolajo et al. 2022). However due to rapid population
growth, estimated to be over 6 billion by 2045 (Cuéek et al. 2012; Zheng et al. 2016) and the
development of infrastructure in countries with emerging economies, the generation of
industrial waste has increased significantly (Bordoloi et al. 2022). The construction industry
consumes up to 40% of global raw materials (Darko and Chan 2016), generates around 40% of
waste (Nasir et al. 2017) and emits around 25% of carbon dioxide (Mahpour 2018). This
scenario puts the construction industry in the position of one of the largest generators of waste
globally (Bilal et al. 2020), indicating a sign of unsustainability of the sector (Nufiez-Cacho et
al. 2018) and representing environmental challenges (Esa et al. 2017a; b; Menegaki and
Damigos 2018).

Particularly in the paving sector, roads present constant problems that require
continuous maintenance. In cases of road rehabilitation, a fully recyclable material called
Reclaimed Asphalt Pavement (RAP) is generated (AAPA 2018; EAPA 2014), composed
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mainly of aged bituminous aggregates and additives (Hoy et al. 2016). This material can be
reused in new asphalt mixes, reducing the demand for virgin aggregates and asphalt binder, or
as recycled aggregates to produce unbound pavement layers (SABITA, 2019). Its use in base
and sub-base layers of pavements reduces the total cost of pavement sections by up to 46%
(Debbarma et al. 2019; Singh et al. 2018).

Although the amount of reused RAP has gradually grown in many countries around the
world (SABITA, 2019), the lack of adhesion between its grains needs to be compensated for
by the use of cementing agents such as Portland cement. However, the production of this type
of cement has a high carbon footprint, with cement factories responsible for around 8% of
global CO2 emissions (Cadavid-Giraldo et al. 2020).

Thus, given the emphasis on sustainability and environmental factors, RAP stabilized
with Portland cement may not be considered as a possible solution for long-lasting sustainable
pavements (Jallu et al. 2020). In this context, alkali-activated materials have gained significant
attention in recent decades as high-quality cementing agents, since in addition to reducing
carbon emissions, they also allow the use of waste (Athira et al. 2021). These materials come

from the alkali activation of aluminosilicate precursors from alkaline solutions.

Various industrial by-products/waste can be incorporated as a source of aluminosilicate,
such as: fly ash (Phoo-ngernkham et al. 2015; Zhuang et al. 2016), blast furnace slag (Awoyera
and Adesina 2019), water treatment sludge (Geraldo et al. 2017), sugar cane bagasse ash
(Bruschi et al. 2021a; b; Pereira dos Santos et al. 2022b), lime carbide (Bruschi et al. 2022;
Queirdz et al. 2022), eggshell (Consoli et al. 2021; Tonini de Aradjo et al. 2021) and rice husk
ash (Bernal et al. 2012; Luukkonen et al. 2018; Mejia et al. 2013; Sturm et al. 2016; Tchakouté
et al. 2016; Tong et al. 2018). As for activators, the most common ones include sodium or
potassium hydroxides and/or silicates (Torres-Carrasco et al. 2015). However, one of the
biggest obstacles to the large-scale application of alkali-activated materials is that the
commercial alkaline activators used for their activation are expensive and have a high carbon
footprint. As a result, the cost and environmental sustainability of the final product is drastically
affected, although the overall cost and carbon footprint is lower than that of Portland cement
(Mohapatra et al. 2022). Therefore, to obtain maximum cost optimization, several researchers
have advocated the use of waste-based alkaline activators (Abdulkareem et al. 2021; Adesanya
et al. 2021).
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The interest in processing agro-industrial waste, as well as the need to reduce the cost
of producing alkali-activated materials, has motivated researchers to develop alternative
alkaline activators based on amorphous silica sources derived from waste (Mohapatra et al.
2022). In this context, properly burned and ground rice husk ash (RHA) has significant potential
due to the compound rich in reactive silica (SiO2) (Khan et al. 2015), being considered the
agricultural waste with the highest amount of silica (Athira et al. 2021), reaching SiO- contents
of up to 80-85% (Siddique 2008). When RHA is applied in cementitious systems, it improves
the properties of the systems through a double effect: chemical or pozzolanic effect and physical
or filler effect (Khan et al. 2015).

As for paving applications, alkali activated binders are already evaluated as a stabilizing
agent in combination with RAP (Al-Hdabi 2016; Edeh et al. 2012; Kang et al. 2015; Syed et al.
2022; Tabyanga et al. 2021). However, the use of RAP with alternative activators for the
alkaline activation process has research gaps. In addition, there is a significant lack of research
on the flexural fatigue performance of alkali activation cemented RAP pavement bases. Fatigue
cracking is one of the main failure mechanisms in mixtures with high RAP content, resulting
from the brittle behavior of the material associated with accumulated damage due to traffic
(Subhy et al. 2019).

Therefore, this research aims to investigate the development of low-cost activators in
alkali-activated materials for the stabilization of RAP under the condition of repetitive heavy
traffic load for use in base and sub-base layers of pavements. Thus, the present study is mainly
focused on evaluating the static and dynamic flexural behavior of mixtures of RAP with a
binder based on metakaolin, alkali activated by sodium silicate synthesized from RHA. The
discussion focuses on the analysis of compaction results, resistance to simple compression,
diametral compression, tensile strength and analysis of fatigue life based on bending and tensile
tests at load points.

2. Materials and Methods
2.1 Materials

The materials utilized in this research were reclaimed asphalt pavement (RAP), stone
powder (SP), gravel (G), metakaolin (MK), rice husk ash (RHA), and sodium hydroxide
(NaOH). RAP was acquired from ERS - 135 highway, located in city of Coxilha in southern

Brazil. RHA is the waste of a rice processing industry and was collected directly from the
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company in Rio Grande do Sul, Brazil. On the other hand, SP, G, MK, and NaOH were all

purchased from local manufacturers in Rio Grande do Sul, Brazil.
Materials physical characterization (Figure 5.1 and Table 5.1) was evaluated by
determining their grain size distribution (ASTM 2017a) and specific weight of grains (ASTM
2014). For RAP, the bitumen content was determined in accordance with ASTM D 2172
(ASTM 2018); the specific gravity for coarse aggregate of RAP was determined according to
NBR NM 53 (ABNT 2009a), while for the fine aggregate NBR NM 52 (ABNT 2009b).
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Figure 5.1. Materials grain size distribution.
Table 5.1. Materials physical properties.
Property RAP MK RHA SP  Gravel 3/4” Gravel 3/8”
Specific unit weight of grains (g/cm?®) 242 264 223 280 2.85 2.8
Bitumen content (%) 5.8 - - - - -
Gravel (4.75mm < diameter) (%) 72 0 0 0 100 94
Sand (0.06mm < diameter < 4.75mm) (%) 28 0 10 88 0 6
Silt (0.002mm < diameter < 0.06mm) (%) 0 86 82 22 0 0
Clay (diameter < 0.002mm) (%) 0 14 8 0 0 0
USCS classification GW SM SM SW GP GP
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The mineralogical composition (Figure 5.2) was determined through an X-ray
diffraction (XRD) test, the analysis was performed on a Shimadzu X-ray diffractometer, model
XRD-6000 (6-20), operating at 40 kV and 30 mA in the primary beam and curved graphite
monochromator in the secondary beam. X-ray fluorescence spectrometry (XRF) was utilized to
determine the elemental composition (Table 5.2), through a quantitative analysis with a
calibration curve based on tabulated rock patterns from Geostandards. Scanning electron
microscopy (SEM) analysis (magnifications of 4000 times) was utilized to study the
microstructural characteristics of the raw materials. In addition, an environmental classification
was carried out on the RHA, following the procedures of NBR 10004 (ABNT 2004a), NBR
10005 (ABNT 2004b), and NBR 10006 (ABNT 2009c). Metal concentrations were measured

by inductively coupled plasma atomic emission spectrometry (Shimadzu-branded ICP-AES).
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Figure 5.2. Mineralogical composition of RAP, MK and RHA.

Table 5.2. Materials chemical composition.

SiOz A|203 F8203 Cao MgO SOz Nazo Kzo PzOs TiOz Zn0O
(%) (%) (%) ()L, ") ) ) ) (%)

RAP 64.39 1465 116 410 <010 768 - 555 1.65 <0.10 <0.10
MK 5472 40.80 1.80 0.10 0.10 - 0.18 021 - 2.09
RHA 89.33  0.62 1.53 3.84 251 - - 218 - -

RAP was classified as GW (well-graded gravel), while MK and RHA as SM (sand with
fines) in accordance with the Unified Soil Classification System (USCS) (ASTM 2017b).
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Regarding the mineralogical composition (Figure 5.2), RAP exhibit a crystalline structure
composed by quartz (SiO2) and labradorite [(Ca,Na)(Al,Si)s0g]; MK presented quartz (SiO2),
cristobalite (SiOz), and berlinite (AlIPO4); and RHA was predominantly amorphous, with few
sharp diffraction peaks of cristobalite (SiO). Crystalline silica has three polymorphic forms,
cristobalite being obtained when subjected to burning temperatures between 981-991°C, as in
the case of the RHA of this research. As for the chemical composition, RAP and MK majorly
consisted of silica and alumina, while RHA was mainly composed of silica. It is important to
highlight that in its natural condition, RHA presents non-uniform particle size and therefore in
this research it was subjected to grinding in a laboratory ball mill for 1 hour and then sieved in
a sieve with an opening of 150 pm. RHA morphology after processing and in natura is shown
in Figure 5.3a e Figure 5.3b respectively, indicating that the particles have an irregular, porous

and finer shape after processing.

100 pm

: 100 ym ?
EIT=10.00 K=kV Signal A=SEl WD=8mm Mag=228X (a) —— FENT=10.00K=kV Signal A=SEl WD=8mm Mag=228X (b)

Figure 3. RHA morphology (a) after processing and (b) in natura.
2.2 Specimens preparation and molding procedures

Two distinctive RAP levels (40% and 50%) were studied. The virgin aggregates (SP
and G) were added to the RAP contents in different quantities, so the particle size limits for
pavement applications, established by the WIRTGEN technical manual (Wirtgen GmbH 2012),

were respected. Table 5.3 shows the proportions of the non-cemented compositions.
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Table 5.3. Proportions of the non-cemented compositions.

Reclaimed asphalt pavement Stone powder content  Gravel 3/4”° content ~ Gravel 3/8”” content
content (%) (%) (%) (%)
40 40 10 10
50 40 4 6

The aggregates were stabilized using an alkali-activated cement by adding 30% and
40% in relation to the weight of RAP. Thus, the RAP:AA ratios evaluated were 40:30, 40:40,
50:30 and 50:40 and this relation has been used to identify the different mixtures.

2.3 Compaction test

The Proctor compaction test was performed using standard effort, in accordance with
the guidelines of ASTM D698 (ASTM 2012). The method involves placing (in a specified
manner) a soil sample at a known water content in a mold of given dimensions, subjecting it to
a compactive effort of controlled magnitude, and determining the resulting unit weight. The
procedure is repeated for various water contents sufficient to establish a relation between water
content and unit weight; through this process is possible to define the maximum dry unit weight

(vdmax) and the optimum water content (OWC) of the studied mixtures.
2.2 Molding procedures

Initially, for the production of the alkali-activated binder (AA), the liquid alkaline
activator was previously prepared by dissolving the RHA in a solution of sodium hydroxide
(NaOH) at a 10 M concentration and kept at temperature of 80 °C for 12 hours. During the
mixing procedure, concentration of the solution, and SiO2/Al,Oz3 = 4 ratio were kept constant
and selected based on previous studies (Bernal et al. 2012; Davidovits 1989). After the
dissolution time and upon reaching room temperature, the solution was then mixed with the
solid aluminosilicate source (MK) and latter with the materials to be stabilized (RAP and virgin
aggregates).

The molding procedure starts by the mixing of the air-dried materials (RAP, virgin
aggregates and metakaolin) with the liquid alkaline activator (prepared by dissolving the RHA
in a solution of sodium hydroxide) and water until homogenization is achieved. Then,
specimens are molded at the optimum moisture content (OMC) and maximum dry unit weight
(ydmax) from the compaction curves. After specimens were molded and had their dimensions
taken, they were sealed in hermetic bags before being stored in a humid room with controlled

moisture (95 £ 2%). Specimens were considered suitable for testing if the following criteria
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was met: degree of compaction between 99% and 101%; water content within 0.5% of the target
value; diameter within 0.5 mm of the target value; and height within 1 mm of the target value.

For unconfined compression strength (UCS) and diametral strength tests triplicates of
cylindrical specimens of 100mm in diameter and 200mm in height were utilized. For flexural
tests the beam samples had a rectangular cross section with 450 mm (L) x 150 mm (B) x 150

mm (H), and the beam supports were set to be 150 mm apart.
2.4 Unconfined compression tests

UCS tests were executed in accordance with ASTM D2166 (ASTM 2016), using an
automatic loading machine, with a maximum load capacity of 50kN. The rate of displacement
adopted was 1.14mm per minute, to produce an axial strain at a rate between 0.5%/min and
2%/min, as recommended by ASTM D2166 (ASTM 2016). The specimens were maintained at
23 + 2°C for 7- and 28-days curing.

2.5 Indirect tensile strength

The procedures for the indirect tensile strength tests by diametral compression (q_t)
followed the Brazilian standard (ABNT 2011) based on the American standard (ASTM n.d.).
An automatic press with a capacity of 50 kN was used to carry them out. The tests were carried
out with an automated system, at a speed of (0.05 £ 0.02) MPa/s until the specimen ruptured.
The tensile strength (qt) is adopted according to Eq. 1, when, in the axial stress-strain curve
test, a maximum peak is observed:

q == (1)

DL

Where, q; is the tensile strength by diametral compression (MPa), F is the breaking load
at the peak of the diametral stress-strain curve (N), D and L are the diameter (mm) and height

(mm) of the specimens, respectively.
2.6 Flexural strength tests

The four-point bending test method is quite often used to assess the flexural strength of
asphalt concrete/cement-treated materials in the laboratory. The flexural strength of the beam

specimens was evaluated using Eq. (2).

P, L
o =tk ()
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where, ag; = flexural strength of the beam specimen (MPa); P = maximum load applied
by the actuator (N); L = span length (mm); B = average specimen width (mm); and H = average

specimen height (mm).
2.5. Flexural fatigue modulus

The flexural fatigue modulus testing in this study used a similar experimental test setup
used to obtain the flexural strength. The flexural modulus of the beam specimens was obtained
under stress-controlled mode with stress levels of 70%, 80% e 90% of peak load from the
flexural testing. It is noteworthy that the stress levels applied in this study are lower than those
often used for fatigue tests of cement-treated materials, which are between 60% and 100%
(Alvaro et al. 2013; Arulrajah et al. 2015; Disfani et al. 2014; Jia et al. 2018; Jitsangiam et al.
2016; Mandal et al. 2016, 2018). However, due to the press load limitation (max 10kN), and it
was not possible to reach these tension levels. Furthermore, only the mixtures with the most
satisfactory results obtained in the flexural strength were submitted to fatigue tests, after 7 days
of curing. The flexural modulus tests were performed under haversine cyclic loading of 500 ms
(250 ms of loading followed by 250 ms of rest), featuring a frequency of 2 Hz. Pulse calibration
and its control are carried out by means of solenoid valves. In this way, the opening time and

the way air is introduced into the system determine the pulse shape and time.
3. Results and discussions

Figure 5.4 presents the relationship between the dry unit weight (yd) and the water
content of mixtures with RAP, virgin aggregates and AA. It is observed that for the mixtures
with 40% of RAP, the addition of AA showed the parameter dry unitary weight more sensitive
than the OWC; as the AA content increased, the dry specific weight decreased and the OWC
practically did not change. On the other hand, for mixtures with 50% RAP, the opposite
behavior was observed. Despite this difference in behavior, both OWC and dry unit weight
were in the range of typical values reported for RAP mixes, virgin aggregates and AA (Avirneni
et al. 2016; Jallu et al. 2020; Saride et al. 2016).
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Figure 5.4. Compaction test results

Figure 5.5 presents the results of unconfined compressive strength (UCS) for stabilized
RAP mixes. The increase in AA content for mixtures with 40% RAP led to an increase in UCS
at 7 days and did not show significant differences at 28 days. Increasing the AA content reduces
porosity helping to develop strength. The reduction in porosity induces a larger contact area
between the particles, intensifying the entanglement and mobilizing the friction between the
particles. In addition, the increase in the AA content is related to the increase in cementitious
reactions, also contributing to the development of resistance (Pereira dos Santos et al. 2022a).
Similar results were found for RAP stabilized with alkali activated binders (Hoy et al. 2016,
2018; Mohammadinia et al. 2018), cement stabilized RAP (Mohammadinia et al. 2018;
Suebsuk and Suksan 2014; Taha et al. 2002) and other cement stabilized geotechnical materials
(Consoli et al. 2007; Diambra et al. 2017; Festugato et al. 2018).

Although the mixture with RAP:AA ratio = 50:30 presented the highest UCS value, a
significant reduction in strength was observed over time. This loss of resistance was also
observed in alkaline pastes activated both by commercial sodium silicate and by alternative
RHA silicate, in curing times greater than 28 days (Longhi et al. 2014), evidencing that the
alternative silicate is not the triggering phenomenon of the resistance reduction over time.
Metakaolin-based geopolymers undergo major microstructural reorganization, in which
amorphous geopolymer gels are able to convert to crystalline zeolites after aging, resulting in

binder densification and formation of large pores, accompanied by a large reduction in strength
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(Lloyd 2009). In addition, alkali-activated products undergo changes in the microstructure of
the gel formed during longer curing times, suggesting that continuous reorganization and
polymerization of the aluminosilicate gel may be causing autogenous shrinkage and reduced
strength (Longhi et al. 2016). The loss of resistance can also be related to the beginning of the
crystallization of the products formed by hydration, resulting in a thermodynamic instability of
the amorphous reaction of the products (Lloyd 2009; Takeda et al. 2013).

Finally, despite the different mechanical behavior observed in the evaluated mixtures, it
Is important to highlight that all RAP:AA proportions present minimum resistance for use as a
road construction material, in accordance with the requirements of the National Department of
Infrastructure and Transport of Brazil (DNIT) (ABNT 2012).
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Figure 5.5. Compressive strength of RAP-AA blends cured for 7 and 28 days

Figure 5.6 presents the results of resistance to diametral compression for the mixtures
evaluated. Observing the results, it is possible to affirm that the increase in the consumption of
AA provides an increase in the tensile strength by diametral compression, regardless of the
percentage of RAP evaluated. When evaluating the influence of the RAP content, it is observed

that there is a significant influence only for low levels of AA; increasing RAP from 40% to



139

50% RAP increased tensile strength by 44% for blends with 30% AA. The greater stiffness of
mixtures with high levels of milled material may be related to the presence of aged binder
(Barreto Torres et al. 2022). However, the presence of aged asphalt binder and its incorporation
in high amounts can create mixtures with high rigidity. As a result, such mixtures may present
a reduction in workability, weakening them and reducing their resistance, especially to fatigue
(Al-Qadi et al. 2012; Rocha Segundo et al. 2016).

Another interesting behavior to be mentioned is that during the tests, the specimens had
subtle ruptures, that is, the cylinders did not separate and continued to support some load after
the initial fracture. This behavior during failure can be attributed to the fact that the milled
aggregate is a fractured aggregate due to the nature of its extraction in the field (Sachet et al.

2011). Therefore, the failure probably occurred in the fractured aggregate and not in the binder.
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Figure 5.6. Diametral compressive strength of RAP-AA blends cured for 7 days

Although most recommendations and testing regimes are focused on UCS testing to
determine the suitability of geomaterials for construction activities, flexural stresses and tensile
stresses are often overlooked (Mohammadinia et al. 2019). To investigate the performance of
alkali-activated RAP under bending and tensile forces, the four-point bending test was
performed under both monotonic forces and cyclic loading conditions. The flexural strength
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calculated from the maximum peak load before failure for the different RAP:AA ratios are
shown in Fig. 5.7. Mean tensile stress values at rupture ranged from 0.09 MPa to 0.93 MPa and
increased with higher binder contents. For the AA content of 30%, mixtures with 50% RAP
were more flexible than those with 40% RAP. This behavior is contrary to that of RAP
stabilized with cement, in which the materials tend to lose strength with the addition of RAP.
However, other authors have also observed similar behavior for RAP stabilized with cement
and explain that RAP possibly has agglomerates of fine grains bonded together with an asphalt

binder (mastic), forming a type of “aggregate” that has low rigidity (Fedrigo et al. 2021).
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Figure 5.7. Flexural strength - displacement curves of RAP-AA blends

Figures 5.8, 5.9 and 5.10 show the results of the fatigue test on prismatic samples
subjected to flexion-tension tested at 70%, 80% and 90% of peak load, respectively, at
controlled room temperature (23 £ 2 °C). It is observed that the samples with RAP:AA ratio =
50:40 presented the highest modules and resisted the highest load cycles for all evaluated stress
ranges. On the other hand, in the same way as in the results of UCS and diametral resistance,
the samples with RAP:AA = 50:30 presented lower fatigue life than the other samples for all

the evaluated load ranges. As can be seen in Figs 5.8, 5.9 and 5.10, the fatigue life for samples
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with RAP:AA = 50:40 is significantly higher compared to samples with RAP:AA = 50:30,

withstanding 11, 15 and 7 times more cycles, respectively.

Samples with RAP:AA ratio = 50:40 and 40:40 showed similar initial modulus,
however, over the cycles these mixtures showed different fatigue life behavior. Thus, it can be
observed that there is a RAP:AA ratio that can be considered better from the point of view of
increasing tensile strength due to a longer service life to fatigue in the recycling of layers

cemented by alkali activation.
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Figure 5.8. Variation of flexural fatigue modulus for RAP-AA blends with stress level of 70%

of peak load from the flexural testing
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Figure 5.9. Variation of flexural fatigue modulus for RAP-AA blends with stress level of 80%
of peak load from the flexural testing
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Figure 5.10. Variation of flexural fatigue modulus for RAP-AA blends with stress level of

90% of peak load from the flexural testing

Typical pattern of conventional cement-treated materials showing three stages of
damage (Alvaro et al. 2013; Jia et al. 2018; Mandal et al. 2016, 2018) was not observed in the
present study. For samples with RAP:AA ratio = 50:40, when subjected to cyclic loading, it is
observed that the modulus remains approximately constant for most of the test, followed by a
rapid reduction of this parameter shortly before the failure stress, associated with the formation
of greater damage to the cementitious structure. Similar results of alkali-activated stabilized
RAP also identified high flexural fatigue strength and highly brittle behavior for both high and
low calcium systems (Mohammadinia et al. 2019). The samples with RAP:AA ratio = 40:40
and 50:30 showed a tendency of degradation of the modulus similar to each other. As in other
studies (Jallu et al. 2020), for these RAP:AA ratios, the modulus decreased over the cycles until
it reached approximately half of the initial modulus, and then suffered rupture. It is also worth
mentioning that no visible cracks were observed in the specimens until the imminence of

rupture.
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4. Conclusions

This research aimed to investigate the development of low-cost activators in alkali-
activated materials for the stabilization of RAP under the condition of repetitive heavy traffic
load for use in base and sub-base layers of pavements. Based on the analyzed data, the

conclusions of this article are:

a) The evaluation of simple compressive strength for different RAP:AA ratios
showed that all evaluated mixtures meet the resistance requirements for use as base material

and sub-bases for pavements in accordance with the criteria established by DNIT;

b) The flexural tensile strength of RAP mixtures treated with activated alkali
binders increased for higher binder contents. Unlike cement-stabilized RAP, in which there is
a tendency for strength loss as more RAP is added, the use of activated alkali binder provided

more flexible mixes for higher RAP contents;

C) The fatigue failure of the mixtures was shown to be affected by the applied stress

level. Mixtures subjected to high stress levels tend to fail with fewer cycles;

d) It can be observed that the samples with RAP:AA ratio = 50:40 showed the
highest indirect tensile strength and the highest modulus of fatigue in bending and resisted the
highest load cycles for all ranges of stresses evaluated. Therefore, flexible pavements with base
and sub-base layers with high RAP contents can be recycled without compromising mechanical

resistance over time;

e) Two distinct behaviors were observed for the mixtures when subjected to cyclic
loading: the RAP:AA ratio = 50:40 showed brittle behavior and longer fatigue life, while for
the other mixtures failure occurred when approximately 50% of the modulus value was reached

initial;
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4. CONSIDERACOES FINAIS

Os resultados dessa pesquisa foram divididos em capitulos especificos, os quais foram
apresentados na forma de artigos e cada um representa um dos objetivos especificos. Em cada
artigo foram apresentados a revisao bibliografica, os materiais e 0 métodos experimentais
utilizados, bem como os resultados, discuss@es e principais conclusdes de cada etapa. Desta
forma, nesse capitulo se faz um fechamento destas etapas individuais indicando as conclusdes

de cada artigo, as principais contribui¢Oes da tese e recomendacdes para novas pesquisas.

4.1 Conclusodes

Sobre a reviséo da literatura a respeito do uso de alcali ativacdo na reciclagem profunda
de RAP:

- A técnica é estudada em uma quantidade bastante limitada de trabalhos e pode ser
considerada bem recente. Apesar das excelentes contribui¢des e dos resultados promissores das
pesquisas ja realizadas até entdo, vale ressaltar que todos os trabalhos utilizam uma solugéo
ativadora composta por hidréxido ou silicato de sodio, ou ainda uma combinacdo dos dois.
Tendo em vista a consideravel contribuicdo na emissdo de CO; na fabricacdo desses produtos,
identificou-se uma lacuna de pesquisa voltada para o desenvolvimento de ativadores alcalinos
com menor impacto ambiental e sua possivel aplicacdo na reciclagem profunda de pavimento

asféltico fresado.

Em relacdo a influéncia dos parametros na producao de pastas alcali ativadas utilizando

ligante alcali ativado alternativo a partir da dissolucédo de CCA:

- O tempo de moagem da CCA e o tempo de cura em temperatura elevada ndo afetaram
significativamente o desempenho mecéanico das pastas alcali ativadas, sendo utilizados,
portanto, menores tempos (moagem de 30 min e cura por 20 horas) de forma a promover uma
reducdo de energia no processo de producédo. A avalicdo do tempo de dissolugéo indicou que a
partir de 6 horas também ndo se obtém melhoras significativas na resisténcia, indicando ser esse
o0 tempo de dissolugéo ideal. Em relagéo a temperatura de cura foi identificada uma faixa de
temperatura que apresentou melhor desempenho mecénico, sendo adotado o extremo inferior
(40°C) como a temperatura de cura ideal. As pastas alcali ativadas produzidas a partir desse
processo de producdo apresentaram uma taxa de rea¢do mais lenta e resisténcias mais altas do

que as pastas produzidas com silicato de sodio comercial.
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Sobre a influéncia das diferentes proporcoes de agregados e solugdo alcali ativadora no
comportamento mecéanico e microestrutural das misturas de RAP e ligante alcali ativado

alternativo:

- As propriedades mecanicas relacionadas a resisténcia a compressao simples resultaram
em uma relacéo direta entre o teor de ligante alcali ativado e RAP, onde 0 aumento no teor de
ligante alcali ativado proporcionou melhor comportamento mecénico para todas as misturas
avaliadas. As analises microestruturais também confirmaram esses resultados evidenciando a
presenca de minerais ricos em silica e alumina, que indicam a formacdo de estruturas de
geopolimerizacdo (N-A-S-H). A temperatura de cura nao afetou os resultados mecanicos para
mesmos periodos de cura, no entanto aparenta inibir a formacéo de eflorescéncia. No entanto a
exposicdo a temperaturas maiores levou a formacdo de trincas que resultaram em reducéo no

desempenho mecénico das misturas.

A respeito da influéncia das condigbes de cura no comportamento mecanico e

microestrutural das misturas de RAP e ligante alcali ativado alternativo:

- A temperatura de cura foi o fator que governou a resisténcia a compressao simples das
misturas, seguida pelo tempo de cura. Particularmente o tempo de cura em estufa nédo
apresentou influéncia estatistica significativa. De um modo geral, as misturas curadas em
temperaturas e tempos de cura mais elevados resultaram em melhor comportamento mecanico
devido a formacéo de estruturas mais homogéneas e densas devido ao preenchimento de vazios
pelos géis cimentantes do processo de ativacdo alcalina. No entanto, periodos prolongados de

cura em altas temperaturas afetaram negativamente na resposta mecanica do material.

Se tratando da durabilidade, comportamento mecanico a longo prazo e lixiviacdo de

alcalis das misturas de RAP e ligante alcali ativado (LAA) alternativo:

- Apenas as misturas com relacdo RAP: LAA = 40:40, 50:30 e 50:40 atenderam
satisfatoriamente as especificacdes normativas para perda de massa, atendendo também a
resisténcia minima de projeto para bases e sub-bases de rodovias apds os ciclos de molhagem
e secagem. A longo prazo foi evidenciado uma reducdo no comportamento mecéanico para a
maiores concentragdes de ligante. Além disso, essas misturas ndo tém impacto ambiental, pois

os resultados dos testes ambientais.
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Por fim sdo apresentadas as conclusfes baseadas na resisténcia a tracdo e o
comportamento flexural estatico e dindmico das misturas das misturas de RAP e ligante alcali
ativado (LAA) alternativo:

- Os resultados mostraram que o uso de LAA proporcionou misturas mais flexiveis para
maiores teores de RAP e que pavimentos flexiveis com camadas de base e sub-base com alto
teor de RAP podem ser reciclados in situ sem comprometer a resisténcia mecénica ao longo do
tempo. Além disso, dependendo do teor de RAP e LAA utilizados, quando submetidas a
carregamento ciclico, as misturas podem apresentar comportamento fragil ou romper ao atingir
aproximadamente 50% do seu modulo inicial. Por fim os modelos probabilisticos de vida de
fadiga mostraram uma tendéncia bem definida onde os dados ficaram muito proximos da curva

de regressao ajustada.

4.2  Principais contribuig¢fes ao conhecimento

Esta pesquisa avangou no conhecimento cientifico em relacdo a viabilidade técnica de um
sistema alcali ativado de cinza de casca de arroz, metacaulim e hidroxido de sédio na reciclagem
profunda de pavimentos. A seguir sdo resumidas as descobertas mais significativas deste
pesquisar:

a) A avalicdo das diversas variaveis envolvidas no processo de producdo de um silicato de
sodio alternativo € relevante para a obtencdo de um melhor desempenho mecanico dos
materiais alcali ativados, mas ainda mais importante no sentido de reduzirem os custos,
consumo energético e impactos ambientais;

b) As proporcbes de RAP e ligante alcali ativado afetam no comportamento mecanico das
misturas devendo ser levantadas em consideracdo no processo de reciclagem de
pavimentos;

c) Aavaliacdo das condicdes de cura demonstrou que apesar de existirem temperaturas em
gue o desempenho das misturas recicladas de RAP e ligante alcali ativado é melhor
quando expostos a temperaturas mais altas, essas misturas atendem aos requisitos
normativos para uso em base e sub-base de rodovias mesmo a temperatura ambiente;

d) O ligante alcali ativado alternativo mostrou-se eficiente para reciclagem de RAP, tanto
em termos de comportamento mecanico, quanto do ponto de vista ambiental por ndo
apresentar nenhum risco significativo ou caracteristicas perigosas e principalmente por

reduzir as emissdes de CO2 resultantes da producéo de silicato de sddio;
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e) E possivel reciclar pavimentos com RAP e ligante alcali ativado sem comprometer o

comportamento mecanico e a fadiga da camada reciclada.

4.3  Recomendacdes para pesquisas futuras

Com base nos resultados e conclusdes apresentados nesse documento, as seguintes

recomendacdes sao sugeridas para novas pesquisas:

a) Avaliar o comportamento de outros precursores, provenientes de residuos por exemplo,
na reciclagem de RAP por meio da técnica de alcali ativacéo;

b) Avaliar o impacto ambiental, social e econdmico do ligante alcali-ativado e das misturas
de RAP recicladas por meio de uma Analise de Ciclo de Vida (ACV);

c) Investigar se as caracteristicas do ligante asfaltico presente no RAP afetam o
comportamento mecanico das misturas de RAP recicladas por alcali ativacao;

d) Avaliar o desenvolvimento de um material alcali ativado pelo método “one-part mix”

que também utilize uma fonte alternativa de silicato de sodio.
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