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RESUMO

EVAILTON ARANTES DE OLIVEIRA: Avaliacao da Utilizagdo de Aditivos em
Betdo Permeavel Modificado, Estado do Amazonas, Brasil.

(Sob orientacao da Professora Doutora Maria Alzira Pimenta Dinis e sob a coorientagao
da Professora Doutora Maria Jodo Correia de Simas Guerreiro)

A extensa malha de vias urbanas e interurbanas do Brasil tem aproximadamente
1.600.000 km, das quais cerca de 86 % apresentam a pista de circulagdo de veiculos
em solo natural, sem pavimentagdo. Esta auséncia de pavimentagdo pode ser verificada
também na Regido Norte do Brasil, principalmente no estado do Amazonas, onde 70 %
das vias urbanas e interurbanas da regido ndo tém revestimento na zona de circulagao
de veiculos. O transporte de pessoas, veiculos e mercadorias torna-se dificil e, por
vezes, até impossivel, com consequentes impactes negativos ao meio ambiente e ao

desenvolvimento econdomico.

O Governo do Brasil projetou a realizacao de obras de melhoramento de infraestruturas
de transporte no estado do Amazonas, que incluem pavimentagdo nas vias urbanas e
interurbanas para promover um transporte terrestre mais seguro e fidvel. No entanto, os
projetos de infraestrutura e de pavimentacao utilizados atualmente sdo do tipo betao ou
asfalto convencionais e ndo apresentam inovagdes tecnoldgicas que possam ir de
encontro aos objetivos de desenvolvimento sustentdvel (ODS) preconizados pela

Organizacao das Nagdes Unidas (ONU) na sua Agenda 2030.

O objetivo geral desta tese ¢ apresentar uma alternativa ao pavimento convencional a
ser aplicado em vias urbanas e/ou interurbanas no Amazonas, Brasil, de modo a
contribuir para a protecdo do meio ambiente de forma sustentavel, perseguindo as
propostas da ONU relativamente aos ODS, em particular o 9° ODS, i.e., desenvolver
infraestruturas de qualidade, de confianca, sustentdveis e resilientes as alteragdes
climaticas, incluindo infraestruturas regionais e transfronteiricas, para apoiar o

desenvolvimento econdémico € o bem-estar humano, focando-se no acesso equitativo e
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a precos acessiveis para todos, e o 13° ODS, i.e., reforcar a sustentabilidade e a
capacidade de adaptacdo a riscos relacionados com o clima e as catastrofes naturais no

mundo.

Os objetivos especificos desta tese estdo associados a avaliacdo das caracteristicas do
material proposto, tais como, permeabilidade, densidade, porosidade, resisténcia a
compressao, deformagdo e captagdo de didxido de carbono (CO,). O material proposto
¢ o betdo permeavel, composto por seixos rolados da regido do Amazonas, em
detrimento de brita importada e/ou com adi¢do de borracha reciclada de pneus e/ou
com inclusdo de aditivos para eventual captura de CO, e/ou adigdo de agentes
microbianos para controlo de macroinvertebrados transmissores de doengas tropicais

comuns nesta regido do mundo, como sejam a maldria, febre amarela e dengue.

A metodologia utilizada para atingir os objetivos propostos residiu na producdo de
provetes de betdo poroso com inclusdo de diferentes aditivos com diferentes
concentragdes e/ou inclusdo de residuos de borracha de pneus. Os provetes foram
submetidos a ensaios de compressdo, avaliagdio de porosidade, densidade,
permeabilidade, deformacao e sequestracao de CO,. Os resultados destes ensaios foram
objeto de andlises estatisticas para determinagdo da melhor concentracdo e tipo de

aditivo face ao objetivo de utilizagdo do material para pavimentagao.

Atingiu-se o objetivo geral e os especificos deste estudo, demonstrando uma
contribuigdo para o aperfeicoamento dos projetos de infraestrutura de pavimentagao no
Amazonas, Brasil, em harmonia com o 9° e 13° ODS da Agenda 2030 anteriormente
mencionados, através da proposta de um novo material que atua como uma inovacao
tecnoldgica em infraestrutura face a sustentabilidade global, contribuindo ainda para a
mitigacdo das emissdes de CO, e apresentando ainda propriedades antimicrobianas,

devido a utilizagao de aditivos como o hidroxido de célcio (Ca(OH),).

Assim, o material proposto € considerado promissor quanto ao uso pratico em vias
urbanas, podendo também ser utilizado em acostamentos de trafego leve de vias
interurbanas, como demonstrado pela manifestacdo favoravel do Departamento
Nacional de Infraestrutura de Transportes (DNIT), que reconheceu a importancia desta
pesquisa como proposta que contribuird para o éxito do licenciamento ambiental da
obra de pavimentacao da via interurbana BR-319, a principal via interurbana do estado

do Amazonas, no Brasil.
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ABSTRACT

EVAILTON ARANTES DE OLIVEIRA: Assessment of the Use of Additives in
Modified Pervious Concrete, State of Amazonas, Brazil

(Under the supervision of Professor Maria Alzira Pimenta Dinis and under the co-
supervision of Professor Maria Jodo Correia de Simas Guerreiro)

The extensive network of urban and interurban roads in Brazil has approximately
1,600,000 km, of which around 86 % have a lane for vehicles on natural soil, without
pavement. This lack of paving can also be seen in the Northern Region of Brazil,
particularly in the state of Amazonas, where 70 % of urban and interurban roads in the
region do not have paving in the vehicle circulation area. Transporting people, vehicles
and goods becomes difficult and sometimes even impossible, with consequent negative

impacts on the environment and economic development.

The Government of Brazil has planned to carry out transport infrastructure
improvement works in the state of Amazonas, which include paving on urban and
interurban roads to promote safer and more reliable land transport. However, the
infrastructure and paving projects currently used are of the conventional concrete or
asphalt type and do not present technological innovations that can meet the Goals of
Sustainable Development (SDG) recommended by the United Nations (UN) in its
Agenda 2030.

The general objective of this thesis is to present an alternative to conventional
pavement to be applied on urban and/or interurban roads in Amazonas, Brazil, in order
to contribute to the protection of the environment in a sustainable way, pursuing the
UN proposals regarding the SDGs, in particular SDG 9, i.e., developing quality,
reliable, sustainable and climate-resilient infrastructure, including regional and cross-
border infrastructure, to support economic development and human well-being,
focusing on equitable and affordable access accessible for all, and the SDG 13, i.e.,
strengthen sustainability and adaptability to climate-related risks and natural disasters

in the world.
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The specific objectives of this thesis are associated with the assessment of the
characteristics of the proposed material, such as permeability, density, porosity,
compressive strength, deformation and carbon dioxide (CO,) uptake. The proposed
material is pervious concrete, composed of rolled pebbles from the Amazon region, to
the detriment of imported gravel and/or with the addition of recycled tire rubber and/or
with the inclusion of additives for eventual CO, capture and/or addition of agents
microbials to control macroinvertebrates that transmit tropical diseases common in this

region of the world, such as malaria, yellow fever and dengue.

The methodology used to achieve the proposed objectives resided in the production of
porous concrete specimens with the inclusion of different additives with different
concentrations and/or inclusion of tire rubber residues. The specimens were submitted
to compression tests, evaluation of porosity, density, permeability, deformation and
CO; sequestration. The results of these tests were subject to statistical analysis to
determine the best concentration and type of additive in view of the purpose of using

the material for paving.

The general and specific objectives of this study were achieved, demonstrating a
contribution to the improvement of paving infrastructure projects in Amazonas, Brazil,
in harmony with the SDGs 9 and 13 of Agenda 2030 mentioned above, through the
proposal of a new material that acts as a technological innovation in infrastructure in
view of global sustainability, also contributing to the mitigation of CO, emissions and
also presenting antimicrobial properties, due to the use of additives such as calcium

hydroxide (Ca(OH),).

Thus, the proposed material is considered promising for practical use on urban roads,
and it can also be used on the shoulders of light traffic on interurban roads, as
demonstrated by the favorable opinion of the Department National of Transport
Infrastructure (DNIT), which recognized the importance of this research as a proposal
that will contribute to the success of the environmental licensing of the paving work on
the interurban road BR-319, the main interurban road in the state of Amazonas, in

Brazil.
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RESUME

EVAILTON ARANTES DE OLIVEIRA: Evaluation de I'Utilisation d'Additifs dans le
Béton Perméable Modifié, Etat d'Amazonas, Brésil

(Sous la direction du Professeur Maria Alzira Pimenta Dinis et sous la Professeur Maria
Jodo Correia de Simas Guerreiro)

Le vaste réseau de routes urbaines et interurbaines du Brésil compte environ 1.600.000
km, dont environ 86 % ont une voie pour les véhicules sur sol naturel, sans chaussée.
Ce manque de pavage peut également étre observé dans la région nord du Brésil, en
particulier dans 1'Etat d'Amazonas, o 70 % des routes urbaines et interurbaines de la
région n'ont pas de pavage dans la zone de circulation des véhicules. Le transport de
personnes, de véhicules et de marchandises devient difficile et parfois méme
impossible, avec des impacts négatifs conséquents sur I'environnement et le

développement économique.

Le gouvernement du Brésil a prévu de réaliser des travaux d'amélioration des
infrastructures de transport dans 1'Etat d'Amazonas, notamment le pavage des routes
urbaines et interurbaines pour promouvoir des transports terrestres plus sirs et plus
fiables. Cependant, les projets d'infrastructures et de pavage sont actuellement utilisés
du type conventionnel béton ou asphalte et des innovations technologiques non
présentes pouvant répondre aux Objectifs de Développement Durable (ODD)

recommandés par les Nations Unies (NU) dans son Agenda 2030.

L'objectif général de cette thése est de présenter une alternative aux chaussées
conventionnelles a appliquer sur les routes urbaines et/ou interurbaines en Amazonas,
au Brésil, afin de contribuer a la protection de I'environnement de maniere durable, en
poursuivant les propositions de I'NU concernant la Les ODD, en particulier le 9° ODD,
c'est-a-dire le développement d'infrastructures de qualité, fiables, durables et résilientes
au changement climatique, y compris les infrastructures régionales et transfrontalieres,
pour soutenir le développement économique et le bien-étre humain, en mettant l'accent
sur un accés équitable et abordable accessible aux tous, et le 13° ODD, renforcer la
durabilité et 1'adaptabilité aux risques liés au climat et aux catastrophes naturelles dans

le monde.



Les objectifs spécifiques de cette theése sont associés a 1'évaluation des caractéristiques
du matériau proposé, telles que la perméabilité, la densité, la porosité, la résistance a la
compression, la déformation et l'absorption de dioxyde de carbone (CO,). Les
matériaux proposés sont du béton perméable, composé de galets roulés de la région
amazonienne, au détriment des graviers importés et/ou avec ajout de caoutchouc de
pneu recyclé et/ou avec inclusion d'additifs pour un éventuel captage du CO, et/ou
ajout d'agents microbiens pour lutter contre les macroinvertébrés qui transmettent des
maladies tropicales courantes dans cette région du monde, comme le paludisme, la

fievre jaune et la dengue.

La méthodologie utilisée pour atteindre les objectifs proposés résidait dans la
production d'éprouvettes de béton poreux avec l'inclusion de différents additifs avec
différentes concentrations et/ou l'inclusion de résidus de caoutchouc de pneu. Les
éprouvettes ont été soumises a des tests de compression, d'évaluation de la porosité, de
la densité, de la perméabilité, de la déformation et de la séquestration du CO,. Les
résultats de ces tests ont été soumis a une analyse statistique pour déterminer la
meilleure concentration et le meilleur type d'additif en vue de 1'utilisation du matériau

pour le pavage.

Les objectifs généraux et spécifiques de cette étude ont été atteints, démontrant une
contribution a I'amélioration des projets d'infrastructure de pavage en Amazonas, au
Brésil, en harmonie avec les 9° et 13° ODD de 1'Agenda 2030 mentionnés
précédemment, a travers la proposition d'un nouveau matériau qui agit comme un
innovation dans les infrastructures dans une perspective de durabilit¢ globale,
contribuant également a 1'atténuation des émissions de CO, et présentant ¢galement des
propriétés antimicrobiennes, grace a l'utilisation d'additifs tels que 1'hydroxyde de

calcium (Ca(OH),).

Ainsi, le matériel proposé est considéré comme prometteur pour une utilisation
pratique sur les routes urbaines, et il peut également étre utilisé sur les accotements de
trafic léger sur les routes interurbaines, comme en témoigne l'avis favorable de la
Département Nationale des Infrastructures de Transport (DNIT), I'importance de cette
recherche en tant que proposition qui contribuera au succes de l'autorisation
environnementale des travaux de pavage de la route interurbaine BR-319, la principale

route interurbaine de 1'Etat d'Amazonas, au Brésil.
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Avaliagdo da Utilizag¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

INTRODUCAO

A necessidade de investimentos em infraestrutura de pavimentagdo nas vias
urbanas e interurbanas afeta principalmente os paises menos desenvolvidos. A
capacidade de realizagdo de investimentos em infraestrutura de pavimentagdo ¢
importante porque indica o nivel de riqueza e desenvolvimento dos paises, de acordo
com o célculo do produto interno bruto das na¢des (ONU, 2021b). A Figura 1 ilustra
que 88 % das nagdes do mundo ainda necessitam de investimentos na infraestrutura de

pavimentacao.

Legenda:
Rodovias Pavimentadas (26)

0,8-2,2
2,262
6,2-17
1748
48-58
3869
69-83
83.100

1R00E000

Figura 1. Extensdo de pavimentacdo das vias urbanas e interurbanas dos paises nos cinco continentes,
adaptado de Nations Encyclopedia (2021).

Apenas 12 % das nagdes possuem mais de 83 % das vias urbanas e interurbanas
pavimentadas, o restante dos paises necessita da realizacdo de obras de infraestrutura
desta natureza. A Unido Europeia e América do Norte sdo locais que possuem a melhor

qualidade de pavimentagdo, enquanto que Africa, Asia, América Central, América do
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Sul e Ocednia incluem paises com a maior deficiéncia em pavimentacdo (Nations
Encyclopedia, 2021). A darea territorial de um pais também influencia a qualidade da
infraestrutura da pavimentacao das vias urbanas e interurbanas, porque quanto maior ¢ o
territorio de um pais mais investimentos deverao ser despendidos para obras de
infraestrutura de pavimentacdo. Considere-se o exemplo da China, Canadé, Australia e
Brasil. Destaca-se que estas obras de infraestrutura de pavimentacdo devem conter
inovacdes tecnologicas que tornem as infraestruturas ambientalmente sustentdveis,
conforme acordado na Conferéncia das Na¢des Unidas, realizada em Nova York de 25 a
27 de setembro de 2015, durante a comemoracao do septuagésimo aniversario da ONU,
no qual foram anunciados os 17 Objetivos de Desenvolvimento Sustentavel (ODS) da
Agenda 2030 (2015) apresentados na Figura 2. Esta Conferéncia das Nagdes Unidas
contou com a participagdo colaborativa de 193 representantes de paises signatarios para
implementa¢do da Agenda 2030, facto notdrio que demonstrou a importancia mundial
do evento. Nesta Conferéncia definiu-se o plano de agdes para mitigacdo dos problemas
socioambientais que afetam o planeta, nomeadamente a poluicdo atmosférica, extracdo
abusiva dos recursos naturais ndo renovaveis, geracdo desenfreada de residuos que
contaminam o meio ambiente, como a borracha dos pneus descartados da industria
automobilistica, e a auséncia de inovacdo nas infraestruturas que beneficiam o meio

ambiente.

APOBREZA

DEQUALIDADE DEQUALIDADE DEGENERO ESANEAMENTO

O EE v

TRABALHODIGND INDDSTRIA 10 REDUZIRAS DADESE 12 PRODUGAD
ECRESCIMENTD INOVACAOE DESIGUALDADES  [RIARCOMUNID! ECONSUMO
ECONONICO INFRAESTRUTURAS SUSTENTAVEIS SUSTENTAVEIS

1 AGAD 1 4 PROTEGERA 15 PROTEGERA 1 PAZ JUSTIGA 1 PARCERIAS PARA
CLIMATICA VIDAMARINHA VIDATERRESTRE EINSTITUICOES AIMPLEMENTACAD @)
EFICAZES D0S 0BJETIVOS L

&= OBIETIVE:S
DE DESENVOLVIMENTO
L !— SUSTENTAVEL

ERRADICAR g WB 3 EDUCAGAD IGUALDADE AGUAPOTAVEL

Figura 2. Os 17 Objetivos de Desenvolvimento Sustentavel da Agenda 2030 (2015).
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A ONU lancou um desafio para os representantes dos paises signatarios da
Agenda 2030, relacionado ao cumprimento de 17 ODS. Os ODS encontram-se assim
relacionados ao conceito de sustentabilidade que foi apresentado na Conferéncia das
Nag¢des Unidas sobre o Meio Ambiente Humano, em Estocolmo, no ano de 1972, como
uma solucao socioecondmica ¢ ambiental que rege estratégias e agdes em prol de suprir
as demandas atuais da sociedade, sem comprometer as geragdes futuras e o meio
ambiente (ONU, 2021a). As boas praticas para sustentabilidade abrangem a adog¢do de
modelos da Economia Circular que visam uma produ¢do através da reutilizacao,
reaproveitamento e reciclagem dos residuos de outros materiais. A economia circular ¢
uma economia que requer investimentos estratégicos em infraestrutura, através de uma
politica bem coordenada entre as partes interessadas em todos os setores privados e
governamentais, visando essencialmente a integracao de ciclos de redugdo, reutilizagao
e reciclagem de materiais, com a finalidade de aumentar a vida util dos materiais para
preservacao do meio ambiente de forma sustentavel, sem o desperdicio de preciosos
recursos naturais nao renovaveis (Ddiba et al., 2020, Boulding, 1966, Pearce e Turner,

1990, ECO, 2021).

Com a meta de cumprir os ODS tragados na Agenda 2030, o Brasil tem vindo a
apoiar o desenvolvimento de inovagdes tecnologicas de infraestrutura de pavimentagdo
que beneficiam o meio ambiente, através de investimentos no setor de infraestrutura de
transportes. A importancia destas inovacgdes prende-se com a extensa malha de
transporte terrestre, da ordem dos 1.600.000 km (Tabela 1), e a vasta frota de veiculos
de transporte de carga, composta por 2.879.080 caminhdes que circulam nas vias

urbanas e interurbanas do Brasil (CNT, 2021).

Tabela 1. Extensdo da malha rodoviaria no Brasil abrangendo vias pavimentadas e nao
pavimentadas, adaptado de CNT (2021).

Via Rodoviaria Via pavimentada Via nio Total
(km) pavimentada (km) (km)
Federal 64.177 9.307 73.484
Estaduais e Municipais 148.073 1.339.100 1.487.173
Total 212.250 1.348.407 1.560.657
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Os materiais privilegiados para pavimentagcdo das infraestruturas rodoviarias
sdo o asfalto e o betdo. A fabricacdo destes materiais produz gases toxicos poluentes e
potencialmente cancerigenos, didxido de azoto (NO;) e o dioxido de enxofre (SO»),
no caso das usinas de asfalto (EPA, 2021a, EPA, 2021b). Se por um lado existem
riscos potenciais para a saude dos trabalhadores, para composi¢cdo do asfalto ainda ¢
utilizado o agregado de pedra calcaria, denominada brita, escassa em certas regioes,

como ¢ o caso do estado do Amazonas (Maia et al., 2010).

Os pavimentos de betdo ou asfalto convencionais contribuem para a
impermeabilizagdo do solo e, por consequéncia, para uma maior intensidade e
frequéncia das inundagdes sazonais (Perrone e Souza, 2019). A produgdo do asfalto
ou betdo utiliza a areia como material agregado, um recurso natural nao renovavel. A
extracao desordenada de areia de rios compromete a disponibilidade deste recurso no
futuro e causa impactes ambientais negativos, como a supressdo da vegetacao,
alteracdo da qualidade das d4guas, alteracdo topografica, alteragdo da rede
hidrografica, geragdo de residuos solidos, geracdo de efluentes liquidos, emissdo de
CO,, geracdo de poeira, geracdo de ruidos, vibragdes, aumento da erosdo do solo,
assoreamento, deslocamento da fauna, alteracdo do ecossistema aquatico e impacte
visual (Silva, 2005, Oliveira, 2020, Ramadon, 2016). A produ¢do de asfalto afeta a
qualidade do ar porque as usinas de fabricacdo de asfalto emitem até¢ 96 t CO,/més
para a atmosfera (Toledo ef al., 2017). Estas emissdes das usinas de asfalto sdo
preocupantes e tornam cada vez mais importante a inovac¢do tecnologica de
infraestrutura de pavimentacdo que envolvem processos de sequestracao do CO, da
atmosfera, em linha com as recomenda¢des do IPCC (2020), para minimizacao da

emissdo do CO, (Vieira et al., 2020).

O Amazonas ¢ um estado com uma area de 1,57 milhoes de km?, com acesso
geografico terrestre dificultado pela Floresta Amazonica. O estado do Amazonas ¢
conectado ao restante do Brasil através de uma unica rodovia, a BR-319, que interliga
a cidade de Manaus a cidade de Porto Velho, ndo pavimentada e com dificil transito

de veiculos durante o inverno amazdnico, devido as constantes precipitacdes. Com
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uma populagdo estimada de 4.144.597 habitantes (IBGE, 2019), o estado do
Amazonas est4 totalmente inserido na Area Protegida da Amazonia (Figura 3), com
restricdes quanto a implantacdo de novas infraestruturas através do controlo do

licenciamento ambiental (Lei 3219, 2007).
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Figura 3. Localizacdo do estado do Amazonas, Brasil, com coordenadas geograficas na Latitude de
2°08°30”N e 9°49°00’S e na Longitude 56°04°50” e 73°48°46”, adaptado do Google Maps (2021).

No ano de 1960 a populagdo do estado do Amazonas, Brasil, era de 708.459
habitantes e representava uma densidade de 0,5 habitantes/km?® (IBGE, 2019). Desde
entdo, a populacdo aumentou 585 % e a densidade demografica cresceu 446 % (IBGE,
2019), devido a uma politica de ocupacdo que vem sendo realizada pelo Governo
Brasileiro, que foi intensificada na década de 1960 (Becker, 2001), conforme Figura

4b).
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Figura 4. Pavimentagcdo das vias urbanas e interurbanas versus a evolugdo da populagdo, densidade
demografica e frota de veiculos no estado do Amazonas, Brasil. a) Crescimento populacional entre 1900 a
2020, adaptado do IBGE (2019); b) Aumento da densidade demografica entre 1900 a 2010, adaptado do
IBGE (2019); ¢) Evolugdo da frota de veiculos entre 2006 a 2018, adaptado do IBGE (2018); d)
Estagnagdo da pavimentagdo das vias interurbanas e o aumento a uma taxa de 4,8 % ao ano da
pavimentag@o urbana no estado do Amazonas, Brasil, entre 2010 a 2020, adaptado do DNIT (2021a) ¢ da
SEINFRA (2021).

A Figura 4a) apresenta o crescimento populacional no estado do Amazonas,
Brasil, no periodo de 2000 a 2010, de 22 % (IBGE, 2019). A densidade demografica
ilustrada na Figura 4b), também, demonstra um aumento em torno de 22 % no mesmo
periodo de 2000 a 2010 (IBGE, 2019). A consequéncia direta do aumento da populagao
e da densidade demografica estd demonstrada na Figura 4c), o qual se traduz na
evolucdo da frota de veiculos motorizados em 56 %, no periodo de 2006 a 2010 (IBGE,
2018). Observa-se esta tendéncia progressiva de aumento gradual da populagdo,
densidade demografica e frota de veiculos, sendo que as obras de infraestrutura de

pavimentacao interurbanas estdo estagnadas nos ultimos 10 anos, periodo de 2010 a
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2020 (Figura 4d) (DNIT, 2021a). A pavimentacdo da infraestrutura urbana aumentou
4,8 % ao ano, no periodo de 2010 a 2020 (SEINFRA, 2021), mas este aumento da
pavimentagdo da infraestrutura urbana nao supre a necessidade da populacdo, em

constante crescimento no estado do Amazonas, Brasil.

A principal obra de infraestrutura de pavimenta¢do no estado do Amazonas,
Brasil, ¢ a execucdo da primeira etapa da pavimentagdo da rodovia federal BR-319, no
trecho compreendido do km 250,0 até¢ o km 655,7 com o custo de € 230.556.929,00,
aprovado na Lei de Diretrizes Or¢amentarias para o ano de 2021 (LDO, 2021). A via

interurbana BR-319 est4 ilustrada no mapa da Figura 5.

Brasil
Legenda:
[ Estado do Amazonas

— Vias rodoviarias pavimentadas (BR-174)
- Vias rodoviirias ndo pavimentadas (BR-319 ¢ BR-230)

Figura 5. Vias rodoviarias do estado do Amazonas, Brasil, do ano de 2020, com 1.644 km de vias
rodoviarias ndo pavimentadas na BR-319 e BR-230, adaptado do DNIT (2021a).

Na tultima década, o Governo brasileiro contratou projetos de infraestrutura de
pavimentacdo para atender a procura no estado do Amazonas para o progresso no
setor de transportes de pessoas e mercadorias, com o intuito de alavancar o
desenvolvimento econdmico da regido através da melhoria da qualidade do transito de
veiculos nas vias urbanas e interurbanas (DNIT, 2020). Entretanto, o problema reside
no facto destes projetos de infraestrutura de pavimentacdo utilizarem equipamentos de
producao de asfalto que podem emitir até¢ 3,2 t CO,/dia (Toledo et al., 2017) e
operarem com extragdo de recursos naturais de forma contraria a economia circular,
isto ¢, uma extragdo continua, que ndo faz uso ou reutilizagdo de residuos, sem
possibilidade de reciclagem da matéria-prima, devido a um consumo descontrolado de
recursos que prejudica a natureza e compromete as geracoes futuras (Lin, 2020). Os
projetos de infraestrutura de pavimentacao que foram contratados pelo Governo do

Brasil ndo levam em considera¢ao a meta de limita¢ao de emissao de CO; até o ano de
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2030, o que dificulta o Brasil a alcangar os objetivos previstos de redugdo de emissoes
de CO, em relacdao a Agenda 2030 (Agenda 2030, 2015), inclusive a redugdo de 37 %
das emissoes de gases do efeito estufa até o ano 2025 (UNFCCC, 2020), definidos no
Acordo de Paris (2015). O Brasil possui uma meta para limitar a emissao em 1.208
milhdes de t CO; até o ano de 2030, atendendo ao 13° ODS, o que corresponde a uma
reducdo de 58 % das emissdes do ano de 2020, cerca de 2.068 milhdes t CO,. Destas
emissoes de CO; no ano de 2020, os processos industriais correspondem a 7 % do
total de emissdes, estando inseridas nestes processos as usinas de asfalto e betdo do
Brasil (IPEA, 2019), utilizadas nos atuais projetos de infraestrutura de pavimentagao.
Estes projetos de infraestrutura de pavimentacdo ndo trazem inovagdes tecnologicas
que contribuam para a sustentabilidade, porque ainda utilizam as técnicas arcaicas de
pavimenta¢do com os tradicionais pavimentos betuminosos. Assim, os projetos de
infraestrutura de pavimentacdo contratados pelo Governo Brasileiro precisam ser
atualizados, para que se enquadrem nas boas praticas dos modelos vigentes de
economia circular, quanto a reciclagem, reutilizacao e reaproveitamento dos residuos

de outros materiais.

O objetivo geral desta tese ¢ apresentar uma alternativa ao pavimento
convencional, a ser aplicado em vias urbanas e/ou interurbanas, de modo a contribuir
para a prote¢do do meio ambiente de modo sustentdvel, perseguindo as propostas da
ONU quanto a melhoria da qualidade do ar previstas nos ODS 9° e 13°, e ilustrado na

Figura 6.
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Figura 6. Sequestracao do CO, pelo betdo permeavel modificado (BPM), constituido por seixos nativos
que podem ser reciclados, adaptado da Plataforma Agenda 2030 Brasil (2021).

O BPM utiliza agregados de seixos e brita nativos da regido, um facto que
contribui para facilitagdo da rastreabilidade destes materiais pela fiscalizagdo da
extra¢ao no meio ambiente destes recursos naturais (Silva, 2005, Oliveira, 2020). Este

material ¢ produzido a partir do Betdo Permeavel Convencional (BPC). Os conceitos
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de betdo permeavel coincidem quanto a composicao basica do material, conjunto de
agregados aglutinados pelo cimento com uma estrutura interna porosa (Taheri et. al.,
2020, Hu et al., 2020, Lederle et al., 2020). Alguns estudos consideram o betdo
permeavel um material ecoldgico (Shen et al., 2020, Liu et al., 2020) e outros estudos
consideram o betdo permedvel sustentavel (Ibrahim et al., 2020), ou um material
concomitantemente ecologico e sustentavel (Barisic et al., 2020). O BPC pode ser
modificado através de aditivos que alteram as suas propriedades de resisténcia
mecanica a compressdo, porosidade, densidade, permeabilidade, deformagdo e
sequestracao de CO; (de Oliveira et al., 2020), sem comprometer, contudo, a sua

aplicabilidade pratica.

O BPM pode incluir diferentes tipos de aditivos combinados de formas
diferentes, como superplastificantes (Ghafoori e Dutta, 1995), pé de silica ativa,
acetato de vinil, formaldeido (Yang e Jiang, 2003), latex, fibra de polipropileno
(Huang et al., 2010), pd de silica ativa (Lian e Zhuge, 2010), p6 de silica ativa
(Chandrappa e Biligiri, 2016), 6xido de titanio (TiO,) (Barnhouse e Srubar III, 2016),
fibra de cloreto de magnésio (Zhong e Wille, 2018), fibra de polipropileno, borracha,
po de silica ativa e latex (Aliabdo et al., 2018). Os aditivos 6xido de célcio (CaO) e
hidroxido de calcio (Ca(OH),) foram escolhidos para estudo nesta pesquisa porque
integram a reacdo quimica da carbonatacdo (Haselbach e Thomle, 2014). A
carbonatacdo realiza sequestracdo de CO,, durante a producdo do carbonato de célcio
(CaCO0s), conforme os estudos de Florin e Fennel (2011), Benitez-Guerrero et al.
(2018), Jamrunroj et al. (2019) e Gao et al. (2020). O BPM com aditivo de Ca(OH),
possui capacidade de sequestracdo de CO; ao longo do tempo (Rahmani e Montazer,

2019).

Os estudos apresentados por de Oliveira et al. (2019b) demonstraram que o
BPM ¢ promissor para utilizagdo de aditivos de residuos de borracha de pneus
descartados, na propor¢do de até 5 % na mistura de fabricacio do BPM. A
reutilizacdo de residuos de materiais de dificil degrada¢do na natureza, como a
borracha de pneus, contribui para a sustentabilidade BPM, conforme os estudos de
Boon et al. (2017) e de Onuaguluchi e Banthia (2019). As experiéncias realizadas
permitiram avaliar o comportamento do BPM quanto ao uso dos aditivos CaO,
Ca(OH), e residuos de borracha de pneus descartados, na busca pelos quatro objetivos

especificos justificados e enquadrados a seguir.
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1. Contribuicao do BPM para a mitigagdao das emissdes de CO,

A porosidade do BPM favorece a penetragdo de CO; na estrutura interna do
mesmo, o que favorece a reagdo quimica de carbonatagdo do cimento existente no BPM
(Haselbach e Thomle, 2014). A carbonatagdo do cimento (EN 16757/2017) ¢ um
fendmeno quimico que absorve CO, para producao de CaCOs (Andrade, 2020). Esta
sequestracdo de CO; pela carbonatacdo no interior da estrutura do BPM estd em
harmonia com o 13° ODS (Agenda 2030, 2015). Este fendmeno quimico de
sequestracdo de CO; pela carbonatagdo do cimento no interior do betdo permedvel esta
em estudo na China quanto a utilizagdo em uma futura cidade esponja que absorve CO,
da atmosfera (Shen et al., 2020). No Reino Unido as pesquisas sobre a carbonatagdo ¢ a
calcinagdo do CaO e sua forma hidratada Ca(OH), foram promissoras quanto a
sequestracdo de CO; pela tecnologia Direct Air Capture (Erans et al., 2020, Erans et al.,
2019). Na Unido Europeia, especificamente na Espanha, estudos determinaram graus de
carbonatagdo e sequestragdo de CO; pelo cimento (Andrade, 2020, Wang et al., 2019,
Huntzinger et al., 2009), componente ligante dos agregados do BPM.

il. Contribuicdo da permeabilidade do BPM para reducdo do volume das

inundacgdes

O BPM ¢ um pavimento permeavel que permite a passagem de agua da sua
superficie para o lengol freatico. Esta permeabilidade reduz o volume de inundagdes
provocadas por intensas precipitagdes pluviais que escoam na superficie do pavimento
de vias urbanas. Além disso, também mitiga o escoamento superficial nos acostamentos
e dispositivos de drenagem das vias interurbanas (Xie et al., 2020). A porosidade do
BPM contribui para a reducdo do escoamento superficial responsdvel por inundagdes
(Vieira et al., 2020, de Oliveira et al., 2018a, de Oliveira et al., 2018b, de Oliveira et
al.,2019c).
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1il. Utilizagdo de materiais reciclados de borracha de pneus descartados

no BMP

O pavimento de BPM ¢ poroso e pode ser fabricado com agregados de residuos
da construgdo civil reciclados, mantendo suas propriedades hidraulicas de
permeabilidade e de porosidade (Ibrahim et al., 2020). O BPM proposto neste estudo
utiliza materiais originados no préoprio estado do Amazonas, ao custo médio de
€130,00/m’, valores de 2019, enquanto que ao se utilizar brita importada o custo pode
triplicar (SINAPI, 2020). Este aumento no custo de produgao do BPM ¢ provocado pelo
valor do frete de transporte de mercadorias no estado do Amazonas, que alcangou em
2015 valores até 546 % mais elevados que em outras regides do Brasil, devido a
dificuldade no transporte terrestre no estado do Amazonas, causada pela precariedade na
zona de circulagao de veiculos das vias interurbanas sem pavimentagao (GuiaTRC,
2021). O BPM pode utilizar residuos de borracha de pneus descartados da industria
automobilistica. A produgdo de pneus € preocupante no contexto ecoldgico e ambiental,
porque o tempo de decomposicdo na producdo de um residuo de borracha da industria
automobilistica pode chegar a 600 anos e a producdo de pneus estd a aumentar
gradualmente ao longo dos anos em todo o mundo (Hejna et al., 2020). Os estudos para
reutilizacdo de borracha de pneus descartados como aditivo no BPM apontaram para
uma promissora aplicacgdo pratica futura do BPM como um novo material que podera a
vir ser utilizado num modelo de economia circular que utiliza o ciclo utilizacao-
reciclagem-utilizagdo para geragdo de emprego e desenvolvimento de uma economia

sustentavel (Parchomenko et al., 2020, Xu et al., 2020, Nandi et al., 2020).

1v. Contribuicdo do BMP para o controlo da reprodugdo de insetos

transmissores de doengas tropicais

O estado da arte na pesquisa de novos materiais de construcdo para estruturas e
pavimentos abrange a avaliagdo de impactes destes novos materiais em organismos
vivos, considerando as propriedades antimicrobianas e toxicologicas de aditivos
utilizados na producdo de novos materiais (Augustyniak et al., 2020). Os agentes
biocidas adicionados na mistura do cimento possibilitam a fabricagdo de edificios e

pavimentos com propriedades antimicrobianas (Travush et al., 2017). Materiais
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biocidas aditivados ao cimento contribuem para a desinfecao de estruturas afetadas por
agentes microbianos, tipicos de climas quentes e humidos, que prejudicam a satde
humana e causam a deterioragdo precoce do betdo (Grishina, 2020). Estudos
demonstraram que o Ca(OH), em contato com a 4gua causa efeitos antimicrobianos
que contribuem para a esterilizacdo do ambiente (Mori et al., 2019). A utilizagao de
aditivos de CaO e Ca(OH), na mistura de fabricacdo do BPM tem como finalidade um
pavimento antimicrobiano que contribua para o controlo das larvas de
macroinvertebrados transmissores de doencas tropicais, depositadas por estes insetos
em superficies humidas durante o periodo das precipitagdes pluviais (de Oliveira et
al., 2021). Destaca-se a importancia do controlo das larvas de macroinvertebrados
transmissores de doengas tropicais, como ¢ o caso do Amazonas, no Brasil. Em 2017,
as fémeas do género Anopheles, que transmitem a malaria, afetaram 90 paises e
territorios, com 70 % dos 6bitos representados por criangas com menos de 5 anos de

idade (OPAS, 2021).

Além da proposta de utilizagdo do BPM como contribui¢ao para a reducao dos
macroinvertebrados, procurou-se ao longo dos estudos a criagdo de uma inovacao
tecnologica na area de infraestrutura de pavimentagdo no Amazonas, Brasil, através da

realizagdo dos experimentos apresentados nos capitulos desta tese.

A organizagdo desta tese contemplou assim cinco capitulos, respeitantes a parte
das publicagdes alcangadas ao longo do doutoramento, visando atender ao objetivo

geral e aos objetivos especificos estabelecidos.

O primeiro capitulo integra a investigacdo com o titulo “New Pervious Concrete
Construction Material for Carbon Dioxide Sequestration”, publicado na revista
Encyclopedia of the UN Sustainable Development Goals, Sustainable Cities and
Communities, 6(3), 2019, 473-482. Este estudo contemplou a pesquisa para alcangar os
objetivos especificos i e ii, os quais se relacionam com um novo material que pode ser
utilizado nos projetos de pavimentacdo de vias urbanas, com beneficio ambiental de

sequestracao de COa.
O segundo capitulo contempla o artigo com o titulo “Environmental
Implications of pH in a Pervious Concrete Pavement on Highway BR-319, Amazonas,

Brazil”, publicado na revista Current World Environment, 13(2), 2018, 187-193. Este
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artigo apresentou a investigacao para atingir os objetivos especificos i e ii, porém, desta
vez, os estudos avangaram para a possibilidade de uma utilizagdo pratica material
proposto em uma via interurbana, a rodovia BR-319. O Departamento Nacional de
Infraestrutura de Transportes (DNIT) aprovou a utilizagdo do material proposto na
pavimentagdo de acostamentos para trafego leve, em substituicdo do pavimento
tradicional de betdo ou asfalto convencionais da BR-319, nos trechos do km 250,0 até o
km 655,7, localizada no estado do Amazonas, Brasil. A validagdo foi oficializada na
manifestacdo favoravel do DNIT contida no OFICIO N° 145346/2020/NAA - AM/SRE
- AM, datado de 02/12/2020, da Superintendéncia Regional do DNIT no estado do
Amazonas, Brasil (DNIT, 2021Db).

O terceiro capitulo abrange o artigo com o titulo “Comparative Statistical
Analysis New Urban Road Pavement versus Conventional Pavement of Pervious
Concrete”, apresentado na [“ Conference Environmental Innovations: Advances in
Engineering, Technology and Management, EIAETM, 23" 27 September, publicado na
revista Procedia Environmental Science, Engineering and Management, 6(3), 2019,
473-482, e contempla os estudos realizados na investigagdo para alcangar do objetivo
especifico iii, assentando nas comparagdes estatisticas entre as amostras de dois grupos

de pavimentos porosos, 0 novo material e o betdo permeéavel convencional.

O quarto capitulo engloba o artigo com o titulo “Environmental Implications of
CO;, Absorption by Pervious Concrete Pavement in Urban Roads”, publicado nos
anuarios do XIII International Conference on Virtual City and Territory: “Challenges
and paradigms of the contemporary city”. UPC, Barcelona, 24 October, 2019,
CPSV, p. 8425. Este artigo compila os estudos realizados na busca continua pelo
alcance dos objetivos especificos i, ii e iii, com énfase da utilizagdo do novo material
em vias urbanas, devido aos beneficios ambientais da mitigacdo das emissdes de COs.
O capitulo quarto, também, inclui os estudos para adicdo de residuos de borracha de

pneus descartados na mistura do novo material, através da reciclagem.

O quinto capitulo inclui o artigo intitulado “A new microbicidal pervious
concrete pavement for hospital parking lots: assesment of the modulus of elasticity”,

apresentado na 2“ Conference Environmental Innovations: Advances in Engineering,
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Technology and Management, EIAETM, 23th-27" September, 2020, publicado na
revista Procedia Environmental Science, Engineering and Management, 8(2), 2021,
335-345, o qual diz respeito a investigacdo para alcancar o objetivo especifico iv,
através dos estudos da avaliagdo do comportamento do material proposto, BPM com
aditivo Ca(OH),, como pavimento de estacionamento de hospitais, considerando as

propriedades fisicas de resisténcia a compressao, densidade e modulo de Young.

Os estudos englobados nos cinco capitulos desta tese demonstraram uma
contribuigdo para o aperfeicoamento dos projetos de infraestrutura de pavimentagdo no
Amazonas, Brasil, através da proposta de utilizagdo do BPM como uma inovagao
tecnoldgica em infraestrutura, contribuindo para a mitiga¢do das emissdes de CO;. Este
novo pavimento poroso contribui para a sustentabilidade por meio da reutilizagdo da
borracha de pneus descartados e reciclagem de agregados podendo ainda ter

propriedades microbianas.

Deve realcar-se que os estudos para uso em vias interurbanas propostos no
segundo capitulo obtiveram uma manifestagdo favoravel pelo DNIT, para uso em
acostamentos de trafego leve, reconhecendo assim a importincia dos estudos
realizados nesta tese, como uma proposta viavel que contribuira para o licenciamento
ambiental da obra de pavimentacdo da via interurbana BR-319, no estado do
Amazonas, Brasil (DNIT, 2021b). Este reconhecimento constitui uma valida¢ao do
trabalho realizado nesta tese de doutoramento, o qual sempre perseguiu a criagdo de
um material alternativo para os pavimentos convencionais de vias urbanas,
estacionamentos e acostamentos de vias interurbanas com baixa capacidade de trafego.
O novo pavimento desenvolvido nesta pesquisa pode ser utilizado numa futura
economia circular a ser implantada no Brasil, integrando os ciclos de pavimentagdo de
vias urbanas e interurbanas a materiais sustentaveis, através da criagdo de uma cadeia
de producdo que utilize residuos de borracha de pneus descartados na fabricacdao de

pavimentos sustentaveis de vias urbanas.
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CAPITULO I - Novo Material de Construcio de Betdo Permeavel para
Sequestracao de Dioxido de Carbono

Este capitulo trata dos ensaios de densidade (ASTM C-127, 2015), de
compressao axial (ASTM C-39, 2018) e monitoramento de volume de CO,,
metodologia proposta em de Oliveira et al. (2019b), realizados em 30 corpos de
prova do BPM com aditivo de Ca(OH),, com fator 4gua/cimento de 0,3, divididos em
3 grupos com as composi¢des 1:0,3:4 (cimento:Ca(OH);:seixo), 1:0,5:4
(cimento:Ca(OH),:seixo) e 1:0,8:4 (cimento: Ca(OH),:seixo). Os resultados foram
utilizados na elaboracdo de 9 prototipos virtuais no software de elementos finitos
ANSYS R1 2019, para realizacdo de simulagdes virtuais do comportamento estrutural
com cargas dindmicas de 5.000 N. A avaliacdo dos resultados da inclusdo do aditivo
Ca(OH), através da andlise estatistica de inferéncia, permitiu concluir que este novo
material pode ser utilizado em pavimentos de vias urbanas de baixo trafego,

estacionamentos, calgadas e parques, com beneficio ambiental de sequestro de CO,.

Nesta publicagdo, o primeiro autor participou no desenvolvimento da
metodologia, investigagdo, recolha de dados e na escrita do manuscrito. A citacao

completa da publicagcdo encontra-se apresentada a seguir:

de Oliveira, E.A., Dinis, M.A.P. (2020). New Pervious Concrete Construction
Material for Carbon Dioxide Sequestration. In: Leal Filho W., Azul A., Brandli L.,
Ozuyar P., Wall T. (eds) Sustainable Cities and Communities. Encyclopedia of the UN
Sustainable Development Goals. Springer, Cham.

DOI: 10.1007/978-3-319-71061-7_6-1

ISSN:2523-7403

ISBN: 978-3-319-71061-7

Acesso aberto: O texto que se segue respeita a SPRINGER NATURE LICENSE n° 4878370643374, com

permissdo para reprodugdo de artigo em tese/dissertacdo.
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Synonyms

Pervious concrete: Porous concrete; Prototype:
Archetype; Young’s modulus: Modulus of
elasticity

Definition

Pervious concrete: porous material composed of
cement, aggregates and water (Wang et al. 2019).
Additives: crumbs incorporated in concrete mix
of the modified pervious concrete (Lori et al.
2019). Finite elements analysis: method for solv-
ing differential equations, which consists of
discretizing the material into several small parti-
cles (Wang et al. 2020).

© Springer Nature Switzerland AG 2020

Introduction

The pervious concrete is a construction material
composed of cement, aggregates, and water,
according to Kovac and Sicakova (2018), which,
because it has a network of pores in its internal
structure, allows the drainage of fluids through its
layer, facilitating the penetration of rainwater
directly to the ground, which reduces flooding
on urban roadways (Lori et al. 2019). The pore
network of its intemal structure, besides allowing
the penetration of liquids, also allows the penetra-
tion of gases, which potentiates the material for
use in the sequestration of carbon dioxide (CO;).
According to Haselbach and Thomle (2014), Ho
etal. (2018), Branch et al. (2018), and De Oliveira
et al. (2018), in the internal structure of the pervi-
ous concrete, due to the cement, a chemical reac-
tion occurs called carbonation that absorbs CO,
and produces calcium carbonate (CaCOj3), which
can be detected through the acidity of the water in
contact with the aggregates, using the pH. The
researchers listed in Table 1 have shown interest
in improving the physical and environmental
qualities of pervious concrete by incorporating
additives into the mixture of this porous material.

Authors such as Ghafoori and Dutta (1995),
Lian and Zhuge (2010), and Kovac and Sicakova
(2018) were successful in the experiments, with
results that demonstrated an increase in the com-
pressive strength of the concrete samples of per-
vious concrete; however, they had to use
superplasticizers, which makes the production

W. Leal et al. (eds.), Sustainable Cities and Communities, Encyclopedia of the UN Sustainable Development Goals,

https://doi.org/10.1007/978-3-319-71061-7_6-1
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New Pervi.ous c°“ﬂ:ete Year Additives Author
f;“c’;::?:’gi:‘;;?a' 1995 Superplasticizers Ghafoori and Dutta (1995)
Sequestration, 2003 Silica fume Yang and Jiang (2003)
Table 1 Additives used in Vinyl acetate ethylene
the pervious concrete Polyvinyl alcohol
Formaldehyde hydrosol
2010 SBS latex Huang et al. (2010)
Polypropylene fiber
2010 Silica fume Lian and Zhuge (2010)
2016 Silica fume Chandrappa and Biligiri (2016)
2016 TiO, Barnhouse and Srubar 11T (2016)
2018 MeCl, Zhong and Wille (2018)
Fiber
2018 Plasticizer Kovac and Sicakova (2018)
2018 Polypropylene fibers Aliabdo et al. (2018)
Rubber
Silica fume
Styrene butadiene latex

process complex and more expensive than con-
ventional. This research opted for the study of the
additive of Ca(OH),, abundant material and of
low cost, added in the mixture of the pervious
concrete, which is a procedure of simple execu-
tion. The studies carried out to improve the envi-
ronmental qualities of pervious concrete had the
objective of contributing to the acceleration of
CO; sequestering in the atmosphere by the pervi-
ous concrete, reducing in this way the urban pol-
lution and volume of CO, in the atmosphere,
which is one of the causes of the greenhouse
effect. However, the tests demonstrated that
despite the improvement of its environmental
properties, there is a degradation of structural
physical properties, a serious problem for the use
of this material as urban pavement. Cement acts as
a binder between aggregate particles in the per-
meable concrete mix, but the cement action is
impaired as the proportion of additive incorpo-
rated in the permeable concrete mix increases,
making the material structure unstable, as shown
in Fig. 3, the compressive strength initially
increases, and then decreases until the material
completely loses its compressive strength prop-
erty. The results of Fig. 3 demonstrate that there is
an additive limit to be incorporated into the

permeable concrete mix from which the material
structure initiates a breakdown and embrittlement
which render the material useless for structural
use. In order to find this additive limit to be incor-
porated in the permeable concrete mix, nine static
load simulations were performed in nine perme-
able concrete pavement virtual prototypes, elabo-
rated with different physical characteristics,
according to the results of the laboratory tests of
this research. The objective of the simulations is to
find an efficient prototype that presents a balance
between the environmental qualities and the struc-
tural qualities necessary for the use of the material
as urban road pavement. This research studies a
new pervious concrete, which in addition to being
a construction material composed of cement,
aggregates, and water, with a porosity that allows
it to be used as a porous road pavement construc-
tion material with permeable properties that facil-
itate the drainage of rainwater to the soil, also has
characteristics of sequestering carbon dioxide
(CO,) from the atmosphere. Through the addition
of calcium carbonate (Ca(OH),) in the mixture of
its aggregates, an additive that combined with the
porous structure of the pervious concrete chemi-
cally acts through a chemical reaction called car-
bonation for the sequestration of CO, into the
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New Pervious Concrete
Construction Material
for Carbon Dioxide
Sequestration,

Fig. 1 A virtual prototype
of pervious concrete to be
used in the finite element
structural calculation

atmosphere. The results obtained allowed the
elaboration of nine virtual prototypes that were
used in simulations of behavior of the material,
when efforts were applied that simulate a vehicle
0f 20,000 N on its surface. To collect results of the
modified pervious concrete physical properties,
density and compressive strength, 30 specimens
were manufactured, divided into 3 groups with 10
specimens cach, with a ratio of 1:0.3:4 (cement:
Ca(OH),:pebble), with a ratio of 1:0.5:4 (cement:
Ca(OH),:pebble), and a ratio of 1:0.8:4 (cement:
Ca(OH),:pebble), all with a water/cement factor
of 0.30, in order to perform density and compres-
sive strength tests, the results of which will be
used to calculate the Young’s modulus of each
specimen of test. The methodologies applied are
ASTM C136 (2014) for aggregate characteriza-
tion, ASTM C-127 (2015) for density test, ASTM
C39 (2018) for compressive strength test and
ACI 318 (2014) for Young’s modulus calculation.
Young’s modulus was calculated by ACI 318-14
and used the density and the compressive strength
of the specimens, according to (Eq. 1).

E.=0.043 0"\ /f, (1)

where:

E.— Young’s modulus (MPa)
@ — density of water (kg/m®)
/.. — compressive strength (kg/cm?)
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A descriptive statistical analysis was
performed with data from the results of density,
compressive strength tests and Young's modulus
using the SPSS computer program, as presented in
Table 6. Statistical analysis of the results of the
density, compressive strength tests and Young
modulus of the modified pervious concrete spec-
imens provided 9 quartiles of each physical prop-
erty, which were used in the Ansys R1 2019
software, academic version, to create 9 types of
prototype materials, aiming to perform finite ele-
ment discretization simulations to study structural
behavior when prototypes are subjected to
dynamic vertical loads. The 9 virtual prototypes
have the dimensions of 1000 x 1000 mm, with a
thickness of 50 mm. The loads to be applied will
be of the order of 5,000 N, simulating a distributed
load to be applied to the pavement under the
conditions of compression strength.

Figure 1 shows the prototype prepared for the
simulations of pavement subjected to compres-
sion and tensile stress in this research.

The 9 virtual prototypes built in the computer
environment of the Ansys program were sub-
jected to loading simulations to collect data
regarding the structural deformation of the mate-
rials with the application of vertical dynamic loads
in the center of the prototypes. The results of
maximum strain and maximum stress in virtual
prototype materials are presented in Table 4.
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New Pervious Concrete
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Construction Material 2,400.00

for Carbon Dioxide 2,300.00
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Pervious concrete
ratio (1:0.30:4)

Findings

The results of the tests of density, compression
strength, and test of monitoring of CO, volume
sequestered will be presented next. The addition
of Ca(OH), additive in the pervious concrete mix-
ture fills the voids of the pore network of the
internal structure, leaving the material more com-
pact, with a lower density variation, according to
Figure 2.

Figure 2 presents the results of the density tests
performed with the three groups of specimens
with the proportions of 1:0.3:4 (cement:Ca
(OH),:pebble), 1:0.5:4 (cement:Ca(OH),:peb-
ble), and 1:0.8:4 (cement:Ca(OH),:pebble), all
with a water/cement factor of 0.30, which show
an increase in resistance when the additive ratio
goes from 0.3 to 0.5 and a reduction when an
increase in additive increase to 0.8 occurs. This
is because with the addition of additive in the
mixture, the material becomes more compact,
with an increase in density, but the excess of
additive makes the material fragile and weak,
with disintegration of its structure 0.8. Excessive
additive impairs cement adhesion between aggre-
gate particles, causing material disintegration.
However, a reduced amount of additive improves
the material’s environmental properties as it
absorbs CO, from the atmosphere as shown in
the CO, volume monitoring tests; this way you
should find an optimal additive value to be added
to the new material mix so as not to impair the
density properties. Figure 2 shows the results of

Pervious concrete
ratio (1:0.80:4)

Pervious concrete
ratio (1:0.50:4)

Pervious concrete with 3 different ratios

an initial 3% density increase, which is natural as
the additive fills the pores of the new material, and
an 8% reduction in density demonstrating the
disintegration of the new material’s internal struc-
ture, because the additive impairs the action of
cement as a bonding element between aggregate
particles.

As the additive fills the voids of the internal
pore network of the pervious concrete, the mate-
rial becomes more compact and exhibits a false
resistance to compression, as in Figure 3.

Figure 3 presents results of the compressive
strength of the specimens of the proportion of
1:0.3:4 (cement:Ca(OH),:pebble), 1:0.5:4
(cement:Ca(OH),:pebble), and 1:0.8:4 (cement:
Ca(OH),:pebble), all with a water/cement factor
of 0.30, consistent with the results of the density
tests performed on the specimens shown in Figure
2, because initially there is an increase in com-
pressive strength and subsequently a reduction in
this property. The addition of the additive makes
the new material more compact; however, the
excess additive ultimately makes the material brit-
tle with little compressive strength. This phenom-
enon occurs because initially the additive fills the
pores of the new material, making the material
more compact, but excess additive impairs the
cement which disintegrates the internal structure
of the new material, rendering the material with-
out compressive strength as it is added more addi-
tive to your mix. A material with low compressive
strength cannot be used as a pavement or struc-
tural part, as it compromises the safety of the
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work, so the results of Fig. 3 demonstrate the need
for strict control on the amount of additive to be
added to the mix in the new material. The results
demonstrate the need for further testing with spec-
imens in order to find an optimized proportion of
additive that allows the new material to be used as
urban road pavement and maintains its CO,
sequestration properties. However, this negative
feature of the new material of loss of density and
loss of compressive strength does not predict its
use as a sidewalk for pedestrians and garden floors
that do not require structural strength of the mate-
rial. Figure 3 initially shows an average 20%
increase in compressive strength from 12.00
MPa to 15.10 MPa, but this 15.10 MPa is reduced
to 12.90 MPa followed by a 14.5% reduction,
indicating that excess additive contributes for the
disintegration of the modified pervious concrete
material, as it affects the binder action of the
cement next to the aggregates. From that point
on, the material loses compressive strength as
the addition of additive to the mixture is increased,
such that the internal structure of the new material
becomes unstable and the new material cannot be
used as urban road pavement or structural parts
because it is very fragile. This loss of physical
properties of the modified pervious concrete, with
additive incorporated into the mixture, starts from
a limit that configures the excess additive to be
incorporated into the material. Tests shall be car-
ried out to strike a balance between the additive
limit and the maintenance of physical properties
allowing the structural use of modified

pervious road pavement concrete capable of
absorbing CO, into the atmosphere. An econom-
ical solution found in this research is a virtual
simulation of nine prototypes of the new material
being used as urban pavement and subjected to
5,000 N dinamic loads through the finite element
calculation. The simulation is built using the mod-
ulus of elasticity data found in the test results of
the density and compressive strength specimens
performed in the laboratory.

As expected, the more the additive in the mix-
ture of pervious concrete, the more CO, seques-
tration occurs and the shorter the time, according
to Figure 4.

Figure 4 shows the CO, absorption results of
the specimens of the proportions of 1:0.3:4
(cement:Ca(OH),:pebble), 1:0.5:4 (cement:Ca
(OH):pebble), and 1:0.8:4 (cement:Ca(OH),:
pebble), all with a water/cement factor of 0.30,
demonstrating a reduction in CO, absorption time
as we add additive to the new material mix, with
an acceleration in CO, sequestration time of about
25% from one ratio to another. This reduction in
CO, absorption time occurs as we increase the
additive due to a chemical reaction called carbon-
ation (Eq. 2), according to Haselbach and Thomle
(2014).

Ca(OH),(s) + COy(g) = CaCOs(s) + H,OH
—178kJ/mol
(2)

The stoichiometric chemical calculation for
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calculating the Ca(OH), mass required to capture
1,000 L of CO, from the atmosphere at an ambient
temperature of 27 ° C (300 K) and atmospheric
pressure of 0.20 atm is performed with n = 8,333
moles of CO,, as the molar ratio is 1: 1: 1, we have
Ca(OH); = 833 x 40+2 x 16 +2 x 1) =
616.42 g to be incorporated into the mixture of
modified permeable concrete on each speci-
men. This CO, sequestration property of the new
material is very important for the environment,
especially in climate control, air quality, and
reduction of athermic pollution. Therefore this
environmental benefit cannot be neglected,
despite the negative points of reduction of density
and compressive strength properties presented in
the results of Figs. 2 and 3. The absorption of CO,
is accelerated with the addition of additive in the
new material, but the results show that the mate-
rial completely loses its physical properties, even-
tually disintegrating due to the lack of adhesion of
cement to aggregates. An optimal ratio must be
found so that there is a balance between CO,
absorption by the new material and its ability to
be used as a building material, such as urban road
pavement. The use of this new material as urban
road pavement is important because it would
cover an area of the city that would absorb toxic
gases emanating from urban transport vehicles,
which justifies the continuity of the research and
laboratory tests being carried out. The results
shown in Figure 4 have a positive environmental
benefit that should be balanced against the nega-
tive results in density, Figure 2, and compressive

strength, Figure 3, in such a way that the environ-
mental and physical properties of the new material
can be maximized. This equilibrium can be found
with further research through laboratory testing
with a larger number of specimens and new
mixing ratios within the additive range without
the destruction of the structure of the new mate-
ral, manufactured from conventional pervious
concrete with changes in the mix made in the
laboratory.

With the addition of additive in the mixture of
pervious concrete, the internal structure becomes
more compact and varies less in Young’s modu-
lus, according to Figure 5.

Young’s modulus results of the specimens are
shown in Figure 5 and demonstrate consistency
with the results of Figures 2 and 3, a false percep-
tion of improved qualities accompanied by a
reduction in these properties to disintegration of
the material’s internal structure. This coherence is
justified because Young’s modulus calculation is
performed with the results of the density and
compressive strength tests presented in Figures 2
and 3. Young’s modulus was calculated to be used
in the construction of nine virtual prototypes of
the new material, which will be modeled by finite
elements throughout its structure. The importance
of Young’s modulus calculation of the specimens
that were used in this research lies in its use for
structural calculations of the new material, which
requires Young’s modulus of the material to per-
form finite element calculations. The simulation
of the structural behavior of virtual prototypes is
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New Pervious Concrete Construction Material for Carbon Dioxide Sequestration, Table 2 Young’s modulus

and density data used in the simulations

Pervious concrete Pervious concrete Pervious concrete
Quartiles Ratio 1:0.30:4 Ratio 1:0.50:4 Ratio 1:0.80:4
Young's modulus (MPa) Quartile 1 992.21 1,445.58 1,178.88
Quartile 2 1,215.99 1,553.20 1,198.64
Quartile 3 1,460.72 1,632.07 1,264.66
Density (kgfm]) Quartile 1 1,780.11 1,897.02 1,766.21
Quartile 2 1,903.06 1,963.33 1,822.53
Quartile 3 2,086.72 2,153.63 1,851.39

an attempt to approach the actual use of the new
material as urban road pavement where one can
predict the possible deformations of the material
that will occur when it is being used in a field
experiment. The results shown in Figure 5 show
that as additive is added to the new material mix,
there is a reduction of the maximum and minimum
range in the box plot graphs, which can be
observed in the proportion of 1:0.8:4 (cement:Ca
(OH);:pebble); this demonstrates the reduction in
the properties of Young’s modulus as the additive
is added to the new material mix. This is because
the additive impairs the cement action, contribut-
ing to the breakdown of the new material by the
lack of adhesion of the aggregates by the cement.
This negative point is consistent with the results
presented in Figs. 2 and 3, naturally due to
Young’s modulus calculation that originated

from the results of these tests with specimens of
the new material. Young’s modulus and the den-
sity of the 30 specimens of pervious concrete with
additive were separated into three quartiles of
each group of pervious concrete with additive in
the ratios of 1:0.3:4 (cement:Ca(OH),:pebble),
1:0.5:4 (cement:Ca(OH),:pebble), and 1:0.8:4
(cement:Ca(OH),:pebble), according to Table 2.
The data in Table 2 were used in the structural
loading simulations, with the purpose of calculat-
ing the deformations when the prototypes are
submitted to vector loads of the order of
5,000 N, simulating the tension of a tire of a
vehicle weighing 20,000 N on the prototype of
pervious concrete. Through the results of the den-
sity and compressive strength laboratory tests,
Young’s modulus was calculated for each speci-
men of this research, enabling data to be obtained
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New Pervious Concrete Construction Material for Carbon Dioxide Sequestration, Table 2 Young’s modulus

and density data used in the simulations

[ Pervious concrete Pervious concrete Pervious concrete
Quartiles Ratio 1:0.30:4 Ratio 1:0.50:4 Ratio 1:0.80:4
Young’s modulus (MPa) Quartile 1 992.21 1,445.58 1,178.88
Quartile 2 1,215.99 1,553.20 1,198.64
Quartile 3 1,460.72 1,632.07 1,264.66
Density (kgfml) Quartile 1 1,780.11 1,897.02 1,766.21
Quartile 2 1,903.06 1,963.33 1,822.53
Quartile 3 2,086.72 2,153.63 1,851.39

an attempt to approach the actual use of the new
material as urban road pavement where one can
predict the possible deformations of the material
that will occur when it is being used in a field
experiment. The results shown in Figure 5 show
that as additive is added to the new material mix,
there is a reduction of the maximum and minimum
range in the box plot graphs, which can be
observed in the proportion of 1:0.8:4 (cement:Ca
(OH);:pebble); this demonstrates the reduction in
the properties of Young’s modulus as the additive
is added to the new material mix. This is because
the additive impairs the cement action, contribut-
ing to the breakdown of the new material by the
lack of adhesion of the aggregates by the cement.
This negative point is consistent with the results
presented in Figs. 2 and 3, naturally due to
Young’s modulus calculation that originated
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from the results of these tests with specimens of
the new material. Young’s modulus and the den-
sity of the 30 specimens of pervious concrete with
additive were separated into three quartiles of
each group of pervious concrete with additive in
the ratios of 1:0.3:4 (cement:Ca(OH),:pebble),
1:0.5:4 (cement:Ca(OH),:pebble), and 1:0.8:4
(cement:Ca(OH),:pebble), according to Table 2.
The data in Table 2 were used in the structural
loading simulations, with the purpose of calculat-
ing the deformations when the prototypes are
submitted to vector loads of the order of
5,000 N, simulating the tension of a tire of a
vehicle weighing 20,000 N on the prototype of
pervious concrete. Through the results of the den-
sity and compressive strength laboratory tests,
Young’s modulus was calculated for each speci-
men of this research, enabling data to be obtained
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for the construction of nine virtual prototypes of
the new material in a finite element calculation
software, in order to gather results of displace-
ments of the new material when subjected to ver-
tical efforts that simulate vehicle tire loads on an
urban road surface in the city.

With the data in Table 2, nine prototypes of
virtual materials were created, each with Young’s
modulus and density based on the quartiles of the
results of the laboratory tests with the specimens
of pervious concrete with additive, according to
Table 3.

The nine virtual prototypes of Table 3, created
from the data from Young’s modulus quartiles and
density of the tests performed on the pervious
concrete test specimens with Ca(OH), additive,
were inserted in the structural analysis software
program Ansys R1 2019 for checking deforma-
tions and total stresses, as shown in Table 4.

Table 4 presents the results of maximum strain
and maximum stress occurred in the nine virtual
prototypes of finite elements created with the
characteristics of the new material when subjected
to vertical loading simulation. The prototype that
was most deformed was P1 and the least deformed
was P8 as shown in Table 4. The deformations
occurred at the edges, which is structurally justi-
fied by the stress concentration at the edges of the
materials. Deformations at the center of the pro-
totypes were small, which is a positive factor as it
indicates that the use of the new material does not
tend to flexural rupture during loading, although
the load was applied at the center of the prototype.
The results of the structural analysis of the simu-
lations showed that Prototype P8 presented the
most efficient results, with the lowest deforma-
tions and tensions, according to Table 3.

Prototype P8 has the following characteristics
of Table 5.

The results of the tests performed in this
research demonstrated the statistical data listed
in Table 6. This table allows us to compare the
results of the tests of compressive strength, den-
sity, porosity, permeability, and sequestration vol-
ume CO, between the control group and treated
group.

The simulations performed in Prototype P8
that present the maximum deformations in the

New Pervious Concrete Construction Material for
Carbon Dioxide Sequestration, Table 3 Nine proto-
types were used in the simulations

Young’s modulus Density
Prototypes (MPa) (Kg/m®)
Pl 992.21 1,780.11
P2 1,445.58 1,897.02
P3 1,178.88 1,766.21
P4 1,215.99 1,903.06
P5 1,533.20 1,963.33
P6 1,198.64 1,822.53
P7 1,460.72 2,086.72
P8 1,632.07 2,153.63
P9 1,264.66 1,851.39

New Pervious Concrete Construction Material for
Carbon Dioxide Sequestration, Table 4 Nine proto-
types were used in the simulations

Maximum Maximum

deformation Elastic Strain
Prototypes | (mm) (mm/mm)
Pl 3.0575 x 10°* 1.6074 % 10°°
P2 2.0990 x 10°° 1.1035 x 107°
P3 2.25748 x 107° 1.3536 x 10~°
P4 2.4964 x 10~° 1.3124 x 107°
Ps 1.9785 x 10°° 1.0402 x 107°
P6 25318 x 10°% 1331 x 10°°
P7 2.0774 x 107° 1.0922 x 10~°
P8 1.8585 x 10~* 0.9776 x 10°°
P9 2.3996 x 107° 1.2615 x 107°

New Pervious Concrete Construction Material for
Carbon Dioxide Sequestration, Table 5 Properties of
the Prototype P8 used in the simulations

Prototype P8

Ratio 1:0.50:4
Young’s modulus 1,632.07 MPa
Density 2,153.63 kg/m®

specimen of pervious concrete with Ca(OH),
additive are shown in Fig. 6.

Among the nine virtual prototypes modeled by
finite elements, P8 presented the minors deforma-
tions as shown in Fig. 6. The results of the tests
performed with the prototypes submitted to
dinamic load of 5,000 N presented deformations
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New Pervious Concrete Construction Material for Carbon Dioxide Sequestration, Table 6 Descriptive statistics

for the treated group (30 specimens) in the SPSS

Compressive strength | Density Sequestration volume CO, | Young's modulus
Treated samples (kgf‘cmz) (kg/m3) (ppmy's) (kg/cmz)
Mean 13.83 1911.36 9.83 1338.40
Std. deviation 2.57 193.33 2.46 246.11
Median 13.05 1873.18 10.00 1305.89
Variance 6.65 37,376 6.07 60570.85
Minimum 8.70 1475 5.00 815.47
Maximum 19.40 2284.94 14.00 1776.02
Skewness (statistic/error) | 0.50/0.43 0.29/0.43 —(.08/0.43 —0.098/0.427
Kurtosis (statistic/error) —0.05/0.83 —0.08/0.83 | 0.97/0.83 —0.611/0.833

0.0001239
0.00010325
8.26e-5
6.195e-5
4.13e-5
2.065e-5

0 Min

0.00

o —J Min  JE

1000.00 (mm)

250.00 750.00

New Pervious Concrete Construction Material for Carbon Dioxide Sequestration, Fig. 6 Maximum deforma-

tions in red color and located at the ends of Prototype P8

in the order of 0.00018585 mm (maximum)
represented by the red color in the caption of
Fig. 6. The P8 prototype showed the lowest defor-
mations compared to the other prototypes, as
shown in Table 4, which means that the P8 proto-
type material presented the best deformation
results. The dimensions of the deformations that
emerged in prototype P8 are noticeable only at the
microscopic level. These results originate from a
virtual simulation performed using finite element
software, which does not rule out the need for field
tests to prove the theoretical results presented here
in the simulations. The results presented by the
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finite element software are positive and point to a
possibility of using the new material as urban road
pavement provided that there is a strict control of
the additive mixture addition of the new material
under study in this research and made from nor-
mal pervious concrete.

The simulations performed in Prototype P8
that present the maximum tension in the specimen
of pervious concrete with Ca(OH), additive are
shown in Fig. 7.

The displacements and deformations occurred
in the prototype, through the structural loading
simulations, allowed to verify the possibility of
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1.0858e-7
2.0595e-11 min

500.00 1000.00 (mm)

250.00 750.00

New Pervious Concrete Construction Material for Carbon Dioxide Sequestration, Fig. 7 Minimum tensions in

P8 is located in the center of the prototype

using the material researched as urban porous
pavement and the choice of the best mixing ratio
of the pervious concrete with the additive
Ca(OH),. The simulations performed in the com-
putational program of structural analysis showed
that the pervious concrete with additive, Prototype
P8, supports well the loads applied in its structure,
because it presented acceptable deformations and
tensions in the structural field. The applied loads
simulated a vehicle of 2,000 N on the surface of
the pervious concrete pavement of a parking lot or
urban road. For higher loads the material does not
support the loading and should be replaced by a
more resistant pavement. The addition of additive
in the pervious concrete mixture causes an excess
of deformations in its material, rendering the
material unsuitable for structural use. The equilib-
rium between the environmental and structural
qualities of the nmew pervious concrete with
Ca(OH);, additive is possible, but it is also fragile;
therefore, more laboratory and field studies are
needed to improve the material. The continuity
of the studies should be carried out through field
experiments that prove the studies carried out in
the structural analyses of loading simulations on
the prototype of pervious concrete with additive.

Conclusions

The results obtained in the structural simulations
showed that it is possible to use the new pervious
concrete with Ca(OH), additive as urban road pave-
ment, with the most efficient performance obtained
with the ratio of 1:0.50:4 (cement:Ca(OH),:pebble),
with modulus of elasticity of 1,632.07 MPa, and
with density of 2,153.63 kg/m®. The results shown
in Figure 2 show a 7% reduction in average density
from 1,950.00 kg/m’ to 1,810.00 kg/m®, in Figure 3
a 15% reduction in average compressive strength
from 15.10 MPa to 12.80 MPa and in Figure 5 a
22% reduction in Young’s Average Module from
1,200.00 kg/em? to 1,550 kg/em?. These reductions
in the physical properties of modified pervious con-
crete indicate that the additive impairs the action of
cement as a binder, so it is not possible to use large
portions of the additive incorporated in the modified
pervious concrete mixture. The CO, monitoring
results demonstrated a positive environmental ben-
efit with an increase in atmospheric CO, absorption
time of around 25% on average. The use of this new
material as urban road pavement is important
because it would cover an area of the city that
would absorb toxic gases emanating from urban
transport vehicles, which justifies the continuity of
the research and laboratory tests being carried out,
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despite the reduction in the physical properties of
density, compressive strength, and Young’s modu-
lus because the cement action is impaired by the
addition of additive in the new material mix. Future
research should be conducted to find a balance
between the positive environmental benefits of the
new material with the disadvantages of loss of phys-
ical properties important for the structural strength
of the new material, but nothing prevents the new
material from being used as a pedestrian walkway or
garden walkways that do not require structural
strengths.

Cross-References
» Synonyms Definition Conclusions
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CAPITULO II — Implicacées Ambientais do pH em Pavimento de Betio Permesvel
na Rodovia BR-319, Amazonas, Brasil

Este capitulo aborda o comportamento do BPC nos ensaios de compressao axial
(ASTM C-39, 2018) e permeabilidade (Batezini e Balbo, 2015) com 4 tipos diferentes
de agua, destilada, ionizada, carbonatada com CO; e 4agua de torneira. Uma analise de
inferéncia estatistica nos resultados detetou alcalinidade registrada pelo aumento de pH,
uma resisténcia a compressao média de 12,30 MPa e uma taxa de permeabilidade de
1,28 1/h. Os resultados demonstraram que o BPC ndo apresentou nenhuma anomalia
decorrente da carbonatagdo, como manchas e eflorescéncias, ¢ alteragdes nas

propriedades fisicas de permeabilidade e resisténcia a compressao axial.
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This research studies the carbonation phenomenon of cement due to the

reaction of its components with water. In this chemical reaction occurs Article History
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Introduction

Concrete has cement as a binder, therefore, it
is subject to two phenomena: calcination and
carbonation’. The cement manufacturing process
consumes energy and generates carbon dioxide
(CO,) due to calcination, whereas carbonation of
cement, a natural process of calcium carbonate
formation in the concrete hydration process,
uptakes CO, from the environment, an interesting
environmental factor that may contribute to reduction
of this greenhouse gas®?. In fact, cement carbonation
in construction may reduce CO, in the environment,
with a positive impact on the greenhouse effect.
Nonetheless, carbonation may contribute to concrete
pathology by steel corrosion in reinforced concrete®.
The importance of investigating the environmental
implications of pH variation in drainage water from
porous concrete is related to cement carbonation®.
Upon the hydrolysis reaction, an increase in the
solubility of calcium carbonate, incorporates carbon
dioxide, leading to an acidity in the water, once the
system is in equilibrium. Sustainability requirements
in today’'s constructions compel to investigate
materials whose waste can be recycled®. This
research work focused on the effects of carbonation
in porous concrete, which may include recycling of
concrete by using it as an aggregate contributing to
pavements6 construction sustainability. The main
objective of this study was to investigate evidence
of carbonation in specimens of pervious concrete,
under laboratory and field conditions of pressure and
temperature, and to verify the integrity of specimens
of pervious concrete subject to different types of
water: distilled, alkaline ionized water, carbonated
water and tap water.

Materials and Methods

This study was developed in Manaus, in the Amazon
region in Brazil, and involved laboratory and field
experiments.

Pervious Concrete Specimens

Pervious concrete specimens were formed based on
the Brazilian standard NBR 57387, that defines the
procedures to mold and cure concrete specimens.
Based on studies of traits, preparation methods,
standard quality control as well as permeability
concrete optimization methods?, ten cylindrical
specimens of pervious concrete were formed, with a
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cement to coarse aggregate 1:4.4 ratio and a water/
cement factor of 0.3 to compression (Table 1).

Table 1: Pervious concrete specimens
characteristics

Material Ratio

cement : coarse aggregate ratio 1:4.4
water / cement factor 0.3
aggregate (4.8 a 9.5 mm) (kg/m?) 1660
cement (kg/m?) 374

The specimens were molded into cylindrical shapes
of 10 cm in diameter by 20 cm. The compaction
consisted on applying 15 strokes with a shank,
by layer of equal thickness. Vibration, curing
and demolding were performed according to
the guidelines of Brazilian standard NBR 5738,
considering that the characteristics of pervious
concrete differ from common concrete®.

The infiltration rate was evaluated using distilled
(DIS), ionized (ION), tap (TAP) and carbonated
(CAR) water (Figure 1). Water adsorption was
calculated by weight difference after the samples
were left to air dry for 24 hours and after water
(DIS, ION, TAP, and CAR) had infiltrated through
the specimen.

Fig. 1: measurement of a) pH and temperature;
b) infiltration rate

The pH variation during carbonation and
calcination10

The chemical reaction in cement manufacture, where
calcium carbonate dissociates into carbon dioxide
and calcium oxide, requires a lot of thermal energy
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and releases its carbon dioxide into the atmosphere.
Carbonation (equations 1 and 2) is the inverse
reaction of calcination (Equation 3), where carbon
dioxide is slowly absorbed by the concrete during its
lifetime (Equations 1 to 3).

CaCQ,(s)~C0O,*(aqg)+Ca*(aq) (Equation 1)

CO,*(aq)+H,0++HCO*(aq)+OH(aq) (Equation 2)

The hydrolysis reaction consumes CO,* (aq) and
increases the solubility of calcium carbonate.
Therefore, the incorporation of carbon dioxide
creates an acidity in water, which can be detected
by pH measurement, after the equilibrium displayed
in Equation 3:
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CaCO,(s)+CO,(g)+H,0<=+2HCO™(aq)+Ca*(aq)
(Equation 3)

Thus, the indication of pH change can be used as
a method to verify if carbonation in the specimens
of pervious concrete is occuring™. Evaluation
of pH difference was performed in each sample
(Figure 1), with a time interval of 24 hours, in the
following order: DIS, ION, TAP, CAR. The samples
were left to air dry for 24 hours, after which weighing
with a precision scale of + 0.2 g would take place.

Results

Pervious concrete specimen average infiltration
rate, pH e temperature before/after percolation are
presented in Table 2.

Table 2: Experimental data

Weight Infiltration pH before/after temperature before/after
rate percolation percolation (°C)
Sample (g) (mm/m) DIS ION TAP CAR DIS ION TAP CAR
1 3,354.30 1.14 7.4/ 9.6/ 8.5/ 5.4/ 227/ 235/ 270/ 24.3/
71 8.7 51 3.2 21.9 219 24.2 21.8
2 3,236.90 1.27 82/ 9.8 86/ 51/ 229/ 232/ 259/  24.3/
71 8.7 5.1 3.2 221 21.5 22.8 21.3
3 3,308.20 1.31 7.6/ 9.6/ 7.8 46/ 225/ 229/ 274/ 235
71 8.7 5.1 3.2 21.3 21.2 23.4 21.1
4 3,304.80 1.23 7.6/ 9.6/ 85/ 4.7/ 22.5/ 22.4/ 27.0/ 23.1/
71 8.7 5.1 3.2 21.6 20.9 229 21.1
5 3,285.80 1.27 75/ 9.5/ 8.3/ 4.6/ 22,3/ 223/ 253 227/
71 8.7 5.1 3.2 211 211 22.3 20.7
6 3,14850 1.22 8.0/ 96/ 88/ 4.6/ 222/ 228/ 253/ 227/
71 87 5.1 3.2 21.8 21.5 22.3 20.6
7 3,257.00 1.55 7.7/ 94/ 8.3/ 4.5/ 21.8/ 226/ 26.1/ 225/
71 8.7 5.1 3.2 20.6 22.3 23.4 21.4
8 3,405.90 1.26 7.4/ 9.3/ 8.2/ 4.0/ 21.3/ 22.7/ 25.8/ 22.6/
71 8.7 5.1 3.2 20.6 227 236 22.0
9 3,164.30 1.31 82/ 9.2/ 9.0/ 4.3/ 21.5/ 211/ 253/  22.4/
71 8.7 5.1 3.2 21.2 20.0 23.9 22.0
10 3,269.90 1.26 8.8/ 94/ 85/ 4.3/ 216/ 211/ 250/ 228/
71 87 51 3.2 215 19.9 24.3 21.7
Discussion type. The highest rates (smaller filtration time) were

Infiltration Rate
As shown in Figure 3, the infiltration rate showed
little variation between specimens for the same water

always under distilled water, suggesting that minerals
may affect infiltration rates. Infiltration rate is within
the expected parameters™.
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Filtration Time
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Fig. 2: Time of filtration of the different types of water in the specimens of pervious concrete

Nonetheless, the Kruskal-Wallis ANOVA test, using  and p-value of 0.317 for DIS. Table 3 shows the
filtration time of tap water as a grouping variable,  descriptive statistics of filtration times for the four
demonstrates that samples are homogeneous, with  water types.

a p-value=0.429 for CAR, p-value of 1.000 for ION,

Table 3: Filtration time descriptive statistics

Water type
Tap Carbonated  lonized Distilled
mean 15 1.1 1.4 11
standard deviation  0.361 0.079 0.070 0.038
variance 0.130 0.006 0.005 0.001
Water adsorption Wallis test with seven degrees of freedom, using

Water adsorption in the specimens varied from  weight difference of water as a grouping variable.
1.2% to 1.6%, with distilled and tap water showing  Results showed a p-value= 0.339 for CAR, p-value=
less adsorption than carbonated or ionized water  0.357 for ION, and p-value=0.339 for DIS, implying
(Table 3), based on the non-parametric Kruskal- that samples were homogeneous.

Table 4: Adsorption on pervious concrete specimens

Types of water Adsorption (%) pervious
concrete specimens

Distilled water (DIS) 1.2
lonized water (ION) 1.6
Tap water (TAP) 1.2
Carbonated water (CAR) 1.5
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Figure 2 shows difference in weight before and
after the infiltration process, suggesting that water
adsorptionis higher under ionized water, followed by
carbonated water, distilled and tap water, suggesting
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that water with higher carbon concentration tends
to adsorb more to concrete. Differences between
samples are attributed to differences in porosity due
to concrete molding.

Weight difference of test specimens (before and after filtrations)
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Fig. 3: Weight difference pervious concrete specimens, before and after water infiltration

As shown in Figure 4, all water samples filtered
through the pervious concrete specimens changed
their pH. Tap water and carbonated water showed
higher pH differences, whereas ionized and distilled

water showed smaller differences. These results
suggest that pervious concrete adsorbs CO, from
carbonated water, changing its pH.

Measurement of pH difference (before and after filtration in
pervious concrete)
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Fig. 4: pH difference of the pervious concrete specimens, before and after
filtration of the different types of water

The Kruskal-Wallis test, using the difference data of
pH of tap water as a grouping variable, resulted in a
p-value of 0.860 for CAR, p-value of 0.471 for ION,
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and p-value of 0.481 for DIS, implying that samples
are homogeneous (p > 0.05).
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Descriptive statistics (Table 5), the natural water
presented the mean with the greatest difference of
values between pH before and pH after filtration,
while ionized water and distilled water showed the
lowest mean with the difference between pH before

and after pH filtration. It is assumed that natural
water needs less filtration time to undergo greater
pH changes, i.e., water with gas, ionized water
and distilled water need to remain contained in the
pores of the pervious concrete to undergo greater
pH changes.

Table: 5 pH descriptive statistics

Water type

Tap Carbonated lonized Distilled
mean 3.4 1.4 0.8 0.7
standard deviation 0.331 0.401 0.176 0.321
variance 0.109 0.161 0.031 0.103

Having pervious concrete large and interconnected
pores in addition to the typical micropores of cement
paste'’, this structure allows ambient air and water to
more easily reach the inner spaces, When water flows
through pervious concrete, pH of water changes due
to the calcium hydroxide and calcium carbonate in
the cement slurry'?, with lower pH values, indicating
more calcium carbonate or a greater amount of
carbonation. The pH change indicates that water
encountered calcium hydroxide, with a pH increase.
Nonetheless, in this experiment there was no time
for formation of calcium carbonate, therefore, it
was not possible to detect the carbonation by the
reduction of pH in the samples, in these laboratory
experiments.

Conclusions
The results obtained in the laboratory and in the
field showed that:

. low absorption of tap and distilled water
by pervious concrete specimens, is an
advantage if it is intended to be used as road
paving material, increasing stability under
rainfall conditions;

. filtration time, associated to infiltration
rate, showed little variation under different
water types, suggesting that pervious
concrete is use is not constrained by carbon
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concentration in water;

. pH increase in water samples after infiltration
through pervious concrete specimens, in
the laboratory and in the field experiments
suggest contact of rainwater with the calcium
hydroxide in the cement paste, but carbonation
and CO, sequestration could not be detected
probably because there was not enough time
for calcium carbonate formation.

These preliminary studies suggest that carbonation
was not detected by the methodology used, so it
would be interesting to perform other tests, such as
X-ray diffraction to identify the chemical components
in the samples being tested that serve as evidence
of carbonation in the cement.
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CAPITULO III — Analise Estatistica Comparativa entre o Novo Pavimento
Urbano versus Pavimento Convencional de Betdo Permeavel

Este capitulo propde uma comparagdo de inferéncia estatistica entre o BPM com
aditivo de Ca(OH), e o BPC utilizado em pavimentos de vias urbanas e interurbanas,
com base em estudos que mostraram serem estes aditivos que atuam no processo de
sequestracdo de CO; durante a reacdo quimica da carbonatagdo (Haselbach e Thomle,
2014; Benitez-Guerrero et al., 2018; Jamrunroj et al., 2019; Gao et al., 2020). A
investigacdo envolveu a fabricacdo de um grupo controlo de 40 corpos de prova de BPC
e um grupo de testes com 30 corpos de prova de BPM para realizagdo de resisténcia a
compressdo (ASTM C-39, 2018), porosidade (Kévac e Sikakova, 2018), densidade
(ASTM C-127, 2015), permeabilidade (Batezini e Balbo, 2015), deformacdo e
monitoramento de sequestracdo de CO,, uma metodologia proposta neste artigo. Os
resultados demonstram a necessidade da continuidade dos estudos para se encontrar
uma propor¢do do novo BPM que acelere o sequestro de CO,, sem prejudicar as

propriedades fisicas de permeabilidade e resisténcia a compressao.
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Abstract

This research proposes a variation to pervious concrete pavement, in which a mixture of cement,
aggregates and water includes calcium hydroxide additive (Ca(OH)2). This new approach focuses on
two main environmental functions: increased permeability of urban soil favoring a decrease of total and
peak runoff and resulting reduction of flood occurrence in the cities, and COz absorption from the
atmosphere, contributing to reduction of the negative impacts caused by the observed increased
greenhouse effect in the cities. A series of 40 conventional pervious concrete pavement samples and 30
specimens of the proposed urban pavement were tested in the laboratory for permeability, density,
porosity and compression resistance, and monitored for CO2 absorption. Results show that there is an
environmental benefit of COa sequestration when adding Ca(OH)2 to pervious concrete, but there is
also a decrease in its compressive strength and permeability.

Keywords: CO» sequestration, road pavement, pervious concrete

1. Introduction

The special report of the Intergovernmental Panel on Climate Change (IPCC, 2018),
endorsed by 192 countrics, was the main decision-making tool for the Paris Agreement
(UNFCCC, 2019). The same report (IPCC, 2018) indicates that a global warming scenario of
1.5°C above pre-industrial levels is safer than 2.0°C, which will promote devastating

" Selection and peer-review under responsibility of the EIAETM
** Corresponding author: e-mail: 35986@ufp.edu.pt
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consequences on the environment that include loss of natural species habitats, declining polar
caps and rising sea levels, with an environmental impact on the health of urban populations,
livelihoods and global economic growth. Global warming is enhanced by the greenhouse
effect, of which CO; gas is a major contributor. Impermeabilization of the soil in urban areas
due to road pavements increases runoff volume and peak runoff, increasing flood risk.
Pervious concrete pavements (Table 1) have been applied in urban areas to help reduce that
risk.

Table 1. Definition of pervious concrete

Authors Concept

Pervious concrete, also known as no-fines concrete or permeable concrete,
Yu et al. (2019) is an environmentally friendly paving material.

Pervious concrete is considered as a type of lightweight porous concrete
Aliabdo et al. (2018) with no fine or with small percentage of fine aggregate.

The material consisting of open-graded coarse aggregate, Portland cement,
Kovac and Sicakova water, and admixtures. The basic arrangement of composition contains

(2018) mainly characterization of the aggregate: size of approximately 8 mm; sand
is neglected to leave the space between grains empty.

Pervious concrete which is namely as a permeable concrete or porous
ACI 522R-10, (2010) | concrete consists of cement, single size coarse aggregate, without or with
low content of fine aggregate, and water.

Some authors show that concrete sequesters CO> from the atmosphere in a reaction
commonly called carbonation, Eq.1 (Branch et al., 2018; Ho et al., 2018; Haselbach and
Thomas, 2014). According to Florin and Fennell (2011), this process exploits the reversible
reaction between CaO and CO; to form calcium carbonate (CaCQOs). According to Haselbach
and Thomle (2014), pervious concrete presents an internal pore network that facilitates the
penetration of the gases and favors CO: sequestration from the atmosphere through
carbonation. The cement carbonation in construction may reduce CO: in the environment,
with a positive impact on the greenhouse effect (Eq. 1) (de Oliveira et al., 2018).

Ca(OH)a(s) + COx(g) <> CaCOs(s)+H,0; AH = - 178 kJ/mol 1

Due to the development of new urban areas, there is a great challenge in finding new
ways to manage storm-water runoff. Among others, porous pavements are presented as an
alternative method for storm-water control (Kovac and Sicakova, 2018; Lori et al., 2019;
Zhong et al., 2018). Because of the environmental properties, pervious concrete was chosen
as the main material under study in this research.

The main objective of this study is to demonstrate that the new urban road pavement
proposed in this research has properties equivalent to those of conventional urban pervious
concrete road pavement. The secondary objectives are:

a) To collect data on the physical properties (compressive strength, permeability,
porosity and density) and environmental properties of specimens of the new urban road
pavement and of conventional urban pervious concrete pavement specimens by laboratory
tests; and

b) To compare the equivalence of the data collected from the physical and
environmental properties of samples of the new urban road pavement and samples of the
conventional pervious concrete urban pavement, through a statistical analysis of 30 samples
of the new urban road pavement with the control group of 40 specimens of the conventional
pervious concrete urban pavement.

474

38



Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Comparative statistical analysis new urban road pavement versus conventional pavement of pervious concrefe

2, Materials and methods

Two groups of specimens were prepared for comparative studies. Preparation of
specimens included Portland cement CP IIT 32, tap water and rolled pebbles between 4.8 mm
and 9.5 mm diameter, a water/cement factor of 0.30, and followed the methodology proposed
in ACI 522R-10 (2010). Table 2 shows characteristics of specimens.

Table 2. Specimens preparation characteristics

Treatment | Sample size | cement:Ca(OH)2:pebble
Conventional T0 40 1:0.00:4
Proposed T1 10 1:0.30:4
T2 10 1:0.50:4
13 10 1:0.80:4

Pervious concrete samples were left to cure for 7 days. All samples were subject to
laboratory tests for permeability, density, porosity and compressive strength, and monitored
for CO; absorption following the methodologies presented in Table 3.

Table 3. Tests and methodologies applied.

Tests Days after molding Methodologies
specimens
Permeability 14 Batezini and Balbo (2015)
Density 7 ASTM C-127 (2007)
Porosity 7 Kovac and Sicakova (2018)
Compressive Strength 7,14, 28 ASTM C-39 (2005)
Monitoring of volume COz 7 This paper

3.1. Permeability

A permeameter was built to evaluate the permeability of pervious concrete (Fig. 1).
The permeability coefficient or hydraulic conductivity of the permeability was calculated by
evaluated based on Eq. 2 (Batezini and Balbo, 2015).

k =VI/aht )

where:
k - permeability coefficient or hydraulic conductivity (mm/s)
- volume of drained water (mm?)
L - specimen length (mm)
a - permeameter PVC pipe section area (mm?)
h - water column height (mm)
{ - time (s)

3.2. Densily tesis

Density of pervious concrete specimens was evaluated under oven-dry conditions and
calculated according to Eq. 3, as defined in ASTM C-127 (2007), considering dry weight and
submerged weight, according to Fig. 2.
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Fig. 1. Permeability test apparatus
D =997.54/(B-C) (3)

where:
D = density (kg/m®)
A =mass of oven-dry test sample in air, oven (kg)
B = mass of saturated-surface-dry test sample in air (kg)
C = apparent mass of saturated test sample in water (kg)

Fig. 2. Samples identified after weighing submerged in water

3.3. Porosity

Pervious concrele samples porosity was evaluated according to Koévac and Sicakova
(2018) as shown in Eq. (4):

Vr = (1-(w2-wl)/dV)-100 (€]

where:

Fr - porosity (%)

w2 - oven dried mass of sample (kg)

wl - mass of sample submerged in water (kg)

d - density of water (kg/m?)

I/ — volume of specimen (m?)
476
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3.4. Compressive strength

The equipment used for the rupture tests was a calibrated and certified hydraulic press
(Fig. 3), Pavitest100 (CONTENCO, 2019), with a breaking capacity up to 100 t, and a digital
display. The specimens of pervious concrete were ruptured at 7, 14 and 28 days after
molding, according ASTM C-39 (2005).

o —

Fig. 3. Specimens identified for rupture tests
3.5. Monitoring of CO» volume

A CO»/Temp/RH Data Logger with an 88.9 mm display was used for CO; volume
monitoring. The Digital Carbon Dioxide Gas Meter is a measuring instrument for COa,
temperature and humidity, with accuracy in the range of 0-9999 ppm CO», with accuracy of
+/- 50 ppm CO,. Specimens were placed under a 10,000 cm® sealed acrylic chamber. A
digital carbon dioxide gas meter and a digital timer measure CO; changes in the atmosphere
in contact with the pervious concrete samples (Fig. 4).

Fig. 4. Monitoring the volume of CO:2 (ppm) over time in an artificially isolated environment
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3.6. Analysis

Treated (with Ca(OH);) and untreated (control group) pervious concrete samples
were evaluated for normality by the Shapiro-Wilk test. The Mann-Whitney non-parametric
test was applied on all variables to evaluate differences between the treated and control
group. Data was analyzed with the statistical package SPSS version 25 2019.

3. Results and discussion

The results of the Permeability, Density, Porosity, Compression Strength tests will be
presented in Figs. 5 to 8.

Permeability of Penious Concrete

18.00 -|-
& 14.00 4—
=
E 12.00
200 -

4.00 T 1
40 Specimens of pervious concrete 30 Specimens pervious concrete
with pebble without additive with pebble with Additive CalOH):z

Pemvious Concrete with and without Additive

Fig. 5. Permeability coefficient of 40 permeable concrete samples (control group)
and 30 samples of the new urban road pavement

Density Pervious Concrete

2,400 .00
2,200.00 [
=~ 2,000 .00
= E——
&b 1,800.00
5 T
@ 1,600.00
— E S
1,400.00 +
1,200.00 T |
40 Specimens of pervious 30 Specimens perviousconcrete
concrete with pebble without with pebblewith Additive
additive Ca(0H)=z

Pervious Concrete with and without Additive
Fig. 6. Density variation between control group and specimens of new urban road pavement
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Porosity of Perious Concrete
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25.00 74*
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Vr (%)
8
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0.00 T |
40 Specimens of pervious concrete 30 Specimens pervious concrete
with pebble without additive with pebble with Additive Ca(OH)z

Pervious Concrete with and without Additive

Fig. 7. The porosity of the new urban road pavement is smaller than that of the control group

Compressive Strength of Pervious Concrete

450
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2.00 '—— -|-
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000 T 1

40 Specimens of pervious concrete 30 Specimens pervious concrete
with pebble without additive with pebble with Additive Ca{OH)z

Tension (MPa)

Pervious Concrete with and without Additive

Fig. 8. Test of the compression rupture at 28 days after of specimens molding

The permeability and porosity graphs show a tendency for results below the control
group, naturally due to the pore filling by the additive added to the pervious concrete mix.
The density graph shows that the new pavement is more compact than the conventional
pervious concrete pavement, a characteristic also demonstrated in the permeability and
porosity graphs. The compressive strength graph shows a reduction in the maximum
compressive strength limit in the new urban pavement samples, which occurs as the amount
of additive in the pervious concrete mix increases. Increasing the additive tends to improve
CO; absorption capacity, but also reduces the compressive strength and permeability of the
new pervious concrete pavement. A study of the ideal amount of additive in the mixture was
performed by testing the 3 different proportions of additive in the 0.3, 0.5 and 0.8 fractions
of Ca(OH); additive in the pervious concrete mixture, To verify the normality of the sample
results, a statistical study was performed next.
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The results of the tests performed in this research demonstrated the statistical data
listed in Table 4. This Table allows us to compare the results of the tests of Compressive
Strength, Density, Porosity, Permeability and Sequestration Volume CO; between control
group and treated group.

Table 4. Descriptive statistics for the control group (40 samples) and treated group (30 samples).

TREATED GROUP

Compressive . . . Sequestration

Treated samples Strength ﬁ?ﬁig Po;;‘j“y Per(::if::z;!@ Volume CO;
(ke/cm?) ” (pput/s)
Mean 1.68 1911 6.01 9.77 9.83
0, . [
95% confidence 1.50-1.87 | 1839-1983 |  5.70-633 | 8.78-1076 |  8.91-10.75
interval
Median 1.53 1873 5.74 9.57 10.00
Variance 0.24 37376 0.72 7.07 6.07
Minimum 0.87 1475 493 643 5.00
Maximum 2.55 2284 8.56 1531 14.00
Skewness 0.29/043 | 0.29/0.43 1.47/0.43 0.39/0.43 -0.08/0.43
(statistic/error)
Knrtosis -1.20/0.83 | -0.08/0.83 2.01/0.83 -0.97/0.83 0.97/0.83
(statistic/error)
CONTROL GROUP

Compressive . ; pon Sequestration

Treated samples Strength ﬁ;ﬁiﬁg Po;,;‘j“y Per(::if":z;hw Volume CO;
(ke/cm?) % (ppnt/s)
Mean 2.08 1512 25.46 14.83 0.00
0, .

95% confidence 190-227 | 1479-1545 | 24.88-26.03 | 14.24-15.43 0.00
interval
Median 1.98 1478 25.98 14.89 0.00
Variance 0.33 10672 3.19 348 0.00
Minimum 121 1377 21.8 10.85 0.00
Maximum 413 1728 28.06 17.78 0.00
Skewness 1.21/0.37 | 080/0.37 | -0.62/0.37 -0.18/0.37 0.00
(statistic/error)
K““SSFS 2.58/0.73 | -0.64/0.73 | -0.66/0.73 -0.87/0.73 0.00
(statistic/error)

In Table 4, when comparing the mean properties of the treated group with the mean
properties of the control group, have 19% decrease in compressive strength, 26% increase in
density, 76% decrease in porosity and 34% decrease in permeability, explained by filling the
pore voids of the permeable concrete by the additive, because the more add additive to the
permeable concrete mix, the better the sequestration qualities of CO», but the physical
properties are impaired.

The control group showed normality for permeability only, whereas the treated group
showed normality for compressive strength, density, and sequestration volume of CO; (Table
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5). Due to the non-normality of some variables/groups, the Mann-Whitney non-parametric
test was applied to all variables to compare the treated group with the control group.

Table 5. Shapiro-Wilk normality test statistics

Control Group Treated Group
Statistics df | Sig. Statistics df | Sig.
Compressive Strength 0.92 40 | 0.01 0.94 30 | 0.07
Density 0.88 40 | 0.00 0.95 30 | 0.16
Porosity 0.91 40 | 0.00 0.86 30| 0.00
Permeability 0.96 40 | 0.23 0.92 30| 0.02
Sequestration Volume CO2 0.00 0.00 | 0.00 0.95 30 | 018

The control group is significantly different from the treated group, as observed in
Table 6. The control group shows significantly higher compressive strength, porosity and
permeability, whereas it shows a significantly lower density, and sequestration volume of
CO,. These results imply that even though there is an environmental benefit of CO;
sequestration when adding Ca(OH); to pervious concrete, there is also a decrease in its
compressive strength, and permeability that will also reduce the infiltration rate.

Table 6. Mann-Whitney U test for the treated and control groups.

Process Compressive Density Porosity Permeability
Strength
Mann-Whitney U 361.00 31.00 0.00 89.00
Significance (bilateral) 4.55¢3 1.45¢1 1.07e12 1.30¢?

4. Conclusions

The main objective and the secondary objectives proposed in this research were
achieved, because the results of the tests performed demonstrated that the properties of the
proposed new urban road pavement behave similarly to the properties of the conventional
pervious concrete urban road pavement, with an environmental benefit of the new pavement
urban road the sequestration CO; an average rate of 9.83 ppm/s.

However, this environmental quality gain of the new urban pavement is accompanied
by a 19% decrease in compressive strength, a 26% increase in density, a 76% decrease in
porosity and a 34% decrease in permeability, explained by filling the pore voids of the
pervious concrete by the additive, as the more add additive to the pervious concrete mix, the
better the sequestration qualities of CO», but the physical properties are impaired. For further
research suggest new testing to find an optimal amount of additive that will balance the
environmental benefits of CO: sequestration with the physical properties of pervious
concrete.
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CAPITULO IV — Implicacées Ambientais da Sequestracio de CO, pelo Pavimento
de Betdo Permeavel em Vias Urbanas

Este capitulo apresenta os estudos do BPM com aditivos de Ca(OH); e residuos
de borracha de pneus usados de veiculos automotores. Este BPM pode ser utilizado
como revestimento de pavimentag¢do de vias urbanas com propriedades de reciclagem e
reuso dos residuos de borracha automotiva. O novo BPM possui agregados de seixo e
brita nativa originados do proprio estado do Amazonas, o que contribui com a mitigacao
das emissoes de CO,. A pesquisa utilizou dois grupos de corpos de prova, sendo um
grupo controlo de BPC e outro grupo de testes, composto do novo BPM com aditivos,
para realizagdo de ensaios de porosidade, densidade, condutividade hidraulica,
resisténcia a compressdo ¢ monitoramento de absor¢ao de CO,. Os resultados foram
utilizados em analises estatisticas, paramétricas € nao paramétricas, para verificacao da
normalidade das amostras, o qual demonstraram que o novo BPM possui propriedades

fisicas compativeis com o BPC.
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Abstract

This research deals with a new material, made from conventional pervious concrete, but with the addition of two
components in its mixture, calcium hydroxide (Ca(OH)), to improve its carbon dioxide (CO-) absorption properties from
the atmosphere, and Scrap Tyre Tubes (STT), a rubber waste from used tyres of vehicle {(motorcycles and cars), which
makes the new material lighter and contributes to urban sustainability by reusing industrial waste automotive.
Conventional pervious concrete has a main property that benefits the environment, which is natural from its porous
structure, which is the permeability of the urban pavement, which allows the drainage of rainwater from the urban
pavement to the underground, contributing to the reduction of flooding in cities through the infiltration of water into the
groundwater. This research sought to improve conventional pervious concrete through additives in its mix to create a
new porous material, more efficient at sequestering CO, from the atmosphere, lighter and reusing rubber waste from
used tyres. The porosity of conventional pervious concrete makes this material ideal for carbon dioxide (CO,)
sequestration due to the ease of CO; penetration into its internal structure pore network, which interacts with cement
and other additives, which by means of a chemical reaction called carbonation, absorbs CO. from the atmosphere to
form calcium carbonate (CaCO;) in its internal structure, which is an excellent environmental benefit for the materials
used in the manufacture of urban pavements, as it makes the urban pavement contribute directly for air quality and for
the control of pollution emanating from motor vehicles traveling on urban roads. In this investigation were performed
laboratory tests of compressive strength and permeability, because these are the most important properties of
conventional permeable concrete that make this building material a porous pavement that can be used on urban
roadways, these properties are essential for the new pervious concrete material, were also CO; volume monitoring in
contact with specimens of conventional pervious concrete and specimens of new material, because this envircnmental
benefit of CO, absorption from the atmosphere is very important for the control of air quality in large metropolis, which
have high levels of pollution that affect the life of urban citizens, causing respiratory diseases in old and children. In this
research, 40 conventional pervious concrete were manufactured with limestone aggregate, to serve as a control group
in the statistical analysis and 10 specimens of the new material of pervious concrete also were manufactured with
proportions of 1:0.5:4 (cement:Ca(OH),:pebble), factor water/cement (w/c) of 0.30, with 5% STT in mix, because the
proportion of SST in the mix defines how much waste tyre waste can be reused in the manufacture of this new material.
The STT is a non-biodegradable material that occupies a lot of urban space, so it harms the environment and the quality
of life of the urban citizen, an alternative to reuse STT in the mix of new pervious concrete material is a very important
sustainable solution to modern cities around the world due to the progressive annual increase of this waste tire rubber
from automotive industries. In this research the results of the tests served to compare compression and permeability, as
well as monitoring the absorption of CO; from the atmosphere of the different groups. The results of the compressive
strength and permeability tests and CO- volume monitoring were analyzed statistically for normality and the {-Student
test. This analysis showed that the improvement of environmental properties harms the physical properties of the new
material with compressive strength of 1.25 MPa, permeability of 7.00 mm/s and 5% of STT in the mix of new material of
the pervious concrete, however, this new permeable concrete material can be used in non-structural works, such as
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garden pavement, pedestrian sidewalks, finishes to beautify buildings and condominium facades, etc., due to the
environmental benefits it produces and cannot be neglected.

Key words: sustainable pavement; air quality; urban pollution control
1. Introduction

New, cheaper and more efficient carbon dioxide (CO:z) capture techniques to control urban
pollution and reduce the greenhouse effect are in high demand (Bhawna et al., 2019), so this
research is important for reducing CO:2 emitted by factories, industries, vehicles and other
combustion engines that promote pollution in the urban atmosphere, and this research also
contributes to the recycling of waste tyres that increase each year in cities, the reuse of waste
tyres from automotive factories is urgently needed because waste tyres are not biodegradable
and take up a lot of urban space (Arulrajah et al., 2019), and the European Commission
determines that by 2020 in Europe 50% of waste is recycled or reused (Directive 2008/98/EC,
2008). This research deals with the study of a new material, created from conventional pervious
concrete, material formed by cement, aggregates and water with porous properties (Lori et al.,
2019). The new material has the addition of calcium hydroxide (Ca(OH)z) in its mixture, which
uses the porous internal structure of pervious concrete to produce the following chemical
reactions: calcination, hydration and carbonation. Calcination (eq.1)} is an endothermic reaction
that produces calcium oxide (CaO); Hydration (eq.2) is an exothermic chemical reaction that
produces Ca(OH)z, a cheap and abundant material in nature; and carbonation (eq.3), which is
an exothermic chemical reaction that captures CO: from the atmosphere to produce calcium
carbonate (CaCQsa), (Jamrunrgj et al., 2019).

CaCOyy; 4—p Ca0y + COyg) AH =+ 178 kiimol (1)
CaOy,; + HoOiw) #— Ca(OH)ay A H=-178 kJ/ mol @)
Ca(OH)zs) + COzg 4 CaCOgyy + H:0 H=-178 kJ / mol (3)

More complex CO: capture studies have been performed in China (Li et al., 2019), including the
use of artificial atmospheric pressure to accelerate carbonation, but it is a very expensive and
energy-intensive method in urban environments. In the search for cheaper solutions, it was
decided in this research to study the addition of Ca(OH). to the pervious concrete during the
preparation, because the high porosity of this material facilitates the penetration of external
gases of the atmosphere, which catalyze the carbonation in the process for the CO:
sequestration, as the pH within the internal structure (De Oliveira, 2018). Studies for adsorption
of CO2 by porous solid materials used techniques for COz capture technologies with CaO-based
sorbent, applied for high-temperature (Jamrunroj et al., 2019), but it is also a process that uses
a lot of energy and is very expensive.

The new material keeps the characteristics of pervious concrete conventional of infiltrating
rainwater and allowing it to infiltrate the soil, it preserves groundwater and reduces the flow of
rainwater on urban roads, preventing flooding and car accidents caused by aquaplaning (Sun et
al., 2019). The type of aggregate, pebble or limestone in the permeable concrete mix influences
its physical and environmental properties (Kovac and Sicakova, 2018), therefore in this
research we used the 2 types of aggregates, pebble and limestone, in each control group of
specimens. A holistic view of the environment in which pervious concrete will be applied is
required during the engineering design phase by studying the benefits and sustainability and
durability of pervious concrete (Xie et al., 2019).

In addition to the environmental benefits of COz absorption from the atmosphere, the new
material can also be used to reuse tyre waste from vehicles, motorcycles and cars from the
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automotive industry, which could contribute to the movement of the circular waste economy
already implemented in Europe. Tyre waste recovery is already becoming a trend in more
developed countries, according to the European Tyre and Rubber Manufacturers Association
over 3.6 million tons per year of tyre waste was reused in Europe (ETRA, 2015), despite initial
resistance due to contamination of tyre waste by steel particles and rubber dust making reuse
and recycling difficult (Onuaguluchi and Banthia, 2019). The European Union volume of waste
generated each year, about 15 million tons per year (Eurostat, 2016) is of concern, as it tends to
grow as the world fleet of vehicles also grows, knowing that the used tyre is It is a non-
biodegradable material and occupies a lot of urban space, although it can be stacked (Arulrajah
et al., 2019). More and more studies on tyre waste utilization are being carried out, such as the
reuse in foundations of construction works, respecting the load and overload limits of
infrastructure and soil (Gill and Mittal, 2019), reuse of fibers rubber in concrete strengths, called
concrete reinforcement fibers (FRC), tested in the laboratory to obtain better strength of
concrete, within the limits of the technical standards governing the fabrication of structural
reinforced concrete (Chen et al., 2019) and the reuse of rubber waste at the base and subbase
of flexible asphalt pavement as well as asphalt aggregate itself (Saberian et al., 2019). Studies
are also being conducted for the use of recycled tyre polymer fibers (RTPF) as micro
reinforcement in concrete mixtures (Baricevic et al., 2018). In Brazil the problem of tyre waste is
more serious than in Europe, because waste management by the circular economy has not yet
been implemented, and the volume per year of Construction and Demolition Waste (RCD) and
other waste only tends to increase each year (Lamego Oliveira et al., 2019). In Australia,
studies have shown a growing increase in landfills and solid waste generation, which has
increased CO2 emissions in that region, mainly due to burning of rubber waste (Saberian and Li,
2018). This is why the importance of recycling and reuse of construction waste materials (CCR),
such as the recycling of rubber waste pavement (Li et al., 2018). Recycling and reuse of
materials can reduce CO2z emissions and according to UN environmental policy the temperature
of the planet is rising every year because of the greenhouse effect and urgent measures must
be taken to reduce greenhouse gas emissions (IPCC, 2018). All of these studies prove the
increasingly urgent need for reuse and recycling of used tyre waste to keep pace with the
increasing volume/year of this waste, a volume that grows with the growing fleet of vehicles in
the world, and so harms the environment. The new material under study in this research also
allows the reuse of tyre waste through scrap tyre tubes (STT) in the mixture during its
manufacture. The study conducted in this research is very important for improving air quality
and for recycling and reusing tyre waste in the cities.

The main objective of this research is to verify the behavior of the physical properties of the new
pervious concrete material when subject to the improvement of environmental properties by
adding Ca(OH)z and STT to the mixture during its manufacture. Secondary objectives are the
collection of data on physical and environmental properties of the new pervious concrete
material through tests of compressive strength and permeability, as well as monitoring of COz
volume, in isolated environment, in the presence of specimens of the new pervious concrete
with Ca(OH) and STT additives.

2. Materials and Methods

In this research the methodology applied for the preparation of pervious concrete specimens
was from ASTM C192, with the moulds made of PVC pipe, in the dimensions of 200.0 mm
(height) by 100.0 mm (diameter), and the characterization of the aggregates was done by
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granulometry test, ASTM C136, of pebble and limestone aggregates, approximately 4.5 mm to
9.0 mm in size, through sieving. The methodology applied to the rubber tyre reuse STT
specimens was the one performed by Boon et al. (2017). The pebble aggregate, Figure 1,
originated from the Jurua River (Amazon), the limestone, Figure 2, originated from the crushing
processing of rocks found in the neighboring cities of Manaus (Amazonia) and the STT, Figure
3, used in this research originated from discarded used tyres in the city of Manaus (Amazonia).

Figure 1. Pebble aggregate scale algures Figure 2. Aggregate limestone scale algures

Source: authors.

Recycling of used tires follows the methodology proposed by Boon et al. (2017), carried out by
processing the STT which is washed to remove impurities and cut into small rectangular shaped
rubber particles, with an average size of 10.0 mm by 6.00 mm, for mixing during the
manufacture of permeable concrete. The proportion of tube-rubber particles is 5% of the cement
mass, about 19.0 kg/m?® of STT. The value of 5% was proposed by Boon et al. (2017) after
conducting tests with the proportions of 3%, 5% and 7% to verify the physical properties with
the mixture of STT in pervious concrete, which concluded that when STT is added to the mass
of pervious concrete the physical properties of compressive strengths are impaired. In this
research we have adopted the average value of 5% STT in relation to the pervious concrete mix
so as not to overly affect the compressive strength property of our new pervious concrete
material with STT. Figure 4 shows the tube-rubber particles after preparation and ready for
mixing into the pervious concrete mass during their manufacture.

Figure 3. Scrap Tyte Tube (STT) Figure 4. Tube-rubber particles scale algures

Source: authors.
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The tests were carried out at the Laureat Universit International Concrete Laboratory, in
Manaus, Amazonas, Brazil. The methodology used followed the activity flowchart of Figure 5.

Figure 5. Activity Flowchart

EREPARATION. PERVIOUS CONCRETE: PERVIOUS CONCRETE:

s ierstes Manufacture 40 specimens Manufacture 10
Molds specimens with Ca(OH),

Permeabilityy
tests performed
according to
Manufacture of 40 methodology

P
concrete with aggregates
1095 f2my

and pebbie) ASTM C135 mm), ratio 1:3.5 10 spacimens

with »

factor water/cement of
0.30 ASTM €192

Manufacture of 80 0.30, with 5% STT

Molds ASTM C192 Compressive
Strenght test
L performed

according ASTM
c39

New Methadalogy
proposed for monitoring
Ll of volumeofco,
{ppm/s) captured by

pervious concrete

Source: authors.

The pervious concrete specimen with STT is shown in the Figures 6 and 7.

Figure 6. Pervious concrete with STT Figure 7. Pervious concrete weighing with STT

22090

Source: authors.

The granulometry tests were carried out, the following proportions of aggregates were
determined in the pervious concrete mixtures, according to percentage of sieves #4.75 (30%),
#6.3 (40%) e #9.5 (30%). The molds were manufactured for the preparation of pervious
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concrete species in the laboratory. The molds were made of PVC, with the dimensions of 100 x
200 mm, according to ASTM C192. The methodology applied to calculate the trace of pervious
concrete was the one proposed by Batezini and Balbo (2015) for the mixture ratio of Pervious
Concrete. The materials used were the ordinary Portland cement CP IV 32, aggregates and
water. The sand was not used in the mixture, only pebble and calcareous gravel. A 180,000
cm3 three-phase concrete mixer was the equipment used to mix the aggregates and cement at
a ratio of 1: 4.4, with a water/cement factor (w/c) of 0.30. The mixing ratio of pervious concrete
is composed of 380.0 kg/m® cement, 1,700 kg/m? coarse aggregate, factor 0.30 (w/c), and 1:4.4
(cement:aggregate) with 19.0 kg/m® of STT. The 10 specimens of pervious concrete with 19.0
kg/m® of STT were manufactured in this research. The 40 specimens of pervious concrete
conventional were produced with limestone aggregate, according to the molding in Figure 3,
and demoulding occurred in 24 h, to serve as a control group in the statistical analysis. Studies
were carried out with 10 specimens new material of the pervious concrete with an increase of
Ca(OH)2 during its mixture, with the proportions of 1:0.5:4 (cement:Ca(OH)2: pebble), factor
0.30 (w/c), in order to verify the ratio with better performance in the tests. In this research were
carried out tests of permeability and compressive strength of specimens of pervious concrete.
The permeability coefficient or hydraulic conductivity of the permeability was calculated by
evaluated based on eq.4 (Batezini and Balbo, 2015). The methodology used in laboratory tests
followed ASTM standards according to modern laboratory techniques and proposed
technological precepts (Aliabdo et al., 2018).

VL "
aht “
Where:

k - permeability coefficient or hydraulic conductivity (mm/s)

V - volume of drained water (mm?)

L - specimen length (mm)

a - permeameter PVC pipe section area (mm?)

h - water column height (mm)

t-time (s)

A permeameter was built with PVC tubes ¢50.00 mm to evaluate the permeability coefficient of
pervious concrete (Afonso et al., 2019). The Figure 8 show the equipment used in test of the
permeability.

Figure 8. Permeameter equipment

Source: authors.
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The pervious concrete specimens were ruptured at compressive strength at 7, 14 and 28 days
after casting, as per ASTM C-39 (2018). The equipment used for the rupture tests was a
calibrated and certified Pavitest100 hydraulic press with a rupture capacity of up to 100 t and
equipped with a digital display.

Source: authors.

The monitoring of CO2 volume was performed through the equipment digital carbon dioxide
(COz2) gas meter, temperature and humidity, measuring in the range 0-9999 ppm CO2 and +/- 50
ppm CO2 accuracy. A carbon dioxide digital carbon meter and a digital timer measure the
changes in CO:z in the atmosphere in contact with the pervious concrete specimens were placed
under a 10,000 cm? sealed acrylic chamber as shown in Figure 10. The CO2 monitoring tests
were performed with the control group of 40 samples of conventional permeable concrete and
10 samples of the new permeable concrete material with STT.

Figure 10. The monitoring of CO2 volume

Source: authors.
The statistical analysis was performed with the statistical package SPSS version 25 2019. The
control groups formed by 40 specimens of the pervious concrete conventional with limestone

aggregate and treated group formed by 10 specimens new material of pervious concrete. The
study performed the statistical analysis to verify the normality of the data. The specimens group
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of the new material with Ca(OH)z additive in proportion 1:0.5:4 (cement:Ca(OH)z):pebble), factor
water/cement (w/c) of 0.30, and the 5% STT group in their mixture were treated for comparison
with the control groups.

3. Results and Discussion

Figure 11 shows the results of the specimens of pervious concrete conventional control group
and the results of the treated group of the new material pervious concrete with additives for
analysis and comparison.

Figure 11. Results of Tests Compressive Strength

Compression Strength
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= 250
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G M |
2 150
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New Pervious Concrete with STT Pervious concrete conventional

Source: authors.

Analyzing the data shown in Figure 12 it can be stated that when comparing the pervious
concrete conventional control groups with limestone aggregate and new material with STT in
the compressive strength results, about 15% to 20% reduction in compressive strength,
probably due to the addition of additive in the mix of new pervious concrete material with natural
aggregate of river gravel type, pebbles of limestone, quartz and various metamorphits (Kovac
and Sicakova, 2018). Comparing the results of the groups formed by the new pervious concrete
with addition of Ca(OH)z and STT, it is found that the best result was the group control of
pervious concrete conventional without addition of Ca(OH): in the ratio of 1:0.50:4
(cement:Ca(OH)z:pebble) and without STT. The new pervious concrete group with Ca(OH):z
addition at a ratio of 1: 0.50: 4 (cement:Ca(OH)z:pebble) shows results about 15% to 20% loss
than the pervious concrete control group, probably due to the internal pore structure of the
pervious concrete that has been filled by the additives to make the material more compact and
durable. The worst result was the new pervious concrete group with 5% STT added, because
the addition of STT impairs the mechanical strength of the material (Boon et al., 2017), which
shows that the addition of Ca(OH)2 and STT additives impair the compressive strength of the
pervious concrete material. Excess additive in the pervious concrete mix impairs the pervious
concrete mix making the material more fragile and poorly resistant. The results demonstrate that
the amount of additives to be added to the pervious concrete mix, such that the material has
acceptable loss in compressive strength without weakening it, and maintain the benefits to the
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urban sequestration environment COz and recycling of used vehicle tires is the ratio of 1: 0.50: 4
(cement:Ca(OH)z:pebble) with an additive of 5% STT. Further future studies should be
performed to prove this hypothesis, including field experimentation of the new pervious concrete
material with additives that improve CO: absorption and allow the reuse of used tires,
environmental benefits that offset the loss of compressive strength. This is because this new
material can be used in works that do not require structural strength, such as pedestrian
sidewalks, garden pavements, etc. The results of the permeability tests of the specimens of
pervious concrete conventional control groups and the treated group of the new pervious
concrete with additives and STT are shown in Figure 12.

Figure 12. Results of Tests Permeability

Permeability
11.00
10.00 I
9.00 - ;
8.00 e —

w —*
6.00

5.00 T 1
New Pervious Concrete with STT  Pervious concrete conventional

Permeability Coeffcient (mmvs)

Source: authors.

The permeability coefficient or hydraulic conductivity is one of the most important property of
permeability medium (Afonso et al., 2019). Analyzing Figure 12, it can be seen that the pervious
concrete conventional control group presented the best result, about 20% to 30% higher than
the other groups, probably due to the smooth faces structure of the river aggregate that
facilitates the passage of water through the internal pore network in the pervious concrete
structure. The conventional pervious concrete control group with limestone aggregate had a
lower result than the pebble aggregate group, probably due to the shape and roughness of this
aggregate that make it difficult for water to pass through the internal pore network of the
pervious concrete. The compressive strength result and this permeability result indicate the
pebble as an efficient aggregate for the new pervious concrete material with Ca(OH)2 and STT
additives. Comparing the results of the new pervious concrete material groups with additives in
the ratios of 1:0.50:4 (cement:Ca(OH)z:pebble) it is observed that as we add additive to the
pervious concrete mixture the permeability coefficient decreases in the same proportion. The
explanation for this result is that the additive fills the internal voids of the internal pore structure
of the pervious concrete, so the more void filling, the lower the permeabilization capacity of the
new pervious concrete with Ca(OH). additive. Excessive addition of additive to the new pervious
concrete material can nullify the permeability of this material, making the material compact
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rather than porous. In the new material pervious concrete the permeability is reduced because
the additive aims the porus. The group formed by the new 5% STT permeable concrete material
is among the worst results in Figure 12, also due to the tube-rubber particles filling the pore
voids of the internal structure of the new pervious concrete with additives, proving to be harmful
to this physical property of permeability. This research seeks to improve the environmental
properties of conventional pervious concrete, but it is challenging because as you enhance the
environmental benefits of this material needed for quality improvement in cities and on the
planet, such as improved air quality and recycling of non-biodegradable materials such as used
tire rubber, physical properties are impaired, impaired and may even be negated in that
material, depending on the amount of additive added to the new pervious concrete mix during
its use manufacturing.

The results of tests of the monitoring CQ2 volume the control group with specimens pervious
concrete conventional and treated group with new material of pervious concrete with STT
demonstrate that the CO2 monitoring results with pervious concrete conventional were null, due
to the slow absorption of CO2 through cement carbonation, but the results with the new material
showed results with an average of 7.00 ppm/s CO2 sequestration.

Table 1 show the statistical data from the results of the compressive strength and permeability
and CO: sequestration tests between the control groups and the treated group. The
comparative results of the test means show that there was a reduction in the compressive
strength and permeability properties due to the addition of additive in the permeable concrete
mix. The gain in CO2 volume sequestration in the properties of the new material of pervious
concrete is accompanied by a loss in the main properties in compressive strength and
permeability.

Table 1. Descriptive statistics for the control group (40 specimens) and treated
group (10 specimens)

CONTROL GROUP (40 Pervious Concrete Conventional with limestone aggregate)
Treated specimens Compressive Strength Permeability Sequestration Volume
(kg/em?) (mm/s) CO: (ppm/s)
Mean 219 893 0.00
95% confidence interval 1.88-2.40 8.62-9.24 0.00
Median 2.13 8.42 0.00
Variance 043 0.95 0.00
Minimum 1.14 7.80 0.00
Maximum 4.19 10.67 0.00
Skewness (statistic/error) 1.10/0.37 0.68/0.37
Kurtosis (statistic/error) 1.57/0.73 0.37/-1.09 -0.37/1.33
TREATED GROUP (10 New Pervious Concrete with additive and SST)
Treated . Compressive Strength Permeability Sequestration Volume
reated specimens (kgrem?) (mmis) cO: (ppmis)
Mean 1.06 6.97 9.60
95% confidence interval 0.95-1.17 6.34-7.60 9.00-10.20
Median 1.02 6.96 10.00
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Variance 0.02 0.78 0.71
Minimum 0.87 551 8.00
Maximum 1.33 8.71 11.00
Skewness (statistic/error) 0.81/0.69 0.38/0.69 -0.39/0.69
Kurtosis (statistic/error) -0.37/1.33 0.94/1.33 0.37/1.34

Source: authors.

Comparing the statistical data found that control group 1 has better results than control group 2,
demonstrating that in pervious concrete the pebble aggregate is more efficient than limestone
aggregate. Comparing the control group 1 with the other treated groups, found a decrease in
the physical properties results, showing that the additives incorporated in the new permeable
concrete mixture impair their physical qualities, as the amount of additive increases.

The control group is significantly different from the treated group, as observed in Table 2.
According to Figure 12 the new permeable concrete material with additives showed better
results than the conventional permeable concrete control group, about 20 to 30%, but the result
was due to the 1: 0.50 ratio being optimized, since the addition of Additive in the mixture causes
the material to break down and its strength to resist. Figure 13 shows a negative result for the
new STT additive permeable concrete group, as it shows a 5 to 15% reduction in permeability
compared to the control group. The additive fills the voids in the internal pore network, which
impairs the permeability coefficient or the hydraulic conductivity of the new material. Whereas in
Figure 12 there is an apparent increase in resistance, probably due to the new material
becoming more compact with the addition of additive in its mix, but Figure 13 demonstrates that
this material compactness reduces permeability. A balance between compressive strength and
permeabilide is very important and can only be found through testing.

Due to the non-normality of all the variables of the treated group, the nonparametric Mann-
Whitney test was applied to all variables to compare the treated group with the control group as
presented in Table 2. The results of the volume CO2 sequestration were not presented because
the control group presented null results.

Table 2. Mann-Whitney U test for the treated and control groups

Process Compressive Strength Permeability
Mann-Whitney U 5.500 23.000
Significance (bilateral) 0.000 0.000

Source: authors.

Table 3 shows the normality test statistics of the Shapiro-Wilk with tests of the compressive
strength, permeability and sequestration volume CO..

Table 3. Shapiro-Wilk normality test statistics

Control Group 1 Treated Group
Statistics df Sig. Statistics df Sig.
Compressive Strength 0.923 40 0.010 0.894 10 0.189
Permeability 0.847 40 0.000 0.975 10 0.935
Sequestration Volume COz 0.890 10 0.172

Source: authors
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4. Conclusions

In this research, the main objective was achieved when it was found that the addition of
Ca(OH)z2 and STT in the mixture of the new pervious concrete material, during its manufacture,
presents a behavior detrimental to the physical properties of compressive strength and
permeability, despite improve their environmental benefits from COz sequestration and reuse of
rubber the old tires. The data obtained in this research it was found that the proportion of the
new pervious concrete material that presented better results was 1:0.5:4
(cement:Ca(OH)z:pebble), with water factor cement (w/c) of 0.3, and a 5% of STT. The new
pervious concrete material with Ca(OH)2 and STT additives can be used in non-structural works
such as pedestrian walkways, garden pavements, architectural beautification of building
facades and interiors of homes. For further research suggest more tests to find an optimal
balance between the improvement of environmental properties through additives in the mixing
of the new pervious concrete material with loss of the physical properties of this material.
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antimicrobianas dos aditivos CaO e Ca(OH); utilizados no BPM, os quais possibilitam a
utilizacdo do BPM como pavimento antimicrobiano no estacionamento de hospitais,
uma contribuicdo para a manutencdo do rigor dos protocolos de seguranca da
Organizacdo Mundial da Saude. Os resultados demonstraram um equilibrio entre o
aditivo e as caracteristicas fisicas do BPM, com a preserva¢do das propriedades de
porosidade, permeabilidade e resisténcia a compressao, além dos beneficios
antimicrobianos dos aditivos acrescentados a mistura do novo BPM, o que ¢ promissor
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Abstract

In the coronavirus pandemic (COVID-19), it is important to articulate a safeguard against urban
contamination originating from hospitals, mainly the tires of vehicles that travel in the hospital parking-
lots and contaminating the various parts of the city through traffic on urban roads. With the purpose of
disinfecting the pavement of hospital parking-lots to prevent diseases, this research proposes the use of
a new pavement composed of pervious concrete with calcium hydroxide (Ca(OH)2) additive, i.e., lime
powder. The well-known powder lime becomes a disinfectant with a microbicidal effect which
increases the pH of the pavement, being a low cost and an abundant material. Studies have shown that
this additive affects the mechanical strength of pervious concrete when added to its mixture.
Accordingly, the objective of the study is to find a balance between mechanical strength and the ideal
proportion of lime powder additive in the pervious concrete mixture through finite element prototypes
subjected to vertical loads of 10,000 N with variation in the modulus of elasticity. The results of the
structural simulations indicate the prototype with the best performance ratio is 1:0.8:4
(cement:Ca(OH)2:limestone), compressive strain of 15.70 kg/em?, density of 1,971.42 kg/m* and
modulus of elasticity of 1,480.22 MPa, with demonstrates a satisfactory mechanical performance for
the use of this new pavement in hospital parking-lots.

Keywords: calcium hydroxide, elasticity, lime powder, microbicidal pavement, pervious concrete

1. Introduction

The Coronavirus Pandemic (COVID-19) forced the entire planet to revise hygiene
and cleaning habits, through the guidelines and protocols of the World Health Organization

* Selection and peer-review under responsibility of EIAETM
** Corresponding author: e-mail: 35986@ufp.cdu.pt
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(WHO, 2020) and the concern with disinfecting places became a priority for people and
governments around the world, particularly in hospitals, which have high safety protocols for
microbicidal and bactericidal disinfection involving products that can affect human skin,
according to (Syed et al., 2020). This study aims to contribute to the preparation of health
safety protocols in external areas of hospitals, comprising the parking of ambulances and
private cars, through the possibility of using pervious concrete modified with calcium
hydroxide (Ca(OH)2), also called lime powder, additive as a disinfectant pavement to be use
used in these car parks.

Pervious concrele is a porous pavement with environmental and sustainable property, as
it allows the recycling of its components. The pervious concrete is formed by the mixture of
aggregates of limestone or pebbles, cement and water, according to (Elizondo-Martinez et al.,
2020). Studies carried out with comparative porous pavements have recommended for
communitics the use of pervious concrete for use in the parking-lot pavement, for
decontamination of the soil with pollutants originating from nitrogen, often drained by
rainwater precipitations (Razzaghmanesh and Borst, 2019). The modified pervious concrete is a
new material made by adding Ca(OH): to its mixture, an additive that favors carbonation in its
internal structure (Aggelakopoulou et al., 2019), and contributes to the sequestration of carbon
dioxide (CO-) in the atmosphere, as report by (Gao et al., 2020) and (de Oliveira et al., 2019).

This environmental benefit is in line with the recommendations and reports of the
International Panel Climate Change (IPCC, 2020). In addition to these environmental benefits,
the pervious concrete modified has in its porous structure Ca(OH):, which is a chemical
element with disinfectant properties that help to prevent diseases, because when it is spread in
external areas with access to domestic animals, it acts in the prevention of diseases such as
avian influenza, salmonella and others originated by contaminated animals that pass through
this area (Mori et al., 2019). Ca(OH). and Calcium Oxide (CaQ) are inorganic compounds
originated from limestone, used as adsorbents and alkalinizing agents for toxic waste produced
by polluting factories (Takayama et al., 2020).

The disinfection properties of CaO and/or Ca(OH). are due to the alkaline effect this
hydroxide, since a pH > 11.5 is a strong microbicide that reduces the cultures of
microorganisms during the water purification processes (Grabow et al., 1978). Studies have
shown that bioshell calcium oxide (BiSCaQ) has a practical application for disinfectant
microbicide, favored by the effect of increasing the alkalinity of the environment from CaQO
(Sato et al., 2019a, 2019b). Research (Takayama et al., 2020) has proven the effectiveness of
BiSCaO0 as a bactericide in the treatment against the bacterium Pseudomonas aeruginosa. The
microbicidal and bactericidal properties of Ca(OH), make it possible to use it as a medicine to
fight infections by bacteria such as Enterococcus faecalis (Sapra et al., 2017). Ca(OH): has
practical application in the fight against discases transmitted by insects such as Aedes aegypti
and Culex quinqguefasciatus, as it also has larvicidal properties in contact with water,
eliminating the breeding focus of these causing insect endemic diseases such as Dengue and
Malaria (Estrada-Aguilar et al., 2012).

All these microbicidal, bactericidal and larvicidal properties provide an effect of
practical use for modified pervious concrete as a disinfectant pavement. However, and
according to the studies (Esfandiari and Loghmani, 2019), lime powder is added to the pervious
concrete mixture it also reduces its ability to resist compression, a phenomenon also proven in
conventional concrete with an average reduction of 20% in its mechanical resistance. This
phenomenon occurs because the lime powder affects the binding properties of the cement,
reducing its mechanical and structural stability. In this way, the more disinfectant the modified
pervious concrete, by increasing a higher percentage of Ca(OH): additive in its mixture, the
lower its structural resistance and stability. Thus, this article proposes to discover the optimal
proportion of additive to obtain an effective disinfectant pavement with adequate mechanical
resistance in hospital parking-lots.
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2. Material and methods

The ANSYS 2019 R1 software was used to develop simulations in 30 pervious
concrete prototypes modified with Ca(OH), additive. Each digital prototype has the
dimensions of 1 m wide, 1 m long and 0.40 m thick. The load used in the simulations was
10,000 N with dynamic variation applied in the center of the prototype, in the vertical
direction. The simulations were divided into 2 groups, a G1 group with 15 prototypes that
had a progressive increase in the Ca(OH), additive, from 0.1 until 1.5%, in the proportion of
pervious concrete modified mixture, and another G2 group with 15 prototypes that had
progressive increase of cement, from 0.1 until 1.5%, in the proportion of pervious concrete
modified mixture. Table 1 indicates the materials and constant and variable proportions used
in the 30 prototypes and in the two G1 and G2 groups to perform the deformation
calculations using the finite element method.

Table 1. Characteristics of the virtual prototypes of the G1 and G2 groups of modified pervious

concrete
Groups Prototype Materials  Proportion’ Type Additive Proportion!
number Materials
Cement 1.0 2

Gl 15 Aggregate 40 Limestone? Ca(OH)2 0.1 to
1.5%

water/cement 0.3 Distilled

Additive 08 Ca(OH):
G2 15 Aggregate 4.0 Limestone? Cement 0.1to
1.5%

water/cement 0.3 Distilled

! Proportion in relation to cement mass. 2ASTM C150. *Granite stone 4.8 to 9.5 mm

Fig. 1 demonstrates photo of the compression and density measurement methodology.

Fig. 1. Compression and density tests: left — rupture of cylindrical specimens; right — weighing of
cylindrical specimen submerged in water

Following the indications in Table 1, 30 specimens were prepared, 15 specimens for
each G1 and G2 group, to carry out Density Test ASTM C127, and Compressive Strength
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Test ASTM C39. The methodology used to calculate Young's modulus or Elasticity modulus

used Equation (1):
E=0.043-w' [ (1)
Where:

E. — Young’s modulus or Elasticity (MPa);
@ — density of water (kg/m’);
fe — compressive strength (kg/cm?).

After obtaining the data from the different Young’s modulus of groups G1 and G2,
calculated by Equation (1), the data was entered in the ANSYS 2019 R1 software to
calculate the deformations by the finite element method. The Poisson coefficient was defined
as 0.22, following recommendation and methodology by (Goed, 2009).

3. Results and discussion

The prototypes were made and submitted to the generation of the finite element
mesh to perform the deformation calculations, as shown in Fig. 2.

Fig. 2. Elaboration of virtual prototypes for application of 10,000 N dynamic constant load: left — basic
prototype; right — prototype after the finite element mesh generation in structure

The results of the density and compression strength and Young's modulus tests for G1
and G2 groups are shown in Tables 2 and 3, respectively.

Table 2. Properties of compressive strength (28 days). Density, Young's modulus and deformation of
specimens for G1 group

Gl Compressive strength Density, Young'smodulus Deformation
Specimens (kg/em?) (kg/m’) (MPa) * 10-*(mm)
1 14.80 2,115.25 1,609.32 1.86
2 12.70 2,196.70 1,577.70 1.90
3 19.40 1,891.62 1,558.18 1.98
4 17.80 1,938.36 1,548.21 2.02
5 15.30 1,988.30 1,491.21 2.08
6 19.90 1,818.62 1,487.68 2.10
7 12.70 2,088.42 1,462.50 2.15
8 12.70 2,081.63 1,455.38 2.21
9 15.80 1,913.23 1,430.37 2.26
10 15.50 1,853.93 1,351.37 2.35
11 18.30 1,735.38 1,329.80 2.40
12 15.30 1,797.67 1,281.98 2.47
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13 15.00 1,806.44 1,278.64 2.50
14 11.70 1,911.25 1,228.96 2.53
15 12.90 1,843.77 1,222.71 3.06

Table 3. Properties of compressive strength (28 days). Density, Young's modulus and Deformation of
specimens for G2 group

G2 Compressive Strength Density Young's modulus Deformation
Specimens (kg/em?) (kg/m?) (MPa) x10* (inm)

1 15.30 1,797.67 1,281.98 2.61

2 18.30 1,735.38 1,329.80 2.58

3 15.50 1,853.93 1,351.37 2.51

4 15.80 1,913.23 1,430.37 2.47

5 12.70 2,081.63 1,455.38 235

6 12.70 2,088.42 1,462.50 228

7 19.90 1,818.62 1,487.68 2.20

8 15.30 1,988.30 1,491.21 2.20

9 17.80 1,938.36 1,548.21 2.08

10 19.40 1,891.62 1,558.18 2.05

11 12.70 2,196.70 1,577.70 1.98

12 14.80 2,115.25 1,609.32 1.80

13 14.30 2,166.43 1,639.65 1.72

14 13.20 2,270.06 1,689.70 1.65

15 14.80 2,227.54 1,739.15 1.51

Fig. 3 shows the deformations of samples Gland G2 groups.

Deformation of Material subjected to Constant Load
4.00

W
L
S

w
o
S

iy
t
=]

1.50

Deformation 10 (mm)

1.00

Gl G2
Groups of Virtual Prototypes

Fig. 3. Deformation of the material with changes in the additive (G1 group) and changes in cement (G2
group)

Fig. 4 shows the deformation of prototype 11 (G1) of pervious concrete modified
after loading the dynamic constant force 10,000 N.

In GI1 group, as the additive (Ca(OH)-) is added to the pervious concrete mixture,
there is an increase in the Young’s modulus and a gradual increase in deformation, because
the additive impairs the binding property cement, which causes a progressive disruption of
the material, until it becomes unstable. In the group G2 the opposite effect occurs because as
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the cement is added, the material becomes more stable, with a gradual reduction of the
clasticity module and a gradual reduction of the deformation, because the cement strengthens
the bond between the aggregates, producing a more resistant material.

i
12/06/2019 07:04

0.00023996 Max
0,0002133
0,00018663
0,00015997
0,00013331
0,00010665
7,9986e-5
5,3324e-5
2,6662e-5

0 Min

0,00 500,00 1000,00 {mm)
250,00 730,00

Fig. 4. Deformation of the modified pervious concrete material with loading applied in the center of the
prototype

According to (Yu et al.,, 2019) the pore size of the modified pervious concrete makes
the material dependent on cement for binding aggregate particles. For this reason, the
interference of the additive when mixing with the cement generates strong destabilization in
the internal structure of the modified pervious concrete. The addition of additive interferes
with the adhesion of the cement that acts as a binder between the aggregates preventing the
cement from acting integrally in the connection between the particles. Porosity is a property
that defines pervious concrete itself (Zhang et al., 2019), however the Ca(OH), additive fills
the voids, the additive impairing this important property, which even affects the possibility of
recycling the material (Aliabdo et al., 2018).

For this reason, despite the important advantages of the Ca(OH). additive as a
larvicide and microbicidal bactericide, which makes it an efficient disinfectant material, it
cannot be added in significant percentage in the mixture of the modified pervious concrete,
because it may cause complete destabilization of the internal structure material, rendering it
useless for structural use, such as pavement for parking vehicles. The solution to the problem
is the use of additives within an equilibrium range that encompasses the balance of the
properties of G1 and G2 groups, an equilibrium between the Ca(OH), additive and the
cement used in the mixture of modified pervious concrete. The balance range is the meeting
point of two curves with opposite trends.

The GI1 curve is ascending, because the more additive is added to the modified
pervious concrete mixture, the greater the deformations of the material, tending to a weak
and unstable material, the G2 curve is descending, because the more cement is added to the
modified pervious concrete mixture, the less the deformation of the material, tending to a
resistant material, but with a high financial cost due to the gradual increase in cement.

The meeting point of these two curves, ascending G1 and descending G2, represents
the balance range, an optimum point that corresponds to the prototypes with characteristics
of compressive strength and percentage of additive coinciding in the two curves, with
structural and economic stability properties for the use of modified pervious concrete as a
disinfectant pavement in a hospital parking-lot. The balance range contained in the
intersection of the curves of the G1 and G2 groups, is shown in Fig. 5, as a solution to the
problem of stability of the proposed disinfectant pavement of modified pervious concrete.
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Fig. 5 shows the equilibrium range of the modified pervious concrete mixture at the
intersection of the ascending curve of the G1 group and the descending curve of the G2
group, considering the deformation in relation to the results found by the finite element
method in G1 and G2 groups. The equilibrium range encompasses the properties of the
virtual pervious concrete prototype specimens in the range of specimens from 7 to 9, with
proportions of 0.7 to 0.9% of Ca(OH), additive in the G1 curve and 0.7 to 0.9% cement in
the G2 curve. The equilibrium range comprises the values of the compressive strength,
density and Young’s modulus properties, expressed in Table 4.

Balance range between groups G1 and G2
4.00

3.50 Balance range

3.00
2.50

—
2.00 —/
150
1.00

0.50
0.00

Deformation x 10 (mm)

01 02 03 04 05 06 07 08 09 1 11 12 13 14 15
— (] —G2

Percentage (%) of additive in G1 and cement in G2

Fig. 5. Balance range between G1 and G2 groups, defined through the intersection point between the
deformations of the material in both groups

Table 4. Properties of compressive strength, density, Young's modulus of specimens from balance

range
Groups Compressive Strength Density Young's modulus
(kg/cm?) (kg/mv’) (MPa)
12.70 2,088.42 1,462.50
Gl 12.70 2,081.63 1,455.38
15.80 1,913.23 1,430.37
19.90 1,818.62 1,487.68
G2 15.30 1,988.30 1,491.21
17.80 1,938.36 1,548.21

The average values included in Table 4 were calculated. They reflect the following
ratios 1:0.8:4 (cement:Ca(OH):limestone), compressive strain of 15.70 kg/cm?, density of
1,971.42 kg/m® and Young's modulus of 1,480.22 MPa, with cement and additive
proportions of 0.8%, for obtaining a new modified pervious concrete with disinfectant
properties and compatible strength to support vehicle loads up to 10,000 N in hospital
parking-lots.

4. Conclusions
The structural simulations in the prototypes of concrete with Ca(OH); additive, with

finite element modeling, showed results that enabled the drawing of two curves, a curve with
a downward trend (G2), relative to the compressive strength in relation to the addition of
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Ca(OH); in the pervious concrete mixture, and another curve with an increasing trend (G1),
relative to the compressive strength in relation to the addition of cement in the mixture of
pervious concrete with Ca(OH), additive in its mixture. The meeting point between these
two curves, one increasing and one decreasing, is the result of the optimization of the best
proportion of the microbicidal porous pavement, with a ratio of 1:0.8:4
(cement:Ca(OH),:limestone), compressive strain of 15.70 kg/cm?, density of 1,971.42 kg/m’
and Young's modulus of 1,480.22 MPa, allowing to obtain a material that can be used as a
parking floor in hospitals with a balance between the properties of compressive strength and
the properties of disinfectant microbicidal pavement. This material can be used in hospital to
avoid contamination of vehicle tires and the involuntary transport of pathogenic elements
from hospiltals (o other locations in the city.

Future research should consider tests with specimens of modified pervious concrete
installed on the hospital parking pavement to validate the theoretical data obtained during
simulations of structural deformation by finite elements, and to further confirm the
disinfection properties of the Ca(OH): in the mixture of the porous pavement.
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REFLEXOES E CONCLUSOES

Face aos ODS apresentados na Agenda 2030 da ONU, fica evidente a
importancia da escolha de materiais a utilizar nas infraestruturas de engenharia civil,
que incluem os pavimentos das vias de comunicacao urbana e interurbana. Procura-se
desenvolver materiais que tenham uma vida util com capacidade de beneficiar o meio
ambiente de forma sustentavel.

Este trabalho pretende contribuir para a sustentabilidade urbana através do
betdo permeavel modificado (BPM), uma proposta de material alternativo aos
pavimentos convencionais de betdo e asfalto, com beneficios ambientais em harmonia
com 0s ODS 9 e 13 da Agenda 2030 (Agenda 2030, 2015), como sequestra¢dao de CO,,
reciclagem para preservacdao dos recursos naturais, reutilizacdo de borracha de pneus
descartaveis e permeabilidade da superficie do pavimento para drenagem de aguas
pluviais e fluviais para o subsolo.

O Brasil continua a utilizar os tradicionais pavimentos de massa asfaltica de
betume na sua estrutura de pavimentacdo. A sua fabricagdo utiliza métodos que
divergem de uma economia circular sustentavel, como a extragdo de recursos naturais
sem preocupagdo com as geragdes futuras (Lin, 2020) e a produgdo de pavimentagao
de asfalto com emissao de gases poluentes, tais como sejam o NO, e SO, (EPA, 2021a,

EPA, 2021b), Figura 7.
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poluentes (NO2 erosdodo solo escassez de
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e a decadéncia
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Figura 7. Processo utilizado na fabricacdo de pavimentacdo de asfalto com impactes ambientais
negativos para o meio ambiente urbano (Lin, 2020, EPA, 2021a, EPA, 2021Db).
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Os estudos realizados no ambito desta tese visam assim contribuir para

implementagdo da economia circular no Brasil no setor de infraestrutura de

pavimentagdo, nos moldes da economia circular ja praticada no contexto Europeu (de

Oliveira et al., 2019b). O material proposto adequa-se a utilizagdo em um ciclo

utilizagdo-reciclagem-utilizagdo no Brasil, Figura 8.
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Figura 8. Ciclo de economia circular a adotar no contexto da pavimentagdo de vias urbanas com o BPM.

As inovagdes tecnoldgicas nas infraestruturas de pavimentacdo do Brasil sdo

essenciais porque os futuros projetos nessa area devem necessariamente contemplar o

modelo de economia circular patente na Figura 8. De outra forma, o Brasil ndo estara

em sintonia com os ODS 9 e 13 (Agenda 2030, 2015) da ONU (Figura 9), em relacao
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ao principal meio de transporte no pais, o transporte terrestre, que representa 71 % da
circulagdo de mercadorias no pais (CNT, 2021). Neste sentido, 0 BPM minimiza a
extracdo de recursos naturais, uma vez que nao utiliza areia em sua composi¢ao (de
Oliveira et al., 2020), contribuindo para a preservagao deste importante recurso
extraido de forma ilegal e descontrolada das margens dos rios das bacias hidrograficas
no Brasil, com impactes negativos ao meio ambiente (Oliveira, 2020, Ramadon, 2016,
Silva, 2005).

1 ACAO CONTRA A

MUDANGA GLOBAL
DO CLIMA

Figura 9. Objetivos de Desenvolvimento Sustentavel 9 e 13 para a Agenda 2030 abrangidos nesta
pesquisa (Plataforma Agenda 2030 Brasil, 2021).

A minimizagdo da extragdo de recursos naturais na producdo do BPM ¢
possivel porque os agregados utilizados na mistura do BPM podem ser reutilizados no
fabrico do material estudado (de Oliveira ef al., 2019b). O BPM proposto ¢ um
material projetado para minimizar extracdes de agregados como o seixo e a brita,
materiais nativos e passiveis de rastreabilidade e correspondente fiscalizacdo
socioambiental da extracdo de recursos naturais no meio ambiente, no Amazonas,
Brasil. A porosidade do BPM contribui para a redugdo da extracdo dos recursos
naturais porque 0s vazios ocupam o0s espacos que seriam de outro modo ocupados por
agregados numa mistura de betdo convencional, que inclui areia na sua composicao.
De forma analoga a porosidade, a utilizagdo de residuos de borracha de pneus
descartados na mistura do BPM também contribui para a minimizagao da extragao de
agregados da natureza, porque substitui em até 5 % o volume de agregados na mistura
(de Oliveira et al., 2019b). Assim, quando se utiliza os residuos de borracha, o volume
ocupado por estes residuos na composicdo do BPM substitui o volume de agregados
antes ocupado por seixo ou brita, um contributo para minimizagdo da extracdo de brita
e seixo nativos da natureza. O BPM ¢ um pavimento poroso sustentavel (EPA, 2021c),
que reutiliza residuos de borracha de pneus descartados, pode ser reciclado, contribui
para sequestracdo de CO, e ¢ permedvel, de acordo com os resultados de andlise

estatistica contidos nos estudos realizados no ambito deste trabalho (de Oliveira et al.,
74



Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

2019a; de Oliveira et al., 2019b). Estes experimentos corroboram os resultados dos
estudos apresentados por Boon et al. (2017) e Xie et al. (2019).

Embora haja um beneficio ambiental de sequestragao de CO, no meio ambiente
pela utilizagdo dos aditivos de Ca(OH),, também constatado por Rahmani e Gheib
(2019), houve uma perda das propriedades de resisténcia a compressdo e
permeabilidade do BPM. Para solugdo deste problema de perda das propriedades de
resisténcia a compressao e permeabilidade, esta tese inovou através dos estudos para se
otimizar os valores do cimento e do aditivo Ca(OH),, encontrados através da
intercessdo de duas curvas de deformagdo do material, obtidas pela aplicacdo de
esforcos de compressdo no material proposto. Uma ascendente, que se refere a
deformacdo versus a adigdo de Ca(OH), a mistura do BPM e outra, descendente,
relativa a deformacao versus o acréscimo de cimento a mistura do BPM. O aumento na
proporg¢ao de cimento na mistura do BPM evita a degradacao, i.c., a possibilidade de
fragmentacdo do material ao ser submetido a esfor¢os externos de compressdo do BPM
com aditivo Ca(OH), acrescentado a mistura do material proposto (de Oliveira et al.,
2021). O aditivo Ca(OH), tem ainda efeito larvicida e biocida comprovado por Mori et
al. (2019), Sapra et al. (2017), Estrada-Aguilar ef al. (2012), Mohammadi e Dummer
(2011), Sirén et al. (2004) e Grabow et al. (1978), podendo ser utilizados em
estacionamentos dos hospitais como uma proposta para a reducdo de
macroinvertebrados como o Aedes aegypti e Culex quinquefasciatusi, portadores de
doengas como dengue, febre amarela e malaria (de Oliveira ez al., 2021).

Embora existam beneficios para a sustentabilidade, devido a reutilizacao dos
residuos de borracha de pneus descartados, ndo se compromete a integridade do
material quanto a fragmentacdo ao ser submetido a esforcos externos de compressao do
BPM (de Oliveira et al., 2019b, Boon et al., 2017 e Xie et al., 2019).

Com base no trabalho desenvolvido, constatou-se que foram alcangados todos
os objetivos especificos estabelecidos no ambito do objetivo geral, i.e., a criagao de
uma alternativa para a pavimentacdo convencional, uma proposta de contribui¢do para
o alcance dos ODS 9 e 13 da Agenda 2030, de acordo com o contexto da presente tese
de doutoramento. Estes objetivos foram fruto da minuciosa experimentag¢ao técnico-
cientifica, somada a detida analise dos dados adquiridos durante todo o trabalho
realizado, assente numa forma componente metodologica e de prévia e extensa

pesquisa cientifica.
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O material proposto, BPM com a inclusdo de aditivos e/ou outros materiais
reciclados, apresenta-se como um pavimento alternativo com potencial contribui¢do
para um meio ambiente mais sustentavel. O BPM demonstrou assim poder ser
incluido como um material de pavimentagao em obras ndo estruturais, como calgadas,
jardins e fachadas de edificios e residéncias, e obras estruturais de vias urbanas com
transito leve. O BPM pode ser ainda usado em estacionamentos, pelos seus beneficios
ambientais de maior permeabilidade e respectiva recarga dos aquiferos e minimizagao
de inundagdes sazonais, redugdo na utilizagdo de recursos ndo renovaveis (e.g. areias
e britas) e reutilizagdo da borracha dos pneus descartados da industria automobilistica.
A sequestracdo de CO, para a mitigacdo das alteragdes climaticas ¢ outra
consequéncia da sua utilizagdo. Pode ainda servir de proposta para um material que
auxilie na redugdo da proliferagao das larvas dos macroinvertebrados transmissores de
doengas endémicas. Desta forma, o BPM proposto é assim um material sustentavel
para uso em pavimentagdo de vias urbanas no Amazonas, Brasil, fabricado com
recurso a inclusdo de materiais nativos que podem ser rastreados e fiscalizados quanto
a responsabilidade socioambiental da extragdo de recursos naturais.

No ambito das aplicagdes praticas do BPM, destaca-se a validagdo do
Departamento Nacional de Infraestrutura de Transportes (DNIT), 6rgao do Governo
Federal responsavel pelas obras de infraestrutura no Brasil, quanto a utilizagdo do
BPM nos projetos de infraestrutura de pavimentacdo da via rodoviaria federal BR-
319, nos trechos do km 250,0 até o km 655,7 no estado do Amazonas, Brasil. A
Superintendéncia Regional do DNIT no Amazonas reconheceu, assim, a importancia
da aplicabilidade do estudo realizado no ambito desta tese, conforme o exposto no
Oficio n® 145346/2020/NAA - AM/SRE - AM, datado de 02/12/2020, da

Superintendéncia Regional do DNIT no estado do Amazonas, Brasil.

Ressalta-se que este material apresenta uma capacidade de carga a compressao
inferior ao pavimento tradicional e, por isso, deve ter a sua utilizagdo limitada a zonas
de menor trafego e de menor carga. O comportamento do BPM em relacdo aos
aditivos CaO, Ca(OH), e residuos de borracha demonstraram, como ja se mencionou
atrds, uma perda nas propriedades mecanicas de resisténcia a compressao €
permeabilidade, o que reforga a limitagdo do pavimento para zonas de transito leve de

veiculos e cargas. Além disso, apesar do aditivo Ca(OH), ser comprovadamente
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larvicida e biocida, ndo foram realizados estudos de campo para defini¢do do grau de
esterilizacdo do pavimento a ser utilizado nos estacionamentos dos hospitais. Nao
foram realizadas pesquisas de campo extensivas ao efeito antimicrobiano do BPM nos
estacionamentos dos hospitais em virtude do agravamento da pandemia do COVID-

19 no Brasil. Estes aspetos constituem limitagdes dos estudos realizados.

As pesquisas futuras devem continuar com os experimentos de campo com o
BPM, visando a confirmag¢ao dos resultados teoricos alcancados referentes as
propriedades fisicas de resisténcia a compressdo, permeabilidade, porosidade,
densidade ¢ mdédulo de Young, bem como as propriedades biocidas, que podem ser
melhor estudadas. Os estudos centrados nos beneficios ambientais de melhoria da
qualidade do ar também devem ser investigados noutros contextos urbanos, com
diferentes niveis de concentragdo de CO,, e com experimentacdo de outros tipos de
aditivos, como a biomassa, por exemplo. Considera-se ainda relevante a continuacao
dos estudos para confirmagao do efeito antimicrobiano da superficie do BPM, devido a
adicdo do aditivo Ca(OH), na mistura de fabricagdo deste pavimento, o qual
contribuirda para a inibicdo da proliferagio de larvas de macroinvertebrados
transmissores de malaria, febre amarela e dengue, em locais himidos de vias urbanas e
estacionamentos, particularmente em paises com o clima tropical, sujeitos a constantes

precipitagoes.

77



Avaliagdo da Utilizacdo de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

REFERENCIAS BIBLIOGRAFICAS

Acordo de Paris. (2015). United Nations Climate Change Annual Report 2019. United
Nations Organization. Consultado em 20/05/2020. Disponivel em:
https://unfcce.int/sites/default/files/english_paris_agreement.pdf

Agenda 2030. (2015). Transformando o nosso mundo: A Agenda 2030 para o
desenvolvimento sustentavel. United Nations Organization. Traduzido pelo
Centro de Informacdo das Nacdes Unidas para o Brasil (UNIC Rio), Gltima
edicdo em 13 de outubro de 2015. Consultado em 15/06/2020. Disponivel em:
https://nacoesunidas.org/wp-content/uploads/2015/10/agenda2030-pt-br.pdf

Aliabdo, A.A., Elmoaty, A.E., Fawzy, A.M. (2018). Experimental investigation on
permeability indices and strength of modified pervious concrete with recycled
concrete  aggregate.  Constr.  Build.  Mater. 319:105-127. DOL:
10.1016/j.conbuildmat.2018.10.182

Andrade, C. (2020). Evaluation of the degree of carbonation of concretes in three
environments. Construction and Building Materials, 230, 116804. DOI:
https://doi.org/10.1016/j.conbuildmat.2019.116804

ASTM C-127. (2015). Density, Relative Density (Specific Gravity), and Absorption of
Coarse Aggregate. American Society for Testing and Materials. West
Conshohocken, PA

ASTM C-39. (2018). Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens. American Society for Testing and Materials. West
Conshohocken, PA

Augustyniak, A., Sikora, P., Jablonska, J., Cendrowski, K., John, E., Stephan, D.,
Mijowska, E. (2020). The efects of calcium—silicate—hydrate (C—S—H) seeds

on reference microorganisms. Applied Nanoscience, 10:4855-4867. DOL:
10.1007/s13204-020-01347-5

78


https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://nacoesunidas.org/wp-content/uploads/2015/10/agenda2030-pt-br.pdf

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Barisic, 1., Grubesa, I.N., Doksanovic, T., Zvonaric, M. (2020). Influence of the
bonding properties of an unconsolidated base layer on the drainage

characteristics ~ of  permeable  concrete.  Materials, 13,  2455.
DOI:10.3390/mal3112455

Barnhouse, P.W., Srubar, W.V. III. (2016). Material characterization and hydraulic
conductivity modeling of macroporous recycled-aggregate pervious concrete.
Construction  Building ~ Materials, 110:89-97.  DOLI: 10.1016/j.
conbuildmat.2016.02.014

Batezini, R., Balbo J.T. (2015). Study on the hidraulic conductivity by constant and
falling head methods for pervious concrete. IBRACON Structure and Materials
Journal, 8(3), 248-259. DOI: 10.1590/S1983-41952015000300002

Becker, B.K. (2001). Revisdo das Politicas de Ocupacdo da Amazodnia: Identificacdo de
modelos para projetar cendrios? Consultado em 13/08/2020. Disponivel em:
http://seer.cgee.org.br/index.php/parcerias_estrategicas/article/viewFile/178/17
2

Benitez-Guerrero, M., Valverde, J.M., Perejon, A., Sanchez-Jimenez, P.E., Perez-
Maqueda, L.A. (2018). Effect of milling mechanism on the CO, capture
performance of limestone in the Calcium Looping process. Chemical
Engineering Journal, 346, 549-556. DOI: 10.1016/j.cej.2018.03.146

Boulding, K.E. (1966). The Economics of the Coming Spaceship Earth.
In Environmental Quality in a Growing Economy, edited by H. Jarrett, 3—
14. Baltimore: The Johns Hopkins Press.

Boon, K.H., Yeoh, D., Jamaluddin, N. (2017). Properties of pervious concrete
containing scrap tyre tubes. MATEC Web of Conferences, 103, 01015. DOI:
10.1051/matcconf/2017103010

Chandrappa, A.K., Biligiri, K.P. (2016) Pervious concrete as a sustainable pavement
material — research findings and future prospects: a state-of-the-art review.
Constr. Build. Mater. 111:262-274. DOI: 10.1617/s11527- 016-0858-9

CNT. (2021). Confederacdo Nacional do Transportes do Brasil. Boletim Unificado de
Estatisticas. Consultado em 13/08/2020. Disponivel em:
https://cnt.org.br/boletins

79


http://seer.cgee.org.br/index.php/parcerias_estrategicas/article/viewFile/178/172
http://seer.cgee.org.br/index.php/parcerias_estrategicas/article/viewFile/178/172
https://cnt.org.br/boletins

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Ddiba, D., Andersson, K., Koop, S.H.A., Ekener, E., Finnveden, G., Dickin, S. (2020).
Governing with the circular economy: assessing the ability to implement
resource-oriented waste management and sanitation systems in middle and

low-income countries. Earth System Governance, 4, 100063. DOI:
10.1016/j.esg2.2020.100063

de Oliveira, E.A., Santos, M.F., Souza, J.A.A., Campos, A.M.L., Lamego Oliveira,
M.P.S., Guerreiro, M.J.C.S., Dinis, M.A.P. (2018a). Environmental
Implications of pH in a Pervious Concrete Pavement on Highway BR-319,
Amazonas, Brazil. Current World Environment Journal, 13(2), 187-193. DOL:
10.12944/CWE.13.2.03

de Oliveira, E.A. e Dinis, M.A.P. (2018b). Estudo do betido permeavel com borracha de
pneus reciclados como material sustentdvel com propriedades de absor¢ao de
CO,, 02-04 julho 2018. Encontro Ciéncia 2018, Lisboa, Portugal. Consultado
em 13/08/2018. Disponivel em: https://www.encontrociencia.pt/poster/

de Oliveira, E.A., Guerreiro, M.J.C.S., Abreu, L.M., Dinis, M.A.P. (2019a).
Comparative Statistical Analysis New Urban Road Pavement versus
Conventional Pavement of Pervious Concrete. I Conference Environmental
Innovations: Advances in Engineering, Technology and Management,
EIAETM, 23"-27" September, 2019. Procedia Environmental Science,
Engineering and Management, 6(3), 473-482. Consultado em 08/02/2020.
Disponivel em: http://www.procedia-esem.eu/2019 vol6 no3.htm

de Oliveira, E.A., Guerreiro, M.J.C.S., Abreu, L.M., Dinis, M.A.P. (2019b).
Environmental Implications of CO, Absorption by Pervious Concrete
Pavement in Urban Roads. In: XIII CTV 2019 Proceedings: XIII International
Conference on Virtual City and Territory: “Challenges and paradigms of the
contemporary city”. UPC, Barcelona, pth_grd October, 2019. Barcelona: CPSV,
p. 8425. E-ISSN 2604-6512. DOI: 10.5821/ctv.8425

de Oliveira, E.A. e Dinis, M.A.P. (2019¢). Pavimento de Vias Urbanas com
Propriedade de Sequestro de CO,, 08-10 julho 2019. Encontro Ciéncia 2019,
Lisboa, Portugal. Consultado em  14/10/2019. Disponivel em:
https://www.encontrociencia.pt/poster/

de Oliveira E.A., Dinis M.A.P. (2020). New Pervious Concrete Construction Material
for Carbon Dioxide Sequestration. In: Leal Filho W., Azul A., Brandli L.,
Ozuyar P., Wall T. (eds) Sustainable Cities and Communities. Encyclopedia of
the UN Sustainable Development Goals. Springer, Cham. DOI: 10.1007/978-3-
319-71061-7_6-1

de Oliveira, E.A., Guerreiro, M.J.C.S., Dinis, M.A.P. (2021). A new microbicidal

80


https://www.encontrociencia.pt/poster/
http://www.procedia-esem.eu/2019_vol6_no3.htm
https://www.encontrociencia.pt/poster/

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

pervious concrete pavement for hospital parking lots: assesment of the modulus
of elasticity. Environmental Innovations: Advances in Engineering,
Technology and Management. EIAETM, 1923 October, 2020. Procedia
Environmental Science, Engineering and Management, 8(2), 335-343.
Consultado em 10/01/2021. Disponivel em: http://procedia-
esem.eu/pdf/issues/2021/n02/4 36 deOliveira 21.pdf

DNIT. (2020). Departamento Nacional de Infraestrutura e Transportes. Licitagdes e
Contratos  2020. Consultado em  10/10/2020.  Disponivel  em:
https://www.gov.br/dnit/pt-br/acesso-a-informacao/licitacoes

DNIT. (2021a). Departamento Nacional de Infraestrutura e Transportes. Relatorios
Gerenciais de Infraestrutura 2020. Consultado em 02/02/2021. Disponivel em:
https://www.gov.br/dnit/pt-br/rodovias/mapa-de-gerenciamento/amazonas/048-
mapa_am-19.pdf/view

DNIT. (2021b). Departamento Nacional de Infraestrutura e Transportes. Processo SEI
n° 50013.000005/2017-18. OFICIO N° 145346/2020/NAA - AM/SRE - AM.
Consultado em 02/12/2020. Disponivel em:
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao
_origem=rel bloco_protocolo listar&acao retorno=rel bloco protocolo_listar
&id_procedimento=1001709&infra_sistema=100000100&infra_unidade atual
=110000960&infra_hash=22792c2cf07¢2a260308a846c49b21775b3a4aaf1540
99¢689af8cbe80b642bc

ECO. (2021). Estratégias para a Economia Circular. Consultado em 30/05/2021.
Disponivel em: https://eco.nomia.pt/pt/economia-circular/estrategias

EN 16757 (2017) Sustainability of construction works - product category Rules for
concrete and concrete elements. Europe Environmental Declaration, June
2017.

EPA. (2021a). United States Environmental Protection Agency. Hot Mix Asphalt
Plants. Emission Assesment Report 2000. Consultado em 14/01/2021.
Disponivel em: https://www3.epa.gov/ttnchiel/ap42/chl1/related/ea-report.pdf

EPA. (2021b). United States Environmental Protection Agency. Risk Assessment for
Toxic Air Pollutants: A Citizen's Guide. Consultado em 15/01/2021.
Disponivel em: https://www3.epa.gov/airtoxics/3 90 024.html

EPA. (2021c). United States Environmental Protection Agency. Green Infrastructure.
Consultado em 15/02/2021. Disponivel em: https://www.epa.gov/green-

81


http://procedia-esem.eu/pdf/issues/2021/no2/4_36_deOliveira_21.pdf
http://procedia-esem.eu/pdf/issues/2021/no2/4_36_deOliveira_21.pdf
https://www.gov.br/dnit/pt-br/acesso-a-informacao/licitacoes
https://www.gov.br/dnit/pt-br/rodovias/mapa-de-gerenciamento/amazonas/048-mapa_am-19.pdf/view
https://www.gov.br/dnit/pt-br/rodovias/mapa-de-gerenciamento/amazonas/048-mapa_am-19.pdf/view
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao_origem=rel_bloco_protocolo_listar&acao_retorno=rel_bloco_protocolo_listar&id_procedimento=1001709&infra_sistema=100000100&infra_unidade_atual=110000960&infra_hash=22792c2cf07e2a260308a846c49b2f775b3a4aaf154099e689af8cbe80b642bc
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao_origem=rel_bloco_protocolo_listar&acao_retorno=rel_bloco_protocolo_listar&id_procedimento=1001709&infra_sistema=100000100&infra_unidade_atual=110000960&infra_hash=22792c2cf07e2a260308a846c49b2f775b3a4aaf154099e689af8cbe80b642bc
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao_origem=rel_bloco_protocolo_listar&acao_retorno=rel_bloco_protocolo_listar&id_procedimento=1001709&infra_sistema=100000100&infra_unidade_atual=110000960&infra_hash=22792c2cf07e2a260308a846c49b2f775b3a4aaf154099e689af8cbe80b642bc
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao_origem=rel_bloco_protocolo_listar&acao_retorno=rel_bloco_protocolo_listar&id_procedimento=1001709&infra_sistema=100000100&infra_unidade_atual=110000960&infra_hash=22792c2cf07e2a260308a846c49b2f775b3a4aaf154099e689af8cbe80b642bc
https://sei.dnit.gov.br/sei/controlador.php?acao=procedimento_trabalhar&acao_origem=rel_bloco_protocolo_listar&acao_retorno=rel_bloco_protocolo_listar&id_procedimento=1001709&infra_sistema=100000100&infra_unidade_atual=110000960&infra_hash=22792c2cf07e2a260308a846c49b2f775b3a4aaf154099e689af8cbe80b642bc
https://eco.nomia.pt/pt/economia-circular/estrategias
https://www3.epa.gov/ttnchie1/ap42/ch11/related/ea-report.pdf
https://www3.epa.gov/airtoxics/3_90_024.html
https://www.epa.gov/green-infrastructure/what-green-infrastructure%23permeablepavements

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

infrastructure/what-green-infrastructure#permeablepavements

Erans, M., Nabavi, S.A., Manovic, V. (2020). Carbonation of lime-based materials
under ambient conditions for direct air capture. Journal of Cleaner Production,
242, 118330. DOI: 10.1016/j.jclepro.2019.118330

Erans, M., Nabavi, S.A., Manovic, V. (2019). Pilot-scale calcination of limestone in
steam-rich gas for direct air capture. Energy Conversion and Management: X,
1, 100007. DOI: 10.1016/j.ecmx.2019.100007

Estrada-Aguilar, A., Sanchez-Manzano, R.M., Martinez-Ibarra, J.A., Camacho, A.D.,
Marquez-Navarro, A., Nogueda-Torres, B. (2012). Larvicidal activity of
calcium hydroxide in water contaminated by larvae of Aedes aegypti and Culex
quinquefasciatus (Diptera: Culicidae). Parasitol Res, 110:1091-1095.

Florin, N., Fennell, P. (2011). Synthetic CaO-based Sorbent for CO, Capture. Energy
Procedia, 4, 830-838. DOI:10.1016/j.egypro.2011.01.126

Grabow, W.0., Middendorff, I.G., Basson, N.C. (1978). Role of lime treatment in the
removal of bacteria, enteric viruses, and coliphages in a wastewater
reclamation plant. Applied and Environmental Microbiology, 35, 663-669.

Gao, N., Chen, K., Quan, C. (2020). Development of CaO-based adsorbents loaded on
charcoal for CO, capture at high temperature. Fuel, 260, 116411. DOIL:
10.1016/j.fuel.2019.116411

Ghafoori, N. and Dutta, S. (1995) Laboratory investigation of compacted no-fines
concrete for paving materials. Am. Soc. Civil Eng. 7(3):183—191.

Google Maps. (2021). Estado do Amazonas, Brasil, Globo Terrestre. Consultado em
01/03/2021. Disponivel em: https://www.google.com.br/maps/(@13.8708879,-
48.2053184,3z

Grishina, A. (2020). Study of the phase composition of nanomodified biocidal cement
stone by X-ray analysis. IOP Conf. Series: Materials Science and Engineering,
869, 032029. DOI:10.1088/1757-899X/869/3/032029

GuiaTRC. (2021). Guia do Transporte Rodovidrio por Caminhdes no Brasil. Frete no
Amazonas em 2015. Consultado em 01/03/2021. Disponivel em:
http://www.guiadotrc.com.br/noticias/noticiaid.asp?id=30099

82


https://www.epa.gov/green-infrastructure/what-green-infrastructure%23permeablepavements
https://www.google.com.br/maps/@13.8708879,-48.2053184,3z
https://www.google.com.br/maps/@13.8708879,-48.2053184,3z
http://www.guiadotrc.com.br/noticias/noticiaid.asp?id=30099

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Haselbach, L. e Thomle, J. (2014). An Alternative Mechanism for Accelerated Carbon
Sequestration in Concrete. Sustainable Cities and Society, 12:25. DOL:
10.1016/5.5¢s.2014.01.001

Hejna, A., Korol, J., Romatowska, M.P., Zedler, L., Chmielnick, B., Formela, K.
(2020). Tire rubber waste as a low cost and ecological modifier in

thermosetting polymers - A review. Waste Management, 108, 106—118. DOI:
10.1016/j.wasman.2020.04.032

Hu, N., Zhang, J., Xia, S., Han, R., Dai, Z., She, R., Cui, X., Meng, B. (2020). A field
performance assessment of periodic maintenance of pervious concrete
pavements.  Journal  of  Cleaner  Production, 263, 121463.
DOI:10.1016/j.jclepro.2020.121463

Huang, B., Wu, H., Shu, X., Burdette., E.G. (2010). Laboratory evaluation of
permeability and strength of polymer-modified pervious concrete. Constr.
Build. Mater. 24:818-823. DOI: 10.1016/j.conbuildmat.2009.10.025

Huntzinger, J.D., Gierke, L.S, Sutter, S.L., Komarkwatra, T., Eisele, C. (2009).
Mineral carbonation for carbon sequestration in cement kiln dust from waste
piles.  Journal  of  Hazardous  Materials.  168(1):31-37.  DOL:
10.1016/j.jhazmat.2009.01.122

Ibrahim, H.A., Goh, Y., Ng, Z.A., Yap, S.P.,, Mo, K.H., Yuen, C.W., Abutaha, F.
(2020). Hydraulic and strength characteristics of pervious concrete containing a
high volume of construction and demolition waste. Construction and Building
Materials, 253, 119251. DOI: 10.1016/j.conbuildmat.2020.119251

IBGE. (2019). Instituto Brasileiro de Geografia e Estatistica. Consultado em 15/12/2020.
Disponivel em: https://www.ibge.gov.br/cidades-e-estados/am.html.

IBGE. (2018). Instituto Brasileiro de Geografia e Estatistica. Consultado em 09/09/2020.
Disponivel em: https://www.ibge.gov.br/cidades-e-estados/am/manaus.html

IPEA. (2019). Instituto de Pesquisas Econdmicas Aplicadas. Brasil. Cadernos ODS —
Medidas  Urgentes.  Acesso em  17/03/2021.  Disponivel  em:
https://www.ipea.gov.br/portal/images/stories/PDFs/livros/livros/191014_cader
nos_ODS objetivo_13.pdf

83


https://www.ibge.gov.br/cidades-e-estados/am.html
https://www.ibge.gov.br/cidades-e-estados/am/manaus.html
https://www.ipea.gov.br/portal/images/stories/PDFs/livros/livros/191014_cadernos_ODS_objetivo_13.pdf
https://www.ipea.gov.br/portal/images/stories/PDFs/livros/livros/191014_cadernos_ODS_objetivo_13.pdf

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

IPCC. (2020). United Nations International Panel on Climate Change. Status Report
2019. United Nations Organization. Consultado em 05/01/2020. Disponivel
em: https://www.ipcc.ch/

Jamrunroj, P., Wongsakulphsatch, S., Maneedaeng, A., Cheng, C.K., Assabumrungrat,
S. (2019). Surfactant assisted CaO-based sorbent synthesis and their
application to high-temperature CO, capture. Powder Technology, 344:208-221.
DOI: 10.1016/j.powtec.2018.12.011

Kovac, M., Sicakova, A. (2018). Pervious concrete as an environmental solution for
pavements: focus on key, Properties Environments, 5, 1-9. DOI:
10.3390/environments5010011

LDO (2021). Lei de Diretrizes Orgamentarias Poder Executivo. Camara dos Deputados.
Brasil. Lei Acessada no sitio digital: https://www2.camara.leg.br/orcamento-da-
uniao/leis-orcamentarias/ldo/202 1/tramitacao/proposta-do-poder-executivo  Acesso

em 31 de dezembro de 2020.

Lederle, R., Shepard, T., Meza, V.L.V. (2020). Comparison of pervious concrete
drainage measurement methods. Construction and Building Materials, 244,
118339. DOI: 10.1016/j.conbuildmat.2020.118339

Lei 3219, de 28 de dezembro de 2007. Governo do Estado do Amazonas. (2007).
Dispde sobre o licenciamento ambiental no estado do Amazonas e da outras
providéncias. Consultado em 18/01/2021. Disponivel em:
http://www.ipaam.am.gov.br/wp-content/uploads/2021/01/LOE-3.219-07-
Licenciamento-ambiental.pdf

Lian, C. and Zhuge., Y. (2010). Optimum mix design of enhanced pervious concrete —
experimental investigation. Constr. Build. Mater. 24:2664-2671. DOI:
10.1016/j. conbuildmat.2010.04.057

Lin, B.C. (2020). Sustainable Growth: Perspectives of the Circular Economy. Journal of
Economic Issues, 54(2), 465-471. DOI: 10.1080/00213624.2020.1752542

Liu, R., Xiao, H., Pang, S.D., Geng, J., Yang, H. (2020). Application of sterculia
petioles residues foetida in light pervious concrete. Journal of Cleaner
Production, 246, 118972. DOI:10.1016/j.jclepro.2019.118972

Maia, M.A.M., Marmos, J.L. (2010). Geodiversidade do Estado do Amazonas. Centro
de Pesquisas Minerais - CPRM. Consultado em 02/02/2020. Disponivel em:

84


https://www.ipcc.ch/
https://www2.camara.leg.br/orcamento-da-uniao/leis-orcamentarias/ldo/2021/tramitacao/proposta-do-poder-executivo
https://www2.camara.leg.br/orcamento-da-uniao/leis-orcamentarias/ldo/2021/tramitacao/proposta-do-poder-executivo
http://www.ipaam.am.gov.br/wp-content/uploads/2021/01/LOE-3.219-07-Licenciamento-ambiental.pdf
http://www.ipaam.am.gov.br/wp-content/uploads/2021/01/LOE-3.219-07-Licenciamento-ambiental.pdf
https://doi.org/10.1016/j.%20conbuildmat.2010.04.057

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

http://www.terrabrasilis.org.br/ecotecadigital/index.php/estantes/gestao/2072-
geodiversidade-do-estado-do-amazonas

Mori, M., Sakagami, Y., Hamazaki, Y., Jojima, T., (2019). Evaluation of the influence
of sprinkling powdered slaked lime on microorganisms for the prevention of

domestic animal infectious diseases. Environmental Technology, 40, 3094-
3104. DOI: 10.1080/09593330.2018.1465128

Mohammadi, Z., Dummer, P.M. (2011). Properties and applications of calcium
hydroxide in endodontics and dental traumatology. International Endodontic
Journal. 44:697-730. DOI: 10.1111/j.1365-2591.2011.01886.x

Nandi, S., Hervani, A.A., Helms, M.M. (2020). Circular Economy Business Models—
Supply Chain Perspectives. I[EEE Engineering Management Review, 48(2).
DOI: 10.1109/EMR.2020.2991388

Nations Encyclopedia. (2021). Transport Roads Paved. Consultado em 28/02/2021.
Disponivel em: https://www.nationsencyclopedia.com/WorldStats/WDI-
transport-roads- paved.html

Oliveira, J.F. (2020). Monitoramento dos impactes ambientais causados pela extracdo
de areia na regido metropolitana de Manaus. Dissertacdo de Mestrado na
Universidade Federal do Amazonas. Manaus, Brasil. Consultado em
10/04/2021. Disponivel em: https://tede.ufam.edu.br/handle/tede/7831

ONU. (2021a). United Nations Organization. Declaration of the United Nations
Conference on the Human Environment, 1972. Consultado em 03/02/2021.
Disponivel em: https://brasil.un.org/pt-br/91223-onu-e-o-meio-ambiente

ONU. (2021b). United Nations Organization. Produto Interno Bruto das Nagdes.
Consultado em 01/03/2021. Disponivel em:
https://pt.countryeconomy.com/paises/grupos/nacoes-unidas

Onuaguluchi, O., Banthia, N. (2019). Value-added reuse of scrap tire polymeric fibers
in cement-based structural applications. Journal of Cleaner Production, 231,
543-555. DOI: 10.1016/j.jclepro.2019.05.225

OPAS. (2021). Organizacdo Mundial da Satde. Organiza¢do Pan-Americana da Satde.
Folha Informativa - Maldria. Consultado em 05/01/2021. Disponivel em:
https://www.paho.org/bra/index.php?option=com_content&view=article&id=5
682:folha-informativa-malaria&Itemid=812

85


http://www.terrabrasilis.org.br/ecotecadigital/index.php/estantes/gestao/2072-geodiversidade-do-estado-do-amazonas
http://www.terrabrasilis.org.br/ecotecadigital/index.php/estantes/gestao/2072-geodiversidade-do-estado-do-amazonas
https://www.nationsencyclopedia.com/WorldStats/WDI-transport-roads-%20%20paved.html
https://www.nationsencyclopedia.com/WorldStats/WDI-transport-roads-%20%20paved.html
https://tede.ufam.edu.br/handle/tede/7831
https://brasil.un.org/pt-br/91223-onu-e-o-meio-ambiente
https://pt.countryeconomy.com/paises/grupos/nacoes-unidas
https://www.paho.org/bra/index.php?option=com_content&view=article&id=5682:folha-informativa-malaria&Itemid=812
https://www.paho.org/bra/index.php?option=com_content&view=article&id=5682:folha-informativa-malaria&Itemid=812

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Parchomenko, A., Nelen, D., Gillabel, J., Vrancken, K.C., Rechberger, H. (2020).
Evaluation of the resource efficiency of circular economy strategies using

multilevel statistical entropy analysis. Resources, Conservation & Recycling,
161, 104925. DOI: 10.1016/j.resconrec.2020.104925

Pearce, D.W., Turner, R.K.(1990). Economics of Natural Resources and the
Environment. Baltimore: The Johns Hopkins University Press.

Perrone, W .K., Souza, W.L. (2019). Estudo Técnico de Viabilidade da Implantagcdo de
um Sistema de Drenagem com o Uso de Asfalto Permeavel, como Alternativa
de Mitigagio de Inundagdo, em Areas Urbanas de Manaus. Journal de
Engenharia e Tecnologia para Aplica¢oes Industriais, 19(5), 26-40. DOI:
10.5935/2447-0228.20190046

Plataforma Agenda 2030 Brasil. (2021). PNUD. Consultado em 07/06/2021. Disponivel
em: http://www.agenda2030.org.br/ods/17/

Rahmani, H., Montazer, G.M. (2019). CO, Curing of Hydrated Lime Modified Pervious
Concretes. Engineering and Construction Journal, 8(92), 106-114. DOI:
10.18720/MCE.92.9

Ramadon, L.F. (2016). Extracdo de areia ilegal no Brasil. ACCANTAS, Rio de Janeiro.
Consultado em 02/06/2021. Disponivel em: https://apublica.org/wp-
content/uploads/2020/05/a-extracao-ilegal-de-areia-no-brasil.pdf

Sapra, P., Patil, A.C., Bhat, K., Kullar, A.S., (2017). Comparative evaluation of the
antibacterial efficacy of two different formulations of calcium hydroxide as
intracanal medicaments against Enterococcus faecalis: an in-vitro study.
Journal of clinical and diagnostic research, 11, 26-30. DOI:
10.7860/JCDR/2017/27270.10885.

SEINFRA. (2021). Secretaria de Estado de Infraestrutura do Estado do Amazonas.
Monitoramento de Programa e A¢des. Consultado em 07/02/2021. Disponivel
em: http://www.seinfra.am.gov.br/acesso-a-informacao/

Shen, W., Liu, Y., Wu, M., Zhang, D., Du, X., Zhao, D., Xu, G., Zhang, B., Xiong, X.
(2020). Carbon permeable slag ecological pervious concrete, prepared as a key
material of the porous city. Journal of Cleaner Production, 256, 120244. DOI:
10.1016/j.jclepro.2020.120244

86


http://www.agenda2030.org.br/ods/17/
https://apublica.org/wp-content/uploads/2020/05/a-extracao-ilegal-de-areia-no-brasil.pdf
https://apublica.org/wp-content/uploads/2020/05/a-extracao-ilegal-de-areia-no-brasil.pdf
http://www.seinfra.am.gov.br/acesso-a-informacao/

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

SINAPI. (2020). Sistema Nacional de Pregos e Insumos. Caixa Econdémica Federal.
Brasil. Planilha de Custos (Amazonas). Consultado em 07/05/2020. Disponivel
em: http://www.caixa.gov.br/site/paginas/downloads.aspx

Silva, J.R.C. (2005). Anélise dos impactes ambientais ocasionados pela explora¢do de
recursos minerais na area do igarapé do Mariano no Municipio de Manaus-
AM. Dissertagdo de Mestrado. Departamento de Geociéncias/Universidade
Federal do Amazonas. Manaus, 139p.

Sirén, E.K., Haapasalo, M.P.P., Waltimo, T.M.T, Orstavik, D. (2004) In vitro
antibacterial effect of calcium hydroxide combined with chlorhexidine or
iodine potassium iodide on Enterococcus faecalis. European Journal Oral
Science. 112:326-331. DOI: 10.1111/1.1600-0722.2004.00144 .x

Taheri, B.M., Ramezanianpour, A.M., Sabokpa, S. Gapele, M. (2020). Experimental
evaluation of the freeze and thaw durability of pervious concrete. Journal of
Building Engineering, JOBE 101617. DOI: 10.1016/j.jobe.2020.101617

Toledo, A.B, Monteiro, A.L.J., Gomes, F.G., Bevilacqua, M.A., Ribeiro, R.C. (2017).
Conversao de uma usina de asfalto. Prémio GLP de Inovagdo Tecnologica.

Supergasbras, Rio de Janeiro, RJ. Consultado em 01/03/2021. Disponivel em:
http://www.gasescombustiveis.com.br/premioglp/wp-
content/uploads/Convers%C3%A30-de-uma-Usina-de-Asfalto.pdf

Travush, V.I., Karpenko, N.I., Erofeev, V.T., Rodin, A.l., Smirnov, V.F., Rodina,
N.G. (2017). Development of Biocidal Cements for Buildings and Structures

with Biologically Active Environments. Power Technol. Eng., 51, 377-384.
DOI: 10.1007/s10749-017-0842-8.

UNFCCC. (2020). Fourth National Communication of Brazil to the United Nations

Framework Convention on Climate Change. Consultado em 25/03/2021.
Disponivel em:

file:///C:/Users/arant/Downloads/4a%2520Comunicacao%2520Nacional.pdf

Vieira, G.L., Schiavon, J.Z., Borges, P.M., da Silva, S.R., Andrade, J.J.O. (2020).
Influence of replacing recycled aggregates and fly ash content on the
performance of pervious concrete. Journal of Cleaner Production, JCLP
122665. DOI: 10.1016/j.jclepro.2020.122665

Wang, D., Noguchi, T., Nozaki, T. (2019). Increasing efficiency of carbon dioxide
sequestration through high temperature carbonation of cement-based materials.

87


http://www.caixa.gov.br/site/paginas/downloads.aspx
http://www.gasescombustiveis.com.br/premioglp/wp-content/uploads/Convers%C3%A3o-de-uma-Usina-de-Asfalto.pdf
http://www.gasescombustiveis.com.br/premioglp/wp-content/uploads/Convers%C3%A3o-de-uma-Usina-de-Asfalto.pdf
file:///C:/Users/arant/Downloads/4a%20Comunicacao%20Nacional.pdf

Avaliagdo da Utiliza¢do de Aditivos em Betdo Permeavel Modificado, Estado do Amazonas, Brasil

Journal of Cleaner Production. 238: 117980. DOI:
10.1016/j.jclepro.2019.117980

Xie, X., Zhang, T., Wang, C., Yang, Y., Bogush, A., Khayrulina, E., Huang, Z., Wei,
J., Yu, Q. (2020). Design of the proportion of pervious concrete mixture based
on the relationships between fundamental and structural properties of the
skeleton. Cement and Concrete Composites, 113, 103693. DOI:
10.1016/j.cemconcomp.2020.103693

Xie, N., Akin, M., Shi, X. (2019). Permeable concrete pavements: A review of
environmental benefits and durability. Journal of Cleaner Production, 210,
1605-1621. DOI: 10.1016/j.jclepro.2018.11.134

Xu, Y., Jin, R, Hu, L, Li, B., Chen, W., Shen, J., Wu, P., Fang, J. (2020). Studying the
mix design and investigating the photocatalytic performance of pervious

concrete containing TiO,-Soaked recycled aggregates. Journal of Cleaner
Production, 248, 119281. DOI: 10.1016/j.jclepro.2019.119281

Yang, J. and Jiang, G. (2003). Experimental study on properties of pervious concrete
pavement materials. Cem. Concr. Res. Elsevier, 33:381-386. DOI:
10.1016/S0008- 8846(02)00966-3

Zhong, R., Wille, K. (2018). Influence of matrix and pore system characteristics on the
durability of pervious concrete. Construction Building Materials, 162:132—-141.

88



