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RESUMO

SALES, ABNER SANTOS BARONI. Instituto Federal Goiano — Campus Rio Verde —

GO. Reaproveitamento de Residuo de Borracha Para Concreto Leve Sustentavel.
Orientador: Bacus de Oliveira Nahime. Coorientador: Alexsandro dos Santos Felipe.

A grande rede de consumo capitalista acarreta consigo uma série de impactos negativos
ao meio ambiente, gerando infinidade de residuos perigosos que, quando ndo gerenciados
adequadamente, provocam impactos irreversiveis ao meio ambiente e a saude publica.
Neste contexto, estima-se que o descarte de pneus chegue a cerca de 1,5 bilhdo de
unidades ao longo do ano, fazendo-se necessaria a busca por tecnologias que incorporem
tais residuos como matéria-prima para as tecnologias de construgdo civil. Assim, este
estudo avaliou as propriedades do residuo da borracha de pneu (RB) para a producao de
concreto leve, comparando-o com o Poliestireno Expansivel (EPS), um agregado leve ja
consolidado. Buscando promover a substituicdo total do agregado graudo por EPS e
posteriormente pelo residuo de borracha do pneu, procurou-se caracterizar os materiais
com técnicas de microandlise e avaliar o comportamento mecanico do concreto leve. Os
concretos leves desenvolvidos apresentaram propriedades mecanicas proximas tanto
aquele com EPS quanto os com residuo de borracha, o EPS apresentou resisténcia
mecanica com valores superiores a 8§ MPa nas composi¢des desenvolvidas, evidenciando
a viabilidade de aplicagdo como concreto leve, o0 mesmo fato ocorreu para o residuo de
borracha de pneu, que apresentou comportamento semelhante. O concreto com RB
comparando-se com o concreto convencional, apresentou a reducdo de massa especifica
em aproximadamente 1000 kg/m?, demonstrando o grande potencial do RB na geragdo
de concretos leves. Ja o EPS apresentou redugdo de aproximadamente 1300 kg/m?, o que
viabiliza as duas composi¢des. Analises como as de tenacidade e de formagao de fases
cristalinas foram fundamentais e conclusivas para este estudo.

PALAVRAS-CHAVE: Massa Especifica, Sustentabilidade, Agregado Ileve,
Reaproveitamento.
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ABSTRACT

SALES, ABNER SANTOS BARONI. Instituto Federal Goiano — Campus Rio Verde —

GO. Reaproveitamento de Residuo de Borracha Para Concreto Leve Sustentavel.
Orientador: Bacus de Oliveira Nahime. Coorientador: Alexsandro dos Santos Felipe.

The large network of capitalist consumption brings with it a series of negative impacts on
the environment, generating a multitude of hazardous waste that, when not properly
managed, cause irreversible impacts on the environment and public health. In this context,
it is estimated that tire disposal will reach around 1.5 billion units throughout the year,
making it necessary to search for technologies that incorporate such waste as raw material
for civil construction technologies. Thus, this study evaluated the properties of the tire
rubber residue (RB) to produce lightweight concrete, comparing it with Expandable
Polystyrene (EPS), a lightweight aggregate already consolidated. Seeking to promote the
total replacement of the coarse aggregate by EPS and later by the rubber residue of the
tire, we tried to characterize the materials with microanalysis techniques and to evaluate
the mechanical behavior of lightweight concrete. The developed lightweight concretes
showed mechanical properties like both those with EPS and those with rubber residue,
EPS showed mechanical strength with values greater than 8 MPa in the developed
compositions, showing the viability of application as lightweight concrete, the same fact
occurred for the residue tire rubber, which exhibited similar behavior. The concrete with
RB compared to conventional concrete, showed a reduction in density in approximately
1000 kg / m?, demonstrating the great RB potential in the generation of light concretes.
EPS, on the other hand, showed a reduction of approximately 1300 kg/m?, which makes
both compositions feasible. Analyzes such as those of tenacity and formation of
crystalline phases were fundamental and conclusive for this study.

KEYWORDS: Density, Sustainability, Adhesion, Lightewight Aggregate, Reuse.



1. INTRODUCAO

O concreto ¢ o material mais consumido na construgdo civil, tendo inimeras
aplicacdes, principalmente pela simples dosagem, abundancia dos materiais envolvidos
na composicao, facil moldagem, excelentes propriedades mecanicas, entre outros fatores.
Contudo, no cimento Portland, um dos seus componentes, durante o processo de
producdo, causa diversos impactos ambientais, sendo eles: emissdo de CO2; e
esgotamento de jaziadas de minérios que fazem parte da sua composi¢do, como, por
exemplo, argila, calcario e outros componentes. Além disso, o concreto é composto por
cimento, agregados miudos e gratdos, agua, ainda sendo possivel acrescentar aditivos.
Esse material ¢ responsavel pelo consumo de grande parte dos recursos naturais extraidos
da natureza (JOHN, 2007).

Buscando a sustentabilidade na construgdo civil, foram estudados diversos
residuos industriais que podem substituir parte das matérias-primas com aplicacao de
técnicas sustentaveis para obten¢do de concreto leve. Cabe ressaltar que os residuos
utilizados sdo de dificil descarte e atualmente tém destinacdo inadequada, por
consequéncia, a incorporacao do concreto leve na construgao civil traz beneficios ao meio
ambiente como reducdo na emissdo de gases, além da possibilidade de alcance de
beneficios aclsticos e térmicos, sendo ainda que alguns residuos, em substitui¢do aos
agregados naturais, podem resultar em redu¢@o substancial da massa especifica (CHUNG
etal., 2019).

O residuo de borracha proveniente de descarte de pneu automobilistico (RB) ¢
preocupacao global, em razao do grande volume e da dificuldade de destinacao, por nao
ser biodegraddvel e gerar bilhdes de toneladas RB anualmente no planeta. Pneus
descartados de forma inadequada também apresentam muitos tipos de riscos a satde, tais
como problemas ambientais, de saude publica, poluicdo da agua, do ar e do solo
(SIDDIKA et al., 2019). A destinagdo mais comum desse residuo ¢ feita em aterros
sanitarios ou queimas, € ambos os métodos causam poluicdo. No aterro sanitdrio, pode
causar lixiviagdo e contaminacdo ao solo, gerando tal aciimulo locais propicios para
reproducdo de vetores que transmitem doencas. J4 a queima dos pneus causa toxicidade
ao ar, uma vez que os pneus contém estireno, componente altamente toxico quando levado

a temperatura de queima (SIDDIKA et al., 2019).



Aliada a necessidade global de sustentabilidade, a industria da construgado civil,
conjuntamente com pesquisadores, comecou a estudar o RB como agregado para o
concreto em diferentes areas de aplicacdo (FAZZAN, 2011). Incorporar RB a qualquer
material cimenticio da engenharia traz vantagens como a reducdo de emissdes de COz,
entre outros beneficios ambientais, reduzindo os impactos provocados ao meio ambiente.
A substituicdo dos agregados naturais por RB colabora duplamente com o meio ambiente,
pois contribui com a reciclagem de residuos com destinacdo inadequada, diminui o
consumo de reservas finitas de materiais naturais e contribui com o desenvolvimento
sustentavel (BOLDEN J., ABU-LEBDEH T., FINI E., 2013).

O RB como agregado tem algumas vantagens, sendo uma delas melhorar o
comportamento no estdgio pos-fissuracdo, pois a incorporacdo de RB gera um material
mais tenaz, fazendo com que seja mais resistente a impactos. Outra grande vantagem do
residuo como agregado é a sua massa especifica, baixa em comparagdo com a brita ¢ a
areia, uma vez que o RB chega a ter menos que 30% da massa especifica dos agregados
naturais, constituindo em grande potencial para gerar concretos de agregados leves
(CAGL) (ASUTKAR; SHINDE; PATEL, 2017).

O CAGL pode trazer beneficios a construcao civil, pois, além de ter menor
densidade, agrega também conforto actstico e térmico, se comparado ao concreto
convencional, oferecendo vantagens economicas e ambientais (TAJRA et al., 2019). O
concreto leve pode chegar a massas especificas inferiores a 60% da composi¢cdo
convencional como comprovado por Liu e Chen (2014), que conseguiram chegar a uma
massa especifica do CAGL de 1134 kg/m?, enquanto o concreto convencional tem massa
especifica de 2084 kg/m?. Imaginando os valores de Liu e Chen (2014) em uma aplicagao
na regularizacdo da laje de um prédio de 5 pavimentos, cada pavimento com 120 m?,
regendo a norma NBR 13753 (ABNT, 2005) em que a espessura possa ser de 3 cm, em
uma unica camada, o uso do CAGL, ao invés do convencional, conseguiria a redugao de
17,1 toneladas no peso gerado pela camada de regularizagdo com o CAGL.

Em se tratando de RB como agregado leve, ¢ possivel identificar queda no
comportamento mecanico, também na coesdo, sendo uma das formas de corre¢do
substituir o cimento por material pozolanico, € um dos materiais comumente utilizados
como adi¢do ¢ a microssilica, que apresenta excelente propriedade como material
pozolanico (SIDDIKA et al., 2019). A microssilica nucleia e pode formar silicato de

calcio hidratado (C-S-H), contribuindo para maior resisténcia mecanica em idades



avangadas. Outra de sua propriedade ¢ a baixa massa especifica, em comparagdo com o
cimento, que geraria reducdo da densidade do concreto (PANJEHPOUR; ALI;
DEMIRBOGA, 2011)

Em se tratando de CAGL, com a substitui¢ao de agregado graudo por RB, fez-se
necessario comparar com outro agregado leve, ja exaustivamente estudado e consolidado
entre os pesquisadores, assim, como objeto de comparagdo, buscou-se o poliestireno
expandido (EPS) como agregado leve. O EPS ¢ um material ja bastante utilizado no
mercado da construgdo civil, com algumas vantagens sobre os demais, como baixa
densidade, conforto térmico e acustico (XIE et al., 2019).

Dessa forma, este trabalho visou a analisar as propriedades do CAGL com a
adicao de diferentes porcentagens de RB, com a finalidade de melhorar a coesdo. O
aglomerante Cimento Portland foi controlado e substituido em diferentes porcentagens
por microssilica (silica ativa), apds a verificagcdo da consisténcia. O proximo passo foi

verificar microanalises, massa especifica, comportamentos térmicos € mecanicos.

1.1 Justificativa

Um grande problema enfrentado no século XXI ¢ a dificuldade da destinacao de
residuos industriais. Estima-se que 30 milhdes de pneus inserviveis sejam descartados
anualmente no Brasil (CEMPRE, 2000). A decomposi¢do do pneu pode levar até 600
anos, e quando queimado gera inimeros problemas ambientais pela emissdao de produtos

toxicos, ambiente propicio para proliferacdo de mosquitos e lixivia¢ao, entre outros.

Em razdo dos intimeros problemas da destinagdo inadequada do pneu e seu longo
tempo de decomposi¢ao, sobretudo depois de 2002, quando entrou em vigor a resolucao
258, editada em agosto de 1999 pelo Conselho Nacional do Meio Ambiente (CONAMA),
para cumprir esta resolucdo, pesquisadores estudam o melhor descarte, surgindo algumas
possibilidades, entre elas a utilizagdo do residuo como agregado para producdo de
concreto na industria da construgdo civil. Esse residuo surge como solugdo, diminuindo
o consumo de minérios utilizados na producao de concreto, assim o residuo de borracha

de pneu como agregado reduz o consumo de matéria-prima (areia e brita).

Estudos de Fazzan (2011), Batayneh, Marie e Asi (2008), Mehmet e Erhan (2007)
apontam para o uso do RB como agregado, mas, apesar de apresentar baixa massa
especifica, poucos estudos avaliam o uso do RB na geracao de concreto leve, justificando
anecessidade de estudo minucioso da adi¢cdo de RB na dosagem e também a possibilidade

de produgdo de concreto leve.
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1.2 Microestrutura das pastas cimenticias

O processo de produgdo do cimento Portland tem como matérias-primas basicas
o carbonato de calcio e as argilas. As argilas agem como fonte de silica, alumina e 6xido
de ferro. Na produgdo, sofrem o processo de calcinagdo, formando o clinquer,
posteriormente moido com a gipsita para formagdo do cimento Portland. Sendo assim,
formam as fases majoritdrias silicato tricélcico (alita), silicato bicélcico (belita),
aluminato tricalcico e ferroaluminato tetracalcico (MEHTA; MONTEIRO, 2014), cujas
formulas quimicas e abreviacdes utilizadas na area da engenharia civil s3o apresentadas
na Tabela 1.

Tabela 1 - Formulagdao quimica do cimento

Composto Formula quimica  Abreviagdo
Silicato Tricalcico 3Ca0.Si102 CsS
Silicato Bicalcico 2Ca0.Si02 CaS

Aluminato Tricalcico 3Ca0.AL20s3 CsA

Ferroaluminato Tetracdlcico 4CaO. Al203.Fe203 CsAF
Fonte: Adaptado de Metha; Monteiro (2014).

Além dessas fases principais, outras fases podem ser encontradas no cimento
Portland, como cal livre (CaO), 6xido de magnésio (MgO) e outros alcalis (K20 e Na20).
Variar as concentragdes destes diferentes componentes quimicos e de suas caracteristicas
fisicas permite a fabricagdo de diferentes tipos de cimento e suas aplicagdes (TAYLOR,
1997).

Entre os tipos de cimento existentes no mercado, existe o do tipo V pela NBR
16697(ABNT, 2018), descrito como tipo III pela ASTM C 150 (ASTM, 2018), que
apresenta maiores fragdes de alita e maior finura do clinquer utilizado, tornando-o
propicio para levar resisténcia mecanica na compressao superior a 34 Mpa, ap6s 7 dias

de cura (TAYLOR, 1997).
1.2.1 Silicato Tricalcico

A alita pode apresentar polimorfismo em diferentes temperaturas. Courtial,
Noirfontaine, Dunstetter, Gasecki e Signes-Frehel (2003) apontam que a identificacao da
natureza dos polimorfos da alita presentes no clinquer pode ser feita a partir de analises
de padrdes de difragdo. Neste estudo, os autores identificaram que, entre 31,5° - 33,5 ¢
36,0° - 38°C, ocorrem picos caracteristicos que permitem a diferenciagdo dos polimorfos
M1, M2 e Ms. No entanto, Maki e Kato (1982) identificaram que, entre 51° - 52°, & possivel

identificar o M1 e M3, tendo em vista que nessa fase o M1 apresenta pico duplo e o M3,



pico tnico nessas fases.
1.2.2 Silicato Bicélcico

O clinquer, geralmente ¢ constituido de 15% a 30% de C:S (THOMAS;
GHAZIZADEH; MASOERO, 2017). A fase de silicato bicélcico tem cinco polimorfos:
o tipo v a (hexagonal), o’L (ortorrombica), a’n (ortorrombica) e P (monoclinica)

(TAYLOR, 1997).

O beta-silicato de calcio (B- C2S), chamado de belita, ¢ o mais encontrado nos
clinqueres. A estrutura da belita apresenta irregularidade, mas tem menos vazios que a
alita, apresentando menor reatividade (MEHTA; MONTEIRO, 2014). Sendo assim, os
compostos cimenticios que apresentarem maiores fragdes de belita apresentaram menores
reagdes, resultando em menores resisténcias em idades iniciais (AVALOS-RENDON et

al., 2018).
1.2.3 Aluminato Tricalcico

O clinquer, geralmente ¢ constituido de aproximadamente 10% de C3A
(MANZANO; DOLADO; AYUELA, 2009). No geral, o C3A nao ¢ polimorfo, porém,
por apresentar ions externos, possibilita a formagdo de polimorfos com forma cubica,
ortorrombica e monoclinica, estando sua reatividade relacionada a quantidade e aos tipos
de ions presentes. A fase, por ter os ions externos, torna-se, entre as fases majoritarias no

clinquer, a de maior reatividade (OLDER, 1998).
1.2.4 Ferroaluminato Tricalcico

O clinquer, geralmente ¢ constituido de 10% a 12% de ferroaluminato tetracélcico.
A fase apresenta baixa reatividade e pouca influéncia no comportamento mecanico nas
composi¢des cimenticias. O composto ¢ o elemento que confere a tonalidade cinza
(GOBBO, 2003).
1.2.5 Hidratagao do Cimento Portland

Hewwlett (1998) define a reacdo de hidratacdo pelo inicio entre o primeiro
contato do cimento com a agua, inicialmente em processo de dissolu¢ao de alguns
compostos presentes, gerando formagao de hidratos, silicatos e aluminatos.

O aluminato tricalcico € o primeiro a reagir mesmo sendo das fases majoritarias o
de menor fragdo. O C3A reage com a agua formando fases hidratadas de aluminato de

calcio. A pega instantanea que ocorre gera perda de trabalhabilidade, sendo prejudicial.



Como forma de inibir a perda de trabalhabilidade, ¢ adicionado gesso ao cimento, com a
hidratacdo com o gesso, sdo formados precipitados de trissulfoaluminato de célcio
hidratado (etringita) e monossulfoaluminato de célcio hidratado. Com a conversdo da
etringita para a fase de monossulfato, a fase final da hidratacdo dos aluminatos ¢
conhecida como fase C-A-S-H (silico-aluminato de célcio hidratado) (MEHTA;
MONTEIRO, 2014). Taylor, Famy e Scrivener (2001) afirmam que a etringita pode
permanecer nas matrizes cimenticias por varios anos.

As fases de silicatos hidratam-se e formam compostos com estruturas
semelhantes, denominadas de fase C-S-H (silicato de calcio hidratado), pouco cristalinas
e com caracteristicas de gel rigido. O C-S-H influencia diretamente as propriedades
mecanicas da matriz cimenticia. Aproximadamente 70% das reagdes do silicato tricélcico
(C3S) ocorrem até 28 dias de cura. J4 o C2S, como tem reacdo mais lenta, cerca de 30%
at¢ os 28 dias, influencia principalmente nas resisténcias mecanicas finais e na
durabilidade dos compostos cimenticios. A fase C-S-H ¢ a que mais influencia as
propriedades mecanicas de matrizes cimenticias, representando de 50% a 60% do volume
de solidos da pasta (MEHTA; MONTEIRO, 2014).

Além dos silicatos hidratados, a reagdo do C2S e do C3S com a agua gera como
subproduto o hidréxido de calcio Ca(OH)2, também descrito como portlandita,
representada no contexto da reagcdo de hidratagdo do cimento por CH, que aparece nas
formas de cristais com estrutura hexagonal e esbelta, tornando-o muito quebradigo
(MEHTA; MONTEIRO, 2014).

A etringita apresenta imagens microscopicas, correspondendo a cristais de
agulhas finas, que sdo formadas em fun¢do da disposi¢do de espagos livres para
precipitagdo. As microestruturas C-S-H apresentam morfologia tipo folha em periodos
iniciais da hidratacdo e caracteristica compacta em idades avangadas (OLDER, 1998). Ja
o CH, normalmente se precipita na forma de cristais de portlandita, os quais apresentam
estrutura hexagonal (MEHTA; MONTEIRO, 2014). A Figura 1 mostra a geometria

caracteristica da portlandita.



10 pm EHT = 20,00 kv Signal & = 5E1 Drate 28 Aug 2014 FEIS - LMESP
WO = 8.5 mm Photo Mo, = 1665 Timwa 153740 Mag= 300KX

Figura 1 - Morfologia da portlandita, aumento de 3000 vezes.
Fonte: Felipe (2015).

1.3 Origem do Pneu de Borracha

A origem do pneu surgiu com Charles Goodyear, que aqueceu a borracha e
removeu o enxofre, criando o processo de vulcanizagdo, patenteando o método e criando
o novo mundo em 1841.

Posteriormente, Robert William Thomson (1822-1873) inventou o pneu atual,
primeiro pneumatico de borracha vulcanizada (inflavel). Thomson patenteou seu pneu em
1845 e, ao mesmo tempo, sua inven¢do funcionou bem, mas era demasiadamente
dispendiosa para ser usada.

Isso mudou com John Boyd Dunlop (1840-1921), um veterinario escocgs,
inventor reconhecido do primeiro pneu pratico. Sua patente, concedida em 1888, ndo era
para pneus de automdvel, mas, em vez disso, pretendeu criar pneus para bicicletas. Philip
Strauss inventou o pneu combinado com um tubo interior cheio de ar em 1911, assim, os

pneumaticos puderam ser usados em automadveis com sucesso.

1.4 Processo de reciclagem e trituracio dos pneus

O principal constituinte do pneu € a borracha. A borracha natural é proveniente
do latex. O Brasil ¢ um dos principais exportadores desta matéria-prima. O composto da
borracha representa cerca de 80% do peso de um pneu de veiculos de passeio e 75% do
pneu de veiculos pesados (Basel Convention, 1999)

Um pneu contém até 30 tipos de borracha sintética, 8 tipos de borracha natural,
outros componentes como carbono, cabos de agos, poliéster, nylon, fio de cordao de ago,

silicone e quarenta tipos diferentes de produtos quimicos, ceras, 0leos e pigmentos
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(WBCSD, 2008)

Segundo Martins (2005), na recauchutagem, ¢ feita uma raspagem da banda de
rodagem para que a carcaca do pneu fique apta a sofrer efetivamente o processo de
recauchutagem (aderéncia de uma nova banda de rodagem) e entdo retorne ao uso. A
banda de rodagem raspada transforma-se em pequenas particulas, em diferentes formatos,
fibra e granular (tipo pd), sendo chamadas de residuos de borracha de pneu (RB)

Segundo Bertollo, Fernandes e Schalch (2002), a reciclagem de pneus envolve
etapas que vao desde a coleta, transporte e trituracdo até a separagdo dos materiais
(borracha, aco, nailon, entre outros). Esses materiais sdo separados e retornam a industria

para possiveis utilizagdes.

1.5 Concretos com Residuo de Borracha

Pesquisas comprovaram que, com a substitui¢ao dos agregados naturais por RB,
obtém-se menor resisténcia. Segundo Thomas e Gupta (2016), quanto maior o consumo
de RB por metro ctiibico, menor a resisténcia a flexdo, compressao e tragdo. A formagao
de fissuras acorre, geralmente através do agregado leve, cuja resisténcia mecanica do
agregado leve ¢ inferior ao cimento hidratado. As cavidades formadas sugerem que a
borracha se desprende do aglomerante, de modo que a ligagao entre elas ¢ falha. Além
disso, ha rachaduras e vazios ao redor das particulas de borracha, refletindo na ligagdo
fraca entre a borracha fragmentada e a argamassa de cimento, levando a redugdo da
resisténcia mecanica do concreto. A flexibilidade das particulas de borracha acarreta
algum grau de ductilidade ao concreto.

Segundo Asutkar, Shinde e Patel (2017), observa-se que a massa especifica e a
densidade aparente dos agregados de borracha sdo menores em compara¢do com o0s
agregados graudos naturais. A densidade do concreto diminui quando o uso de agregados
de borracha no concreto aumenta, porém o concreto leve ajuda a reduzir o peso da
estrutura. Mas, a resisténcia a compressao diminui e a tenacidade do concreto aumenta se
a porcentagem de borracha aumentar.

Segundo Siddika, Mamun, Alyousef, Amran, Aslani e Alabduljabbar (2019), em
geral, a adi¢do de borracha no concreto reduz as propriedades mecanicas, aumentando
com a quantidade de borracha inserida. Um efeito que ocorre diz respeito a zona de
transicdo (ITZ) grande, porosa e fraca, em razdo da baixa adesdo da borracha a pasta de
cimento. A redu¢do da resisténcia a tragdo e a flexdo ¢ menor que a reducgdo da resisténcia

a compressao axial. O processo de pré-tratamento ¢ de aditivos, como silica ativa e
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enchimento mineral, aumenta a resisténcia do concreto emborrachado.

Batayneh, Marie e Asi (2008) avaliaram as principais influéncias nas propriedades
dos concretos frescos e endurecidos decorrentes da utilizacdo de particulas de pneus
inserviveis. Porcentagens entre 60% e 80% podem deixar o concreto mais tenaz.

Mehmet e Erhan (2007) investigaram o efeito do residuo de borracha na redugao
da massa especifica do concreto, tendo chegado a conclusdo que o peso unitario do
concreto emborrachado diminui com o aumento da porcentagem de borracha adicionada.
Em seu estudo, chegaram a redug@o do peso unitario de até 18%, fato comprovado por
outros pesquisadores. Segundo Zhang, Ma e Qian (2015), a densidade da composi¢ao
diminui com o aumento da porcentagem de substituicdo de borracha fragmentada. O
efeito da redug¢ao na densidade pela borracha fragmentada ¢ mais acentuado quando a
borracha tem menor tamanho. A densidade das composi¢des com borracha fragmentada
chegou a valores de 1640 kg/m?, sendo classificado pelas normas concreto leve.

Aliabdo, Elmoaty e Abdelbaset (2015) investigaram o uso de borracha em
concretos nao estruturais e verificaram que o uso de borracha em concretos reduz
significativamente a resisténcia mecanica de composi¢cdes cimenticias. No entanto, o
concreto com presenca de teores diferentes de residuo de borracha apresenta resultados
bons, em relacdo a densidade, condutividade térmica e atenuagdo sonora. Este estudo
baseou-se na substituicdo de agregados miudos em 0%, 20%, 40%, 60%, 80% ¢ 100%. O
teor de cimento utilizado foi de 400 kg/m? e o fator a/c foi mantido para todos em 0,3.
Foram feitos experimentos de condutividade térmica, sonora, densidade, absor¢do e
resisténcias mecanicas.

No ensaio de condutividade térmica, o concreto emborrachado conseguiu 58,5%
de reducdo. O mesmo efeito aconteceu na condutividade sonora, cuja reducao foi de 69%
utilizando 100% de residuo de borracha em substitui¢do aos agregados finos. Em rela¢do
a densidade, foi possivel chegar a redugao de 20% com a substituicdo do agregado fino.
Quanto a resisténcia a compressao, com teor de 100% houve queda de 93%. No entanto,
mesmo com a queda das resisténcias mecanicas, foi comprovado que o concreto com mais

teores torna-se menos fragil a impactos, tornando mais tenaz.

1.6 Concreto com poliestireno expandido (EPS)

Os pesquisadores, de modo geral, usam o EPS para fazer concretos leves. Segundo
Tessari (2006), o concreto leve de EPS consiste na substituicdo parcial ou total dos

agregados naturais por EPS. A substituicdo dos agregados naturais por EPS pode chegar
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a valores compreendidos entre 600 e 1600 kg/m?. O EPS utilizado pode ser sob a forma
de pérola ou até mesmo de placas trituradas transformando em granulos, e tanto as pérolas
como os granulos podem ter didmetros que variam de 1 a § mm aproximadamente.

Liu e Chen (2014) fizeram vérias analises com diferentes quantidades de material
cimenticio, propor¢des diferentes de EPS e inclusdo de silica ativa. Estes autores
conseguiram valores 6timos em relacao a densidade em comparacao com a resisténcia
mecanica, podendo ser considerado o melhor valor. A densidade foi de 1134 kg/m? ¢ a
resisténcia a compressdao chegou a 12,2 MPa. No entanto, para chegar a esses valores,
tiveram que aumentar significativamente a quantidade de cimento e silica, a quantidade
de cimento foi de 422,52 kg/m* e de silica foi de 126,76 kg/m?® a quantidade de
porcentagem de EPS foi de 46% em volume. Com base nos valores encontrados,
chegaram a conclusdo que a resisténcia do concreto EPS deve-se a resisténcia da matriz,
uma vez que a resisténcia do EPS ¢é considerada desprezivel. Outra conclusdo foi que
quanto maior a particula ou pérola de EPS, a resisténcia caira de forma exponencial.
Ainda, foi possivel determinar que quanto maior a fragdo de volume de EPS melhor ¢ a
deformacao plastica.

Maaroufi, Abahri, Hachem e Belarbi (2018) fizeram um estudo microestrutural
do concreto EPS com variagdes térmicas. O estudo chegou a algumas conclusdes que
contradizem alguns conceitos da literatura. O estudo feito por MEV mostrou que, numa
boa interface entre a matriz de cimento e o poliestireno, sem zona de transi¢do, o cimento
fica sobreposto ao poliestireno. Outra conclusdo da andlise a que chegaram os
pesquisadores foi que exposi¢ao da composicdo a altas temperaturas mostrou que pode
chegar a temperatura de até 90°C sem alterar a estrutura, mas acima 100°C os granulos
de poliestireno encolhem e apenas o espago vazio que ficava os granulos ¢ apresentado.

Mousavi, Zahrai e Bahrami-Rad (2014) fizeram um estudo sobre a aplicacao de
concreto EPS em paredes JK (Joseph Kiefer), que ¢ uma rede 3D de tiras de aco criada
por pungdo e tensionamento de uma placa de aco galvanizado sem soldagem. Neste
estudo, construiram paredes JK a base de concreto EPS e submeteram a cargas laterais
ciclicas. O EPS usado era de 5 mm e tinha a densidade de 12 kg/m?. O concreto EPS para
a parede consumiu 515 kg por m*® de cimento e chegou a densidade de 1043 kg/m?,
resisténcia de 5,5 MPa a 33 dias de cura e baixo modulo de elasticidade, sendo tratado
como ductil. Em contraste com os concretos de alta resisténcia, o concreto EPS nao sofre
nenhuma falha explosiva stbita na compressdo. Os pesquisadores afirmam que ¢

preferivel utilizar o concreto EPS em junc¢ao ao sistema JK do que os convencionais, com
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vergalhQes transversais.

A viabilidade deste trabalho se deu pela necessidade do descarte adequado e do
grande volume de residuos de borracha produzidos anualmente, podendo ainda ser
transformados em subproduto com valor agregado, contribuindo, com o desenvolvimento
sustentavel, que respeita trés pilares: o econdmico, com a agregagdo de valor; o social,
que traz beneficios a sociedade e ao meio ambiente, pois, além de diminuir a extragdo de
minerais da natureza, ainda diminui a polui¢do do meio ambiente; e a proliferacdo de
vetores que provocam doengas, como, por exemplo, a dengue.

A seguir, serdo apresentados em forma de artigo os resultados da pesquisa.
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2. OBJETIVOS

2.1 Objetivo Geral

Compreender a utilizagdo de concreto leve com substituicdo total do agregado graudo

pelo residuo de borracha de pneu, utilizando como adigao a silica ativa em substitui¢ao

parcial ao cimento Portland, com analises das propriedades fisicas e mecanicas, ainda

comparando com o residuo de borracha a um agregado leve j4 consolidado pelos

pesquisadores.

2.2 Objetivos Especificos

L.

II.

I1I.

IV.

VL

VIL

Desenvolver as dosagens da referéncia com EPS e as composi¢des com residuo

de borracha e as substitui¢des de cimento por silica ativa;

Verificar as propriedades mecanicas de resisténcia a compressao axial, tracdo e

modulo de elasticidade;

Avaliar indices de vazios (I), absor¢ao (Abs) e Massa especifica (p) das

composigdes;

Analisar a formacgdo de Portlandita nas composi¢des compostas com adi¢ao de

silica por meio do ensaio de difracdo de raios X;

Comparar a microestrutura por meio das micrografias geradas pelo ensaio de

microscopia eletronica de varredura (MEV);
Realizar tratamento estatistico dos resultados;

Comparar as composi¢des de borracha gerada pelas diferentes porcentagens de
substitui¢do do cimento por silica ativa com a composi¢do de EPS (composi¢ao

referencial).
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ABSTRACT

Incorrect tire disposal has a major impact on the environment, making it necessary to search for
technologies. Thus, this study evaluated the effect of adding silica fume on the mechanical, microstructural
and thermal properties of lightweight concrete using waste tire rubber (RB) for the production of
lightweight cementitious composite compared to the cementitious composite with expanded polystyrene
(EPS). A reduction in density was observed in 9% of the samples with 10% replacement of the cement with
silica. The results showed low compressive strength to be applied as a structural material, however the
value proved to be effective for several other functions, a gain in tensile strength was observed compared
to the composite with EPS, the RB showed a better tenacity. The microstructure analysis revealed regions
that do not produce good contact between the different phases present. Rubber concrete showed greater
impermeability with the addition of silica fume, indicating greater resistance to chemical attacks. Thus, the
results showed that large percentages of rubber in the cementitious composite can bring benefits even if
there is a certain reduction in mechanical properties.

Keywords: engineered cementitious composites; tire rubber; expanded polystyrene; lightweight
aggregate.
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RESUMO

O descarte incorreto de pneus causa grande impacto ao meio ambiente, sendo necessaria a busca
por tecnologias. Assim, este estudo avaliou o efeito da adi¢do de silica ativa nas propriedades mecanicas,
microestruturais e térmicas do concreto leve utilizando residuos de borracha de pneu (RB) para produgéo
de composito cimenticio leve em comparag@o ao composito cimenticio com poliestireno expandido (EPS).
Foi observada redugdo na densidade em 9% das amostras com substituigdo de 10% do cimento por silica.
Os resultados mostraram baixa resisténcia a compressdo para ser aplicado como material estrutural, porém
o valor mostrou-se eficaz para diversas outras fungdes, foi observado um ganho na resisténcia a tragdo
comparado ao compdsito com EPS, o RB apresentou uma melhor tenacidade. A analise da microestrutura
revelou regides que ndo produzem um bom contato entre as diferentes fases presentes. O concreto borracha
apresentou maior impermeabilidade com adicao de silica ativa, indicando maior resisténcia a ataques
quimicos. Assim, os resultados mostraram que grandes percentuais de borracha no composito cimenticio
podem trazer beneficios mesmo que haja certa reducao nas propriedades mecanicas.

Palavras-chave: engenharia dos compostos cimenticios; borracha de pneu, poliestireno
expandido; agregado leve.

INTRODUCAO

Waste tires generate a series of negative impacts on the environment when
inappropriately disposed of these materials reflect a scenario that poses a serious threat to
the environment due to sanitary problems such as the increased proliferation of harmful
agents, rodents, and mosquitoes, which can transmit diseases. Certain residues, if ignited,
are difficult to destroy without causing damage to the environment, generating
environmental pollution by hydrocarbons and other hazardous compounds. It is estimated
that around 1.5 billion tires are discarded in the world per year. As it is a material
considered difficult to absorb by the environment, several researchers have been looking
for alternatives for its recycling to mitigate its impacts (MOHAJERANI et al., 2020).

The negative impact estimation of these practices leads the scientific community
to consider alternative ways to reuse these materials. Thus, recycling waste tire rubber in
the form of aggregates as supplementary construction material is a form that has been
studied and reproduced in different scenarios (SIDDIKA et al., 2019). In this direction,
one of the lines of investigation is the use of tire rubber waste as an aggregate for civil
construction, as it has low density, having ideal characteristics for use in cementitious
compounds, bringing lower specific mass when compared to traditional cementitious
compounds. An example of lightweight cement composites is lightweight concrete. which
has a specific mass ranging from 1120 kg/m? to 1920 kg/m? (ACI 213R-03/2003); the
conventional concrete, on the other hand, has a specific mass between 2,000 kg/m? and
2,800 kg/m* (LIU; CHEN, 2014). Consequently, the application of lightweight concrete
reduces the load on structures.

The use of industrial or recycled aggregates reduces the use of natural aggregates
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in cementitious compounds which reduces the environmental impacts, promoting the
sustainability of raw materials and the sustainability of the environment, considering that
these materials are not biodegradable. The use of lightweight aggregates such as expanded
polystyrene (EPS), which presents itself as an aspect to produce lightweight cement
composites, enables its use both in civil construction and in bridge barriers, wall panels,
concrete blocks, among other applications. Xie et al. (2019) verified that EPS has greater
advantages compared to other light aggregates due to its low density, low thermal
conductivity, and hydrophobic properties. Lightweight aggregates have great potential
for their low density and thermoacoustic properties, but their inclusion in concrete brings
a significant loss in mechanical strength in function of more pores in cementitious
composites. Therefore, the use of pozzolanic materials such as silica fume is an alternative
to improve the mechanical performance and less porosity of cement paste (FATHI;
YOUSEFIPOUR; FAROKHY, 2017).

Research has shown that replacing natural aggregates with tire rubber provides
less resistance to compression. According to Thomas and Gupta (2016), the greater the
consumption of tire rubber per cubic meter, the lower the resistance. They also reported
the cracks formation that usually occur through light aggregate, whose mechanical
strength of light aggregate is lower than that of hydrated cement. The formed cavities
suggest that the rubber comes off the binder, so that the bond between them is faulty.
Furthermore, there are cracks and voids around the rubber particles, which is reflected in
the weak bond between the fragmented rubber and the cement mortar, leading to a
reduction in the mechanical strength of the concrete. The rubber particles flexibility
brings some degree of ductility to the concrete.

According to Siddika et al. (2019), in general, the rubber addition to concrete
reduces mechanical properties, increasing with the amount of rubber inserted. One effect
that occurs is related to the appearance of a large, porous, and weak transition zone due
to the low adhesion of rubber to the cement paste. The reduction in tensile and tensile
strength is less than the reduction in axial compressive strength.

Due to the ability of rubber in large percentages to impair the mechanical
properties of cementitious compounds, there is little research that supports its use in large
proportions as an aggregate, in short, most research uses up to 20%, which is generally
lower and not advising a larger amount ((SIDDIKA et al., 2019), (THOMAS; GUPTA,
2016), (SHANMUGAM et al, 2023)). However, it is possible to use it in larger
proportions, achieving other interesting properties. In this way, a detailed study of a larger

amount of rubber is necessary, because in addition to the gain in the sustainability of civil
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construction and a smaller environmental impact, the use of a large amount of rubber can
be interesting, mainly in the use as a light aggregate. To prove the potential use of rubber
in large quantities as a lightweight aggregate, it is necessary to compare it with an
aggregate already established by the industry, such as EPS.

As lightweight aggregate brings some harm to cementitious composites, the use
of pozzolanic materials such as silica fume is necessary to improve properties and
transition zone. Thus, this work aimed to evaluate the effect of cement it ious composites
with tire rubber waste, to generate a light cementitious compound and possible
applications. But to generate materials with better results, cement was replaced by silica
fume. Still to consolidate the result of the light cementitious compounds based on rubber
waste, a light cementitious compound based on expanded polystyrene beads was used for
comparison. The study evaluated the mechanical, fresh, hardened and microstructural
properties of cement composites.

1 MATERIALS AND METHODS

The cement used for this study was Portland cement (Type V). The fine aggregate
used was natural river sand, with a specific mass of 2645.6 kg/m?*. Condensed silica fume
Elkem MicrosilicaTM, with a specific mass of 2232 kg/m?* was also used. Commercial
EPS in the form of grains produced by Innova, separated in a sieve with a 2.36 mm
opening, with a specific mass of 12 kg/m?, was used to produce a sample of lightweight
cement composites for comparison purposes with rubber composites. The rubber was
collected at the company Recapagem Carajas, with rubber being one of the residues in
the retreading process for truck tires. Crumb tire rubber with a specific mass of 574,8
kg/m3, were separated in a sieve with a 2.36 mm opening.

Table 1 - Chemical composition of cement Portland V (CP V) anda silica fume

Chemical Composition (%)
CPV Silica Fume

SiO, | 19,95 94,45
ALO; | 4,16 <0,01
MgO | 1,78 0,51
Fe;,O3 | 2,19 0,21
CaO | 63,58 0,75
Na,O | 0,41 0,41
K>O 0,38 1,01
TiO, | 0,25 0,05
P,Os | 0,19 0,18

Fonte: Own Authorship
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Figure 1 - Tire Rubber Figure 2 - EPS

e LA

Fonte: Own Authorship Fonte: Own Authorship

For this study, four mixtures were prepared according to the proportions shown in
Table 2. EPS pearls are a well-known lightweight aggregate that has been well studied in
the literature, so samples of lightweight cement composites were prepared to be used as
a reference material. Based on the samples using EPS, another composition was
developed using the rubber residue maintaining the same volume per cubic meter of
aggregate in lightweight concrete. Once the reference samples were defined, the samples
were composed to fulfill the objective of the research, through the partial replacement of
cement by active silica in the proportions of 7% and 10%, respectively. With this, it is
possible to safely verify the physical, chemical and microstructural properties of replacing
cement with active silica in lightweight concrete using the residue from the retreading of
tires.

The mixtures proportion were determined from the ACI 211.2-98 (2004) standard,
which is based on lightweight concrete, using the weight method. The weight method is
defined by keeping the fine aggregate, the sand and changing the coarse aggregate
(generally gravel) for light aggregate, the choice is due to the interest of replacing gravel
with EPS aggregates and rubber waste. As the lightweight aggregates chosen in the
studies are given as fine or not coarse aggregates, the lightweight cementitious compound
has the appearance of mortar, even though the study transits some of the methods used to

be based on concrete.
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Tabela 2 - Proportions of concrete mixtures (kg/m3). SP = Superplasticizer (% in
relation of cement), EPS = Expanded polystyrene.

Compositions | Cement | Water Sand | Rubber f,i:i;i SP EPS

EPS (REF.) | 557.1 228.4 360.0 — - - 7.25
RBO 557.1 228.4 360.0 333.5 — 0.3 —
RB7 518.1 228.4 360.0 333.5 39.0 0.38 -
RB10 501.4 228.4 360.0 333.5 55.7 0.38 -

Fonte: Own Authorship

In the fresh cementitious compound, the cone of the trunk was slumped, using the
value of 11 £ 1 cm as a reference to define the amount of superplasticizer to be added.
The hardened cementitious composite was divided into mechanical tests (axial
compression, diametrical compression and modulus of elasticity), absorption and void
indexes. To determine the specific mass, absorption index and void index, the NBR 9778
(2005) standard was used, and cylindrical specimens with dimensions of 10 x 20 cm were
used for the tests with molding and curing procedure according to NBR 5738 (2015). The
samples were placed in the oven at a constant temperature of 105°C for a period of 72
hours and their dry mass (m;) recorded. Afterwards, they were submerged in water at
room temperature and the temperature was progressively raised to the boiling point,
where they remained for a period of 5 hours, keeping the water volume approximately
constant. The water was allowed to cool and, with the aid of a hydrostatic balance, the
mass of the saturated samples immersed in water after boiling (m;) was recorded. After
removing the samples from the water and wiping them with a damp cloth, the saturated
mass (mg,,) was determined. With these data, it was possible to calculate the values of

specific mass (equation I), absorption index (equation II) and void index (equation III).

Ds Equation I
Ppi=—""— uation
1 Mgae — My (Eq )
m —m
A= 54100 (Equation II)
mS
Mgy — Mg
Iy = * 100 Equation 111
v Mgae — My ( d )

Mechanical tests of axial compression strength (NBR 5739, 2019), diametrical
compression (NBR 7222, 2011) and modulus of elasticity (NBR 8522, 2017) were
performed in an INSTRON EMIC 23-300 press using bodies cylindrical test pieces
measuring 10 x 20 cm according to the 28 and 90 days of cure.

For the axial compression test, the upper and lower surfaces of the specimens
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were regularized with sulfur capping to improve the load distribution. With the aid of a
caliper with 0.1 mm precision, the dimensions were measured. The test load was applied
continuously and without shocks at a speed of (0.45 = 0.15) MPa/s until failure.

In the diametrical compression test, the specimen is placed in such a way that the
axial plane defined by diametrically opposed generatrixes is loaded at a tensile stress
speed of (0.05 = 0.02) MPa/s until failure. The tensile strength by diametrical

compression being calculated by equation IV. Where Fis the strength, dis the specimen

diameter and | the sample length.

= —2 +F (Equation 1V)
fCt'Sp_T[*d*l qu

The elasticity modulus was determined using electrical strain gauges of the
EEO8 model resistive type with a resolution of 0.00lmm. To verify the reproducibility
of test results, statistical treatment for all ages and mechanical tests were performed
using the Tukey test.

Scanning electron microscopy analysis was performed to verify the characteristics
of the cementitious composite microstructure and analyze the transition zone between
the different phases of the produced concrete. The microstructure of the prepared cement
pastes sample surfaces was observed under scanning electron microscope using a JEOL
JSM IT300LV.

To verify if the pozzolanic reaction occurred without interference from the low-
boiling components present in the rubber used (such as oils), XRD and thermogravimetric
tests were carried out to evaluate the hydration products generated. The analysis of the
crystalline phases in the different mixtures was studied with an X-ray diffractometer
(XRD), and the analysis was performed with a Bruker D8 Discover. Monochromatic
radiation from a tube with a copper anode coupled to a Johansson monochromator was
used for Kal operating at 40 kV and 40 mA, Bragg-Brentano 6-20 configuration. Scans
were collected between 5° and 90° with a step size of 0.01° and a scan rate of 15 rpm
during measurement. Thermal analysis was performed with differential thermal analysis
(DTG) and thermogravimetric (TG) analysis, using Shimadzu DTG-60H equipment.
Measurements were performed in the temperature range from 25°C to 800°C, with a
heating rate of 20°C/min, oxygen flow of 100 ml/min and nitrogen flow of 100 ml/min,

in a platinum crucible. of 70 pl.
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2 RESULTS AND DISCUSSION

When the mixtures were made, it was based on light concrete, but as the entire
portion of coarse aggregate was replaced, it was observed that the cementitious
composite obtained mortar properties and could be called lightweight mortar.

Lightweight aggregate composite cement was prepared to evaluate the specific
mass, porosity, microstructural, thermal, and mechanical properties of the
compounds. Table 3 summarizes the results for the specific mass, absorption index,
and voids index. According to the results obtained, the specific mass for EPS
composite cement showed the lowest specific mass when compared to samples
produced with the silica fume addition. Although the rubberized concretes presented
higher specific mass values, it was observed that the RB10% sample reduced the
specific mass by 9% when compared to RB0%. This demonstrates the effect of adding
silica fume which reduced the density of concrete produced. Another important factor
in the effect of silica fume is the reduction of porosity, absorption and void ratios.
Including giving less absorption than the EPS benchmark. With 10% silica fume
replacing the cement in the cementitious rubber compound, an 81% reduction in
absorption was achieved.

Tabela 3 - Physical properties of fresh concrete compositions.

Compositions | Specific mass (kg/m*) | Absorption (%) Voids index (%)
EPS 1217+18 7.0+0.5 6.9+0.2
RC0% 1 508 + 25 9.8+0.3 126 +0.2
RC7% 1370+ 17 7.7+0.2 10.4+0.2
RC10% 1372 +£18 54+0.3 7.5+04

Fonte: Own Authorship
Schackow et al. (2014) studied lightweight concrete with EPS and vermiculite

with an air-entraining agent. In this study, they obtained specific mass values for EPS
lightweight concrete; values between 1250 kg/m? and 1070 kg/m* were found,
which demonstrates that the EPS composition studied in this work presented values
close to those of the literature, even without the air incorporating agent. The specific
mass of RB0%, RB7% and RB10% showed higher values than the results found for
studies with the replacement of vermiculite and EPS, a fact that can be explained by
the fact that the rubber waste has a higher specific mass when compared to EPS and
vermiculite. Rubber waste is around 46 times greater than EPS.

Figure 3 presents the compressive strength results after 28 and 90 days of
cure. The compressive strength of composite cement with EPS was higher than that

of concrete with rubber. For the 28-day results, the compressive strength of the
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EPS was 6.3% higher than that of the RC0% rubber concrete. The inclusion of
silica fume in the RB7% sample decreased compressive strength by about 20.9%
when compared to the RB0% sample. Otherwise, with the silica increase to 10%,
there was an increase of 16.8% in compressive strength for RB10% concrete. Thus,
the same mechanical behavior can be observed for the samples with 90 days of
age; all the compressive strengths of the studied compositions had higher
compressive strength values when compared to 28 days of age. Mechanical
behaviors with rubberized concretes report the same behavior described in this work
(PANJEHPOUR; ALIL; DEMIMRBOGA, 2011).

Figure 3 - Compressive strength of the samples cured from 28 to 90 days.
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Fonte: Own Authorship

Figure 3 shows that all compositions evaluated at the ages of 28 and 90
days showed mechanical strength values above the minimum recommended by the
Brazilian association of technical standards NBR 13281 (2005) standard, so the
results found are suitable for applications such as non-structural mortar and in the
slabs regularization. This could contribute to the slenderness of structures and to
economy and sustainability by minimizing the use of materials that make up the
structural system. Although the results do not show improvements in mechanical
strength with fume silica and rubber waste, the results are favorable for the application
of non-structural cementitious composites, which may include wall coverings, slabs

and even wall coverings.
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The behavior of the elastic modulus and tensile strength are presented in Figure
4 for the investigated samples. In Figure 4 (a), the elastic modulus decreases with
increasing amounts of silica fume when compared to EPS and this decrease is more
accentuated for samples produced with the silica fume addition, RB7% and RB10%.
Figure 4 (b) shows that respective tensile strength increased for the rubber compositions
and shows gains in relation to the EPS composition. This combination of tensile
strength gains and reduction of elastic modulus increase tenacity in ascending order
for the compositions RB0%, RB7%, and RB10%, consequently presenting a decrease
in the elastic modulus. The union of the mechanical results showed that the rubber
residue made the cementitious composites become more ductile and more tenacious,
mainly compared to the EPS. Thus, the rubber residue leaves the cementitious
compound better for some applications, such as wall and slab coating. To understand
the results presented, microstructural characterizations were carried out to understand

the problem on a smaller scale.

Figure 4 - Influence of the composition and cure on the elastic modulus and on the
tensile strength of the samples.
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Figure 5 (a) and Figure 6 (b) show, respectively, the EPS composition micrograph,

where it is possible to observe the transition zone between the cement matrix and the EPS
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pearls.

Figure 5 - a) SEM of the REF composition with 100x approximation. b) SEM of the
REF composition with 250x approximation.

Fonte: Own Authorship
By Figure 5 (a) (100x magnification) and Figure 5 (b) (250x magnification), it is

possible to notice that the EPS was deformed in a contracted manner, leaving a strip
without bonding with the cement paste. Through this image, it is possible to disagree with
the statement of Maaroufi et al. (MAAROUFI et al., 2018) when they conclude that only
after the EPS concrete undergoes heating above 100°C would it begin to shrink, leaving
empty spaces. According to the same authors, up to a temperature of 90°C, the structure
would not change its morphology. Figure 5 (a) and Figure 5 (b) show that EPS deforms
through shrinkage at normal curing temperatures, and this effect can be attributed to the
very weight of the mortar compacting the EPS due to its high ductility.

Figures 5, 6 and 7 show the images with 1000x magnification of the compositions
with the addition of 0%, 7% and 10%, respectively, of silica fume.

Figure 6 - SEM of the RB0% sample at 1000x magnification.
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In Figure 6, it is possible to verify that there was an improvement in the adhesion
between the proposed lightweight aggregate (RB0%) in relation to the EPS composition,
showing that, even without the addition of silica fume, the adhesion was more efficient

with rubber than EPS.
Figure 7 - SEM of the RB7% sample at 1000x magnification.
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Figure 7 refers to the RB7% composition, in which an improvement in the union
of the light aggregate with the cement paste was verified, compared to the REF and RB0%
compositions, since the EPS did not show efficient union with the cement paste. This
demonstrates that this aggregate is sensitive to normal cement curing temperatures,
causing a change in its volume (reduction) because the material has amorphous
characteristics and high ductility, since the rubber did not show any change in its
morphology in this temperature range. The addition of silica fume contributed to the
adhesion of the rubber with the paste.

Figure 8 - SEM of the RB 10% sample at 1000x magnification.
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Figure 8 shows that the rubber bonding region with the cement paste of the
RB10% composition offers greater adhesion among all the compositions in this study. In
Figure 7, good adhesion is also noted for the RB7% composition, however, observing in
detail the proximities of the indicated regions, small depressions are noted. In Figure 8, a
greater bond can be seen, which gives the RB10% composition better adhesion between
the paste and the RB. In this study of concrete with tire rubber, it was observed that the
addition of silica fume substantially improved the composition, since, in addition to the
contribution to reduce the specific mass, allied to the improvement in cohesion, which
favored lower absorption and lower porosity.

In the XRD analysis, the consumption of Ca(OH)2 was discussed. Figure 9 depicts
selected profiles of cement composites with different compositions and ages. According
to the crystallographic information extracted from the database, the indexed peaks (hkl)
in the figure refer to four phases: portlandite (P), ettringite (E), calcite (C) and hydrated

calcium silicate (S).

Figure 9 - a) XRD of the compositions with 90 days of curing. b) Portlandite peaks
present in the compositions.
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Early ages do not usually present hydrated products of pozzolanic origin, since
these reactions occur due to differences in solubility of Ca(OH)2 (remaining Portlandite).
At more advanced ages, this is more conclusive, and it is possible to observe an increase
in the calcite peak near 30 and 40°, for 6/20 Bragg incidences.

Figure 9 (a) shows that at the age of 90 days the consumption of Portlandite (20
~ 18°) was more evident, since this type of reaction occurs at more advanced ages. It can
be seen that the greater the addition of silica fume in the tire rubber compositions, the
smaller the peak, with emphasis on the RB10% composition. Figure 9 (b) shows more
prominently the reductions of the Ca(OH)2 peaks. Another fact that justifies these smaller
peaks is the lower amount of Ca(OH)2 due to the lower amount of cement made by
replacing silica fume, confirming the study by Hot et al. (2015), who state that the greater
the amount of silica fume in the cementitious material, the lower the peak of Portlandite.
There is an increase in the calcite phase for RB7% cement. This fact corroborates the
decrease in the mechanical properties observed for the same sample.

During the heating of the materials, the TG and DTG curves presented in Figure
8. In this case, three main stages of decomposition can be distinguished by the elastomeric
composition of styrene-butadiene rubber (SBR)/NR in tire formulations (FERNANDEZ-
BERRIDI et al., 2006). The first peak of the derived thermogravimetric curve (DTG) is
due to the loss of chemically unbound water in hydrates with temperature between 25°C
and 150°C. At temperatures between 100 °C and 300 °C, dehydration of C—S—H gel and
ettringite occurs. The temperature at which these compounds lose water depends on the
Ca0:Si0z ratio available in the hydrated cement matrix (VEDALAKSHMI et al., 2003),
(BARBHUIYA et al., 2009)). Calcium hydroxide is dehydrated in the temperature range
between 380°C to 460°C. The last step is the calcium carbonate decomposition, through
the elimination of CO2, which is in the temperature range of 520°C to 730°C, some small
variations in these ranges may occur ((NEVES JUNIOR et al. 2014), (DWECK et al.,
2000)). As shown in Figure 10, the TG and DTG curves provide the clearest notation of

the phase decompositions that occur during heating for the prepared composites.
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Figure 10 - a) TG and DTG with 90 days of samples: (a) EPS, (b) RB0%, (¢c) RB7%
and (d) RB10%.
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The crumb rubber addition to composite cementitious showed different thermal
decomposition when compared to EPS. While the cement with EPS showed three main
decompositions, the rubberized concrete presented with decompositions attributed to the
volatilization of the oil processing, or any other low boiling components present in the
rubber used, changing the pattern of the thermogravimetric curve between 315°C and
400°C as evidenced in the DTG.

When replacing cement with silica, it is possible to observe an increase in residual
mass, due to the loss of mass in the range of 370-470 °C having reduced with the fumed
silica addition, which indicated a reduction in the CH content, in this way it can be stated
that the pozzolanic reaction occurs normally even with the low boiling components
present in the rubber and that the CH was gradually consumed by the pozzolanic reaction
with silica fume.

In this way, the microstructural studies, SEM, DTG and XRD, showed a greater
pozzolanic effect due to the greater formation of CSH gel, which culminated in a material
that increased the adherence of the rubber to the cementitious matrix, decreasing the
porosity and the transition zone.

Thus, we can associate all the results as successful with the use of rubber in large

percentages. Because despite the low resistance to the use of structural materials, the
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result is sufficient for other functions, comparing the results obtained with articles and
technical standards, it is estimated that the compound with rubber aggregate could be used
as a sealing wall, floor regularization, wall plastering and more (NBR 13753, 1996),
(TUTIKIAN et al., 2017), (PACHECO et al, 2017), (NBR 6136, 2016)).

3 CONCLUSIONS

This study describes experimental research with the objective of reporting and
qualifying the physical and chemical properties of the light cementitious composites with
the addition of a large percentage of rubber residue in comparison with the cementitious
composite with EPS, having the main intention to prove the viability of the use of large
percentages of rubber for light aggregate purposes. The main conclusions of this
investigation are summarized as follows:

1) It was observed that the compositions with rubber had a lower mechanical
resistance to compression than the reference composition (EPS) after 28 days, however,
after 90 days of curing, there was equivalence between the control composition and the
RC0% and RC10% compositions, and with the use of rubber, there is a stability in the
tensile strength, however a significant drop in the elastic modulus, indicating a gain in
toughness, which becomes very effective for, because the tenacity brings the property of
deforming without breaking;

2) Concrete with rubber proved to be efficient in absorption, assuming greater
impermeability with the increase in the silica fume addition, achieving the best result with
10% silica fume replacing cement;

3) The adhesion of EPS-type lightweight aggregate proved to be inefficient in the
interaction with the cementitious paste, presenting a reduction in volume during the
normal curing temperatures of the cementitious mass. The other compositions, with tire
rubber, had better adhesion, mainly with the adhesion of silica fume.

4) the microstructures of the compound with rubber proved to be better than the
compound with EPS, corroborating the use of rubber with light aggregate

5) The light cementitious compound with rubber residue and partial replacement
of cement by silica is indicated for environments that require lighter materials than
conventional concrete, since it managed to reach a specific mass below 1370 kg/m?,
superior resistance to applications of lightweight non-structural cementitious compounds,
combined with its low absorption of water and voids, which helps to improve resistance
to environments subject to chemical attack;

6) With the results obtained, we can conclude that the rubber waste aggregate
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brought benefits to the cementitious compound, validating the use of rubber waste as a
lightweight aggregate. Although the lightweight cementitious composites with tire rubber

has good results for application in wall and slab coverings, even in non-structural walls.
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CONCLUSAO GERAL

O grande descarte de pneus causa sérios problemas ambientais e sociais,
necessitando a aplicagdo desses residuos na industria, havendo diferentes formas de
reutilizé-los, sendo uma delas seu uso como agregado no concreto. Este estudo mostrou
a grande viabilidade do seu uso como agregado, obtendo concreto leve. No entanto, em
razdo da reducdo das resisténcias mecanicas, uma parte do cimento foi substituida por
microssilica, demonstrando maior redu¢do na massa especifica, chegando a redugdo da
massa especifica de mais de 1000 kg/m?, aproximando-se do valor do concreto com EPS.
A borracha mostrou certa deficiéncia para a trabalhabilidade e a segregacdo com a pasta
do concreto, facilmente corrigida com o uso de superplastificante. A borracha ainda
apresentou grande redugdo na propriedade mecanica, em comparagcdo com o concreto
convencional, mas, em relagdo ao concreto leve com pérola de EPS, obteve resultados
proximos e, em algumas das andlises, até superiores, também apresentou resultados
significativos para sua aplicacdo. Essas aplicagdes poderiam ser de concreto para
regularizacdo de laje, blocos de concreto e telhas de concreto. Em comparagdo ao
agregado EPS, um agregado ja consolidado para concreto leve, o residuo de borracha

mostrou potencial de uso como agregado leve.
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