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Editorial
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We are now releasing the fifth issue of 2017 of the IBRACON Structures and Materials Journal (Volume 10, Num-
ber 5, October 2017), with ten articles approaching relevant topics on concrete structures and materials. The first
article addresses the dispersions of the compressive strength of concretes mixtures, focusing on the influence of
the workers team. The second article describes the optimization of the bending stiffness of beam-to-column and
column-to-foundation connections in precast concrete structures, modelled with finite elements. The third article
discusses the influence of packing and particles dispersion on the cement content of concrete. For the fourth article,
axial compression tests were performed on specimens of reduced size. The total porosity was assessed by an ap-
parent density and solid fraction density ratio, obtained, respectively, by means of mercury and helium pycnometry
and y-CT microtomoghaphy techniques. The fifth article reports an investigation on the influence of the transverse
reinforcement detailing on the ductility of the reinforced concrete column. The sixth article aims to correlate the re-
sults of pull-out bond tests with its variables applying artificial neural networks. The seventh article aims at assessing
the behavior of composite slabs, considering the influence of friction at the sheeting-concrete interface in the support
region. The eighth article proposes a model for the numerical simulation of the mechanical behavior of quasi-brittle
materials. Numerical examples involving the microcracking process are provided to illustrate the performance of the
proposed modeling. The ninth article is intended to evaluate the efficiency of the y, coefficient as a global stability
parameter. A comparative analysis was performed in several idealized structures, from which an approximate equa-
tion was obtained for computing the critical load factor based on the v, coefficient. This equation was validated by
numerical analysis of actual reinforced concrete buildings. The purpose of the last article in this issue is to discuss
the equivalent time method, a procedure for decreasing the required time for fire resistance of the multistory build-
ings detailed in the Brazilian standard ABNT NBR 15200: 2012.

We acknowledge the dedication of authors and reviewers, responsible for the quality of this issue.

Américo Campos Filho, Eduardo N. B. Santos Julio, José Luiz Antunes de Oliveira e Sousa, José Marcio
Fonseca Calixto, Leandro Francisco Moretti Sanchez, Mauro Vasconcellos Real, Rafael Giuliano Pileggi,
Roberto Caldas de Andrade Pinto, Ronaldo Barros Gomes and Tulio Nogueira Bittencourt, Editors

Estamos langando a quinta edigdo de 2017 da Revista IBRACON de Estruturas e Materiais (Volume 10, Numero
5, outubro de 2017), com dez artigos abordando tdpicos relevantes sobre materiais e estruturas de concreto. O
primeiro artigo aborda as dispersdes da resisténcia a compressédo de misturas de concreto, com foco na influén-
cia da equipe de execugdo. O segundo artigo descreve a otimizagédo da rigidez a flexdo de conexdes viga-pilar e
pilar-fundagédo em estruturas de concreto pré-moldado, modeladas com elementos finitos. O terceiro artigo discute
a influéncia de empacotamento e dispersdo de particulas no teor de cimento do concreto. Para o quarto artigo,
foram realizados testes de compresséo axial em espécimes de tamanho reduzido. A porosidade total foi avaliada
por meio da relagdo entre a densidade aparente e a densidade da fragdo sélida, obtidas, respectivamente, por
meio de picnometria de mercurio e hélio e pela técnica de microtomografia p-CT. O quinto artigo relata uma inves-
tigacdo sobre a influéncia do detalhamento do reforco transversal sobre a dutilidade do pilar de concreto armado.
O sexto artigo visa correlacionar os resultados de ensaios de arrancamento (pull-out — ensaio de aderéncia) com
suas variaveis por meio de redes neurais artificiais. O sétimo artigo tem como objetivo avaliar o comportamento de
lajes mistas, considerando a influéncia do atrito nos apoios. O oitavo artigo propde um modelo para a simulagéo
numérica do comportamento mecénico de materiais quase frageis. Exemplos numéricos envolvendo o processo
de microfissuragéo séo apresentados para ilustrar o desempenho da modelagem proposta. O nono artigo destina-
-se a avaliar a eficiéncia do coeficiente y, como um pardmetro de estabilidade global. Uma anélise comparativa foi
realizada em vérias estruturas idealizadas, formulando uma equagéo aproximada para o célculo do fator de carga
critico com base no coeficiente y,. Essa equacéo foi validada por analise numérica de edificios reais de concreto
armado. O objetivo do ultimo artigo nesta edigéo ¢ discutir o método do tempo equivalente, um procedimento para
diminuir o tempo necessario para a resisténcia ao fogo de edificios projetados de acordo com a norma brasileira
ABNT NBR 15200:2012.

Agradecemos a dedicacéo dos autores e revisores, responsaveis pela qualidade desta edicéo.
Américo Campos Filho, Eduardo N. B. Santos Julio, José Luiz Antunes de Oliveira e Sousa, José Marcio

Fonseca Calixto, Leandro Francisco Moretti Sanchez, Mauro Vasconcellos Real, Rafael Giuliano Pileggi,
Roberto Caldas de Andrade Pinto, Ronaldo Barros Gomes e Tulio Nogueira Bittencourt, Editores
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Aims and Scope

Aims and Scope

The IBRACON Structures and Materials Journal is a technical and
scientifical divulgation vehicle of IBRACON (Brazilian Concrete Institute).
Each issue of the periodical has 5 to 8 papers and, possibly, a technical
note and/or a technical discussion regarding a previously published
paper. All contributions are reviewed and approved by reviewers with
recognized scientific competence in the area.

Objectives
The IBRACON Structures and Materials Journal’s main objectives are:

» Present current developments and advances in the area of concrete
structures and materials;

* Make possible the better understanding of structural concrete
behavior, supplying subsidies for a continuous interaction among
researchers, producers and users;

« Stimulate the development of scientific and technological research
in the areas of concrete structures and materials, through papers
peer-reviewed by a qualified Editorial Board;

» Promote the interaction among researchers, constructors and users
of concrete structures and materials and the development of Civil
Construction;

» Provide a vehicle of communication of high technical level for
researchers and designers in the areas of concrete structures

and materials.

Submission Procedure

The procedure to submit and revise the contributions, as well as the
formats, are detailed on IBRACON’s WebSite (www.ibracon.org.br). The
papers and the technical notes are revised by at least three reviewers
indicated by the editors. The discussions and replies are accepted for
publication after a revision by the editors and at least one member of
the Editorial Board. In case of disagreement between the reviewer and
the authors, the contribution will be sent to a specialist in the area, not
necessarily linked to the Editorial Board.

Contribution Types

The periodical will publish original papers, short technical notes and
paper discussions. Announcements of conferences and meetings,
information about book reviews, events and contributions related to the
area will also be available in the periodical’'s WebSite. All contributions
will be revised and only published after the Editorial and Reviewers
Boards approve the paper. Restrictions of content and space (size) are
imposed to the papers. The contributions will be accepted for review
in Portuguese, Spanish or English. The abstracts are presented in
Portuguese or Spanish, and in English, independently of the language
in which the paper is written. After the review process, papers originally
written in Portuguese or Spanish should be translated into English,
which is the official language of the IBRACON Structures and Materials
Journal. Optionally, papers are also published in Portuguese or
Spanish.

Original papers will be accepted as long as they are in accordance
with the objectives of the periodical and present quality of information
and presentation. The instructions to submit a paper are detailed in the
template (available on IBRACON'’s WebSite).

The length of the papers must not exceed 20 pages.

A technical note is a brief manuscript. It may present a new feature
of research, development or technological application in the areas of
Concrete Structures and Materials, and Civil Construction. This is an
opportunity to be used by industries, companies, universities, institutions
of research, researchers and professionals willing to promote their

works and products under development. The instructions to submit a
technical note are detailed on IBRACON'’s WebSite.

A discussion is received no later than 3 months after the publication
of the paper or technical note. The instructions to submit a discussion
are detailed on IBRACON’s WebsSite. The discussion must be limited to
the topic addressed in the published paper and must not be offensive.
The right of reply is guaranteed to the Authors. The discussions and the
replies are published in the subsequent issues of the periodical.

Internet Access
IBRACON Structural Journal Page in http://www.ibracon.org.br

Subscription rate

All IBRACON members have free access to the periodical contents
through the Internet. Non-members have limited access to the published
material, but are able to purchase isolated issues through the Internet.
The financial resources for the periodical’s support are provided by
IBRACON and by research funding agencies. The periodical will not
receive any type of private advertisement that can jeopardize the
credibility of the publication.

Photocopying

Photocopying in Brazil. Brazilian Copyright Law is applicable to users
in Brazil. IBRACON holds the copyright of contributions in the journal
unless stated otherwise at the bottom of the first page of any contribution.
Where IBRACON holds the copyright, authorization to photocopy items
for internal or personal use, or the internal or personal use of specific
clients, is granted for libraries and other users registered at IBRACON.

Copyright

All rights, including translation, reserved. Under the Brazilian Copyright
Law No. 9610 of 19th February, 1998, apart from any fair dealing for
the purpose of research or private study, or criticism or review, no part
of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means, electronic, mechanical,
photocopying, recording or otherwise, without the prior written
permission of IBRACON. Requests should be directed to IBRACON:

IBRACON

Rua Julieta do Espirito Santo Pinheiro, n° 68 ,Jardim Olimpia,
Séao Paulo, SP — Brasil CEP: 05542-120

Phone: +55 11 3735-0202 Fax: +55 11 3733-2190

E-mail: arlene@ibracon.org.br.

Disclaimer

Papers and other contributions and the statements made or opinions
expressed therein are published on the understanding that the authors
of the contribution are the only responsible for the opinions expressed in
them and that their publication does not necessarily reflect the support
of IBRACON or the journal.



Objetivos e Escopo

ARevista IBRACON de Estruturas e Materiais € um veiculo de divulgagdo
técnica e cientifica do IBRACON (Instituto Brasileiro do Concreto).
Cada numero do periédico tem 5 a 8 artigos e, possivelmente, uma
nota técnica e/ou uma discussdo técnica sobre um artigo publicado
anteriormente. Todas as contribuicbes séo revistas e aprovadas por
revisores com competéncia cientifica reconhecida na area.

Objetivos

Os objetivos principais da Revista IBRACON de Estruturas e
Materiais séo:

» Apresentar desenvolvimentos e avangos atuais na area de estruturas
e materiais de concreto;

» Possibilitar o melhor entendimento do comportamento do concreto
estrutural, fornecendo subsidios para uma interacédo contribua entre
pesquisadores, produtores e usuarios;

» Estimular o desenvolvimento de pesquisa cientifica e tecnolégica
nas areas de estruturas de concreto e materiais, através de artigos
revisados por um corpo de revisores qualificado;

» Promover a interagao entre pesquisadores, construtores e usuarios de
estruturas e materiais de concreto, e o desenvolvimento da
Construgéo Civil;

» Prover um veiculo de comunicagao de alto nivel técnico para
pesquisadores e projetistas nas areas de estruturas de concreto
e materiais.

Submissao de Contribuigdes

O procedimento para submeter e revisar as contribuigdes, assim
como os formatos, estdo detalhados na pagina Internet do IBRACON
(www.ibracon.org.br). Os artigos e as notas técnicas sao revisadas por,
no minimo, trés revisores indicados pelos editores. As discussdes e
réplicas sédo aceitas para publicagdo apds uma revisédo pelo editores
e no minimo um membro do Corpo Editorial. No caso de desacordo
entre revisor e autores, a contribuicdo sera enviada a um especialista
na area, nao necessariamente do Corpo Editorial.

Tipos de Contribuigao

O periddico publicara artigos originais, notas técnicas curtas e
discussbes sobre artigos. Andncios de congressos e reunides,
informacdo sobre revisdo de livros e contribuigbes relacionadas a
area serdo também disponibilizadas na pagina Internet da revista.
Todas as contribuigdes serdo revisadas e publicadas apenas apoés a
aprovacao dos revisores e do Corpo Editorial. Restrigdes de conteudo
e espago (tamanho) sdo impostas aos artigos. As contribuigdes serao
aceitas para revisdo em portugués, espanhol ou inglés. Os resumos
serdo apresentados em portugués ou espanhol, e em inglés,
independentemente do idioma em que o artigo for escrito. Apds o
processo de revisao, artigos originalmente escritos em portugués ou
espanhol deverdo ser traduzidos para inglés, que é o idioma oficial
da Revista IBRACON de Estruturas e Materiais. Opcionalmente, os
artigos sao também publicados em portugués ou espanhol.

Artigos originais serdo aceitos desde que estejam de acordo com
0s objetivos da revista e apresentam qualidade de informagéo e
apresentacao. As instru¢des para submeter um artigo estéo detalhadas
em um gabarito (disponivel no sitio do IBRACON).

A extensao dos artigos ndo deve exceder 20 paginas.

Um nota técnica € um manuscrito curto. Deve apresentar uma nova
linha de pesquisa, desenvolvimento ou aplicagéo tecnolégica nas areas
de Estruturas de Concreto e Materiais, e Construgao Civil. Esta € uma
oportunidade a ser utilizada por industrias, empresas, universidades,

instituicdes de pesquisa, pesquisadores e profissionais que desejem
promover seus trabalhos e produtos em desenvolvimento. As instrugdes
para submissdo estédo detalhadas na pagina de Internet do IBRACON.

Uma discussao é recebida ndo mais de 3 meses apds a publicagao
do artigo ou nota técnica. As instrugdes para submeter uma discussédo
estdo detalhadas na pagina de Internet do IBRACON. A discusséo
deve se limitar ao tépico abordado no artigo publicado e ndo pode ser
ofensivo. O direito de resposta € garantido aos autores. As discussdes
e réplicas sao publicadas nos numeros subseqiientes da revista.

Acesso via Internet

Pagina da Revista IBRACON de Estruturas e Materiais em
http://www.ibracon.org.br

Assinatura

Todos os associados do IBRACON tém livre acesso ao conteudo do
periddico através da Internet. Nao associados tém acesso limitado ao
material publicado, mas podem adquirir nimeros isolados pela Internet.
O financiamento para suporte a revista é provido pelo IBRACON e
por agéncias de financiamento a pesquisa. A revista ndo recebera
qualquer tipo de anuncio privado que possa prejudicar a credibilidade
da publicagao.

Fotocopias

Fotocopias no Brasil, A Lei Brasileira de Direitos Autorais é aplicada
a usuérios no Brasil. O IBRACON detém os direitos autorais das
contribuicdes na revista a menos que haja informagdo em contrario no
rodapé da primeira pagina da contribuicdo. Onde o IBRACON detém os
direitos autorais, autorizacédo para fotocopiar itens para uso interno ou
pessoal, ou uso interno ou pessoal de clientes especificos, é concedida
para bibliotecas e outros usuarios registrados no IBRACON.

Direitos autorais

Todos os direitos, inclusive tradugdo séo reservados. Sob a Lei de
Direitos Autorais No. 9610 de 19 de fevereiro de 1998, exceto qualquer
acordo para fins de pesquisa ou estudo privado, critica ou reviséo,
nenhuma parte desta publicacdo pode ser reproduzida, arquivada em
sistema de busca, ou transmitida em qualquer forma ou por qualquer
meio eletrénico, mecanico, fotocdpia, gravagdo ou outros, sem a
autorizagdo prévia por escrito do IBRACON. Solicitagdes devem ser
encaminhadas ao IBRACON:

IBRACON

Rua Julieta do Espirito Santo Pinheiro, n® 68 , Jardim Olimpia,
Sao Paulo, SP —Brasil CEP: 05542-120
Fone: +55 11 3735-0202 Fax: +55 11 3733-2190

E-mail: arlene@ibracon.org.br.

Aviso Legal

Artigos e outras contribuicbes e declaragdes feitas ou opinides
expressas aqui séo publicadas com o entendimento que os autores
da contribuigdo sdo os Unicos responsaveis pelas opinides expressas
neles e que sua publicagdo ndo necessariamente reflete o apoio do
IBRACON ou da revista.
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Abstract
EE

Compressive strength testing method has been widely used as indirect way for evaluate the concrete quality, due to it simplest execution, reliability
of the results achieved and low cost of execution. Independently, if the concrete was side or ready-mixed, it is necessary to achieve the compres-
sive strength requirements stated during structure design, essentially because this parameter allows the obtainment of the average strength of
the reinforced concrete structure analyzed. Following, as for ready-mixed, as for side-mixed concretes, it is need to ensure the correspondence
between the concrete design parameters and the concrete mixed, namely these parameters are summarized in terms of the compressive strength
and homogeneity in the different phases of the construction. This way, the present work aims to do the analysis of the dispersions of the compres-
sive strength of concretes mixtures (corresponding to compressive strength classes of 20, 25, 30, 35 and 40 MPa), and identify some influence
factors, in this case, the influence of the workers team variation. Two mixtures (35 MPa and 40 MPa) were ready-mixed, while five of the concrete
mixtures were side-mixed, by five different worker's group with same time of experience on concrete’s manufacture. The results demonstrate that
the variation of the workers team presents a high influence for the homogeneity of the compressive strength of the concrete.

Keywords: compressive strength, quality of concrete, central concrete, concrete side-mixed.

Resumo
E———

O ensaio de resisténcia a compresséo tem sido largamente utilizado como forma indireta para avaliagdo da qualidade do concreto, devido a
sua simplicidade na execugéo, fiabilidade dos resultados e baixo custo. Independentemente do concreto ser fabricado in situ ou em central, é
imprescindivel cumprir com os requisitos de resisténcia a compresséo, especialmente porque este requisito permite a obtencdo da capacidade
resistente das estruturas de concreto armado. Neste seguimento, quer para concretos fabricados em central, quer para concretos fabricados in
situ, ha a necessidade de se garantir a adequada correspondéncia aos requisitos de projeto, nomeadamente resumidos em termos da resisténcia
a compressédo, e da homogeneidade entre os concretos utilizados nas diversas etapas da construcdo. Desse modo, este trabalho teve como
objetivo analisar as dispersdes dos resultados a compressao de sete misturas de concreto (correspondentes as classes de resisténcia de 20, 25,
30, 35 e 40 MPa), e identificar eventuais fatores de influéncia, como por exemplo o impacto na variagéo da equipe de execugdo. Duas misturas
(35 MPa e 40 MPa) correspondem a concretos dosados em central, enquanto cinco das misturas de concreto foram produzidas in situ, por cinco
grupos de trabalhadores diferentes com o mesmo tempo de experiéncia na fabricagcdo do concreto. Os resultados mostraram que a variagéo
dos grupos de trabalhadores apresenta uma elevada influencia para a homogeneidade dos resultados de resisténcia a compressao do concreto.

Palavras-chave: resisténcia a compressao, qualidade do concreto, concreto dosado em central, concreto in situ.
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1. Introduction

EE

Concrete is the most employed building material applied through-
out the infrastructure of a nation’s construction, industry, transpor-
tation, defense, utility, and residential sectors[1], and as a wide-
ly used in the construction industry, concrete needs to keep its
serviceability properties during the building service life. However,
some external factors, as the environmental actions, and internal
factors, as permeability, for instance, can reduced the concrete
durability and consequently a reduction of the its service life [2]-[6].
Basically, concrete obtainment process starts with the material se-
lection and the design method choice and it ends after the cure
process. Nonetheless, between the material selection and the
concrete cure, other factors also have influence on the concrete
quality, for example the mixture process, that depending on the
workers training level or automation level can present as results
a concrete with high or low dispersion between the compressive
strength of the structural elements. This way, homogeneity of the
concrete has a direct influence with its quality properties up to the
end of its service life, and can be affected not only by materials
quality but mixture process, as well[7].

The concrete mixture needs to be systematically implemented in
order of to avoid low durability or emergence of problematic issues
after concreting. The general criteria for be considered in the mix
design are: i) which aggregates are available; ii) which properties
should concrete presents, and iii) what is the most economical way
of providing these required properties[7]. In summary, the main
goal of the concrete mix design is to select the appropriate com-
ponents, considering the materials available and to determine the
most economical way for to produce concrete with the desire char-
acteristics [8]. In addition, the concrete mixture proportion is also
an important component for the concrete structures strength and
durability, extremely influenced by water/cement ratio (w/c) and
type and cement content. Furthermore, binder type in a concrete
mixture can influences the durability against a severe environment
[9]. However, the use of materials with good quality and proper
mixture proportioning will not ensure that the concrete will be dur-
able[10], [11]. Good quality control and workmanship are also ab-
solutely essential to the production of durable concrete[12], as well
the attendance to the current codes[13].

Quality control can be understand as the analysis of the properties
of concrete related with durability, since its process of obtainment
[14]. This process covers the material selection, choice of the as-
sessment methods, statistical analysis of the results and proced-
ures of control. Nonetheless, when the concrete is side-mixed (pro-
duces in field), additional careful is needed due to its production in
batches. In addition, the ready-mixed concrete also needs a good
quality control, once variations can occur during transportation,
placing, compacting, concreting and curing, as well. Variations in
the final properties of the concrete may occur partly because of the
quality of the materials and its proportion, and partly because of
the differences methodologies used for concrete production [15],
but the main aim of the quality control is to reduce those variations
and to ensure the concrete produced achieves the properties re-
quested by owners.

As advantages of the quality control it can be mentioned the re-
duction of the material costs, because quality control leads to a

rational use of the available resources; time reduction, because
to check every stage of the production of the concrete can avoid
inspected problems or solve its in early time; and consequent, pro-
vide reduction of the maintenance costs[16].

Concrete properties must be analyzed either on fresh and hard-
ened stage. The principal properties of the fresh concrete are:
uniformity, stability, workability, pumpability, water demand and
water/cement ratio, rate of change of workability, and finishing.
For the hardened concrete, the main properties are connected to
mechanical characteristics as strength and elasticity modulus, for
instance[17]. It can also be mentioned the early-age properties of
concrete are also important, as well the heat release, degree of
hydration, mechanical short-term properties, viscoelastic behavior,
thermal dilatation and autogenous shrinkage[18]. However, the
durability characteristics of the concrete can be analyzed by the
compressive strength of the concrete, since there is a good cor-
relation between those two parameters[19].

In order to contribute for implementation of the state of knowledge
on concrete quality control, the present work is focused on the as-
sessment of the quality control of the ready-mixed and side-mixed
concretes through analysis of the compressive strength (fck) dis-
persion values. In this study, seven concrete mixtures were per-
formed for different levels of fck, namely 20, 25, 30, 35 and 40
MPa. Two mixtures (35 MPa and 40 MPa) were ready-mixed, while
five concrete mixtures were side-mixed, by 5 different workers
team with the same time of experience on concrete manufacture.
The present work intents to answer the pertinent question if vari-
ations in the concrete mixture method can presents considerable
influence on compressive strength of concrete. Once this study
was done at North of Ceara State, it can be also understanding as
a contribution to study of the methodologies of concrete production
performed in North of Ceara.

2. Theoretical background

EE

The concrete mix design is related with achievement of the opti-
mized proportion of the concrete components (cement, water,
coarse and fine aggregates, and sometimes incorporation of
chemical admixtures and mineral additions) necessary for to ob-
tain a concrete with good quality. Generally, these conditions are
determined by structural project and the conditions of the construc-
tion, and the guidelines considered, as for instance the Brazilian
Standard ABNT NBR 12655: Portland cement concrete — Prepara-
tion, control and acceptance — Procedure[20]. This code states that
the composition of each concrete with class of resistance above
20 MPa (C20), should be defined by mix design, and must be re-
defined each time there is a change in the component materials
and in the construction conditions[20].

During the mixture design, the material proportioning is stated
based on theoretical and experimental studies, that basically are
performed in order of to define and to characterize the proper-
ties of the desired concrete, following some steps such as: char-
acterization of the component of the concrete; first mix design;
adjustment and verification of concrete mix and preparation of
the concrete. Moreover, experimental tests should be done for
evaluation of the concrete properties (strength, workability, i.e.)
using concrete samples. The fresh and hardened properties of

IBRACON Structures and Materials Journal * 2017 « vol. 10 *n°5

Eeeesss———— 073



Compressive strength values dispersion of side-mixed and ready-mixed concretes

Table 1
Standard deviation to be used depending on the
concrete preparation condition [20]

Concrete preparation Standard deviation
condition (Sd)
A 4.0 MPa
B 5.5 MPa
C 7.0 MPa

the concrete properties are generally assessed following proced-
ures as presented in [20], [21].

The obtainment of the mix design strength ( fcj ) considers the
dominant variability conditions during construction, which leads to
variability of the final properties of concrete, in the both fresh and
hardened states. In general, the final variations are due to vari-
ability in the material components, equipment (mixing step) and
the operation (transport, placing, compacting and curing). These
conditions are measured by the standard deviation (.54 ) that can
be made smaller by making a good concrete quality control, since
the variability of the concrete properties will be reduced.

The standard deviation, Sd, is a function of the concrete prep-
aration condition and can be known or unknown. The Sd can be
known when the concrete is always produced with the same ma-
terials, and similar equipment under equivalent conditions. So, the
numerical value of Sd is set with a minimum of 20 consecutive
samples results within 30 days and should never be lower than 2

MPa. When the Sd is unknown, it adopts the value according to
Table 1, that consider the preparation conditions. The value must
be kept constantly equal during all stages. The Equation 1 shows
the relation between Sd and fcj, where fcj is the average com-
pressive strength of concrete for the age of “j” days (MPa); fck is
the real compressive strength of concrete (MPa) and Sd is the
standard deviation of the mixture (MPa).

M

Considering the Table 1, the condition Ais applicable to classes
of concrete from C10 to C100, where cement and aggregates
are measured in mass, mixing water is measured by weight
or by volume, using metering device. The amount of water is
also a function of the humidity of the aggregates. Now, in the
condition B, applicable to classes of concrete from C10 to C20,
the cement is measured in mass, mixing water is measured
in volume by metering device and the aggregates are meas-
ured in combined mass with volume, with humidity control and
swelling whenever necessary; and also applicable to concrete
class C10 to C15, where the cement and the mixing water is
measured in similar form with the previous condition A, but the
aggregates are measured by volume. The humidity of the fine
aggregate is determined at least three times during the same
turn of pour, and the volume of fine aggregate is fixed by swell-
ing curve, established specifically for the material used. In the
condition C, only for classes C10 and C15 of concrete, the
cement is measured in mass, aggregates and mixing water are

fcj = fck+1.655d
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Particle size distribution of the aggregates employed in the concrete mixtures
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measured in volume. The amount of water is also a function of
the estimated humidity of the aggregates and determining the
consistency of concrete, according to ABNT NBR NM 67 [22]
or other standardized method. Also, for preparing in condition
C, while the Sd is not known, it is required to C15 class a min-
imum cement consumption of 350 kg per one thousand liters
of concrete.

Even with several concrete classes with different resistances, the
ABNT NBR 6118 [23] states that for structural purposes the min-
imum resistance must be 20 MPa.

3. Experimental
—

3.1 Materials and concrete mixtures

For the concrete mixtures, were used sand from the Acarau Riv-
er (Sobral, Brazil), as fine aggregate and limestone aggregate as
ground aggregate. The curves of the particle size distribution for
both aggregates are showed by Figure 1, where C1, C2, C3, C4,
C5, C6 and C7 represents the correspondent mixtures and the
final abbreviations “S” and “CA” represents sand (fine aggregate)
and coarse aggregate, respectively. Portland Cement type |l was
used as binder in the concrete mixtures, following the recommen-
dation in ABNT NBR 11578 [24] and its chemical composition is
presented by Table 2. The water used came from the water public
service of Sobral city, in Brazil.

Seven concrete mixtures were performed and the details of
each one of the seven composition can be seen by Table 3.
Essentially, the ABCP (Cement Portland Brazilian Association)
concrete mix design method was adopted and the concretes
for strengths classes of 20 MPa (C4), 25 MPa (C2), 30 MPa
(C3, C5 and C6), 35 MPa (C1) and 40 MPa (C7) were done.
The Sd adopted for all mixtures was 4.0 MPa. The strength
class of 30 MPa was studied for 3 different compositions due to
the fact that it represents the compressive strength value most
commonly adopted in Ceara State. The minimum mortar rate of
the concrete mixtures was 45% while the maximum mortar rate
was 60% and the water/cement ratio (w/c) used vary between
0.42 and 0.58.

Table 2
Particle size distribution of the aggregates
employed in the concrete mixtures

Cement chemical analyses %
Silicon dioxide (SiO,) 20.6
Aluminum oxide (Al,O,) 52
Ferric oxide (Fe,O,) 3.5
Calcium oxide (CaO) 65.0
Magnesium oxide(MgO) 2.74
Sodium oxide (Na,O) -
Potassium oxide (K,O) -
Equivalent alkali 1
Phosphorous oxide (P,O,) -
Titanium oxide (TiO,) -
Sulfur trioxide (SO,) 2.93
Loss in ignition 5.85
Bogue potential compound composition %
Tricalcium silicate (C,S) 67.0
Dicalcium silicate (C,S) 7.8
Tricalcium aluminate (C,A) 7.8
Tetra calcium aluminoferrite (C,AF) 10.5

While C1 and C7 concrete mixtures correspond to ready-mixtures
by mechanical automation, the compositions C2 until C6 repre-
sents the side-mixture concretes. For the side-mixture concrete,
were selected workers with correspondent experience time, name-
ly between 5 and 10 years of experience on concrete mixtures
performance. For each one of the concrete mixtures a different
worker group was selected. In order to make clear the difference
between the production process of ready-mixed concrete and the
side-mixed, a flowchart is presented in Figure 2.

Table 3
Concrete compositions)
Mixtures aggferzz(:ertlggélzg‘ gg;?:gate) fek co:\::unr:‘\epntion Mortar rate W?’LefEJ ((\::In;;am
Cl* 1.00:1.41:2.14 35 MPa 482.28 Kg/m3 53% 0.42
C2 1.00:1.94:2.71 25 MPa 382.71 Kg/m?3 48% 0.53
C3 1.00:1.71:1.93 30 MPa 424,96 Kg/ms3 46% 0.44
C4 1.00:2.60:2.59 20 MPa 318.88 Kg/m? 48% 0.58
C5 1.00:1.74:2.53 30 MPa 410.81 Kg/m3 52% 0.47
Co6 1.00:1.66:2.45 30 MPa 431.61 Kg/m3 60% 0.47
Cc7* 1.00:1.40:2.22 40 MPa 465.40 Kg/m3 52% 0.47
(*) Ready-mixture concretes.

IBRACON Structures and Materials Journal * 2017 « vol. 10 *n°5
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3.2 Specimens preparation

The number of specimens necessary for each mixture was stat-
ed based on ABNT NBR 12655 [20] recommendations, taking into
account the quantity of concrete. This way, 343 specimens were
produced to C1, 106 specimens to C2, 74 specimens to C3, 124
specimens to C4, 62 specimens to C5, 128 specimens to C6, and
284 specimens to C7. The specimens were produced according to
ABNT NBR 5738 [25] and after 24 hours, the cylindrical samples
(10 cm x 20 cm) were submitted to water immersion for concrete
cure process, during 28 days.

3.3 Compressive strength testing
The compressive strength test was performed through the

centralization of a cylindrical concrete specimen between a rigid
plate and a load cell. The correct positioning is fundamental for

make the specimen axis coincides with the axis of the testing
machine, making the resultant of the forces passes through
the center of the sample. The apparatus applies load until the
failure of the sample, which is then removed. The compressive
strength value of the samples was obtained according to ABNT
NBR 5739 [26]. For this procedure, an electrical Contenco®
loading machine was used. It has a load range of 100.000 Kgf
with subdivision of 10 Kgf.

4. Results

EE

The graphs of the Figure 3 and 4 shown the frequency distribution
of the axial compressive strength test results of the ready-mixed
and side-mixed concretes, respectively. In addition, it also can be
observed the normal distribution curve, fck values, mean and stan-
dard deviation (Sd) of the samples.

Preliminarily, it can be seen by Figure 3 that the average of the

Define
concrete’s
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Select the materials

v

Define the mixture design

Designed in central
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What is the concrete
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matenial (amount of batches)

¥

Place the materials in the mixer

v

[ Mix the materials ]

Figure 2

Flowchart of production process of the ready-mixed and side-mixed concrete
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results is higher than the fck (the fck for C1 was 35 MPa, and the
mean obtained was 38.7 MPa; for C7, the fck obtained was 40
MPa, and the mean obtained was of 42 MPa). Furthermore, for the
side-mixed concretes (Figure 4) it can be observed that 3 of the 5
concretes have not reached the fck. C3, C5 and C6, has fck of 30
MPa, but they only reached the mean of 21.9 MPa, 26.1 MPa and
27.4 MPa, respectively. However, the discussion of these values is
not the focus of this study.

As previously mentioned, a Sd of 4 MPa was used for the ready-
mixed concretes. Since the average Sd for the 7 samples was 4.1
MPa, the value of 4 MPa is presented as a sensible value for an
initial guess. However, it was noted in Figure 3 that the Sd of C1
(3.1 MPa) is smaller 23.75% than the value stablished and, in a
critical situation, the C7 surpasses the value of 4 MPa in 32%,
showing a Sd value of 5.3 MPa. Similarly, it can be observed in
Figure 4 that the Sd of the values of C2 and C3 was 3.2 MPa
and 3.9 MPa, respectively. Therefore, they are smaller in 20% and
4.25%. But, still in the Figure 4, it can be observed that C4 and C6
exceed this value, with a Sd of 4.8 MPa and 4.3 MPa, respectively.
It can be said that only the concrete C5 obtained the Sd according
with established.

For obtainment of a most suitable Sd value in the concrete mix
design, it must be used a Sd value of twenty sequential measure-
ments (Sd20). In order to examine the reliability of these results,
the individual results of all Sd20 and the compressive strength
average of 20 sequential measurements (AS20) of all sets were
plotted in the Figure 5 and Figure 6. Also, the compressive strength
values of each measurement, the Sd of the total population (Sd-
Total) and the total average strength (ASTotal) are there indicated.
Figure 5.a shown C1 compressive strength results, where can
be noted that the SdTotal is 3.1 MPa, and the Sd20 vary over
this value, with the minimum value of 1.1 MPa and a peak of
4.4 MPa. Considering the total population of 343 samples, were
formed 324 sets of 20 samples. Firstly, it was observed that AS20
is moving on the value of the total mean of 39 MPa for all sam-

et
80 # Y  Fck=35MPa
\ N=343
60 ' Mean = 38.65 MPa
Sd = 3.05 MPa

Frequency distribution
S =3

N

0 T 'TL—.

| 1
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Compressive strenght (MPa)

Figure 3

ples. Additionally, was noted peaks and valleys along the entire
sample, with the highest peak at 42.0 MPa, and the lowest valley
at 35.2 MPa, which provide maximum amplitude of 6.8 MPa and
the maximum difference between the total mean value and the
further AS20 value of 3.8 MPa. This may indicate that the prepar-
ation conditions were homogeneous throughout over 2720m? of
concrete in this construction.

Figure 5.b presents the results of samples relating to C2, with an
average value of 3.4 MPa (SD20 oscillates about this value with a
maximum and minimum value of 4.5 MPa and 1.7 MPa). C2 had
87 sets, with the mean 26 MPa and AS20 varies about this value.
The curve for these values had a peak between two valleys (28.9
MPa and 22.5 MPa) for one and for the other a value of 23.7 MPa,
and a maximum amplitude of 6.4 MPa and a maximum difference
from the mean of 3.5 MPa. Note that the curve of AS20 and Sd20
presents a biased cyclical, also indicating similar preparation con-
ditions throughout the work.

Similarly, to what occurs in C1 and C2 (Figure 5.a and b), the
sensitivity analysis shows us reasonably homogeneous prepara-
tion conditions C3 (Figure 5.c), C4 (Figure 5.d), C5 (Figure 6.a)
and C6 (Figure 6.b), where it was observed behaviors that tend to
periodicity. Moreover, they had maximum amplitudes of 4.1 MPa,
6.9 MPa, 5.3 MPa and 7.5 MPa, respectively, and the greatest dif-
ference in the total mean and AS20 was of 2.4 MPa, 4.7 MPa, 2.8
MPa and 4.8 MPa respectively. These data indicate a homogen-
eous preparation conditions along the concrete production.

In the sample C7 (Figure 6.c), the Sd20 curve had abrupt slope
at several points together with a no behavior basis. This curve
had a maximum peak of 7.1 MPa and a lower minimum value of
1.1 MPa. Moreover, the maximum peak and the valley were 49.7
MPa and 36.5 MPa, respectively, which generates high amplitude,
with the maximum of 13.2 MPa, and the major difference between
the mean of 42.0 MPa, with a sample average value of 7.7 MPa.
This curve was not considered for further analysis in this work be-
cause the results indicated that some change had occurred in the
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preparation process, and it was not homogeneous throughout the
analyzed period.

It can be observed in Figure 4 that some Sd20 values presented
lower values than the SdTotal, however, the Brazilian Standard
recommends that the value adopted from Sd must be multiplied by
1.65 (see Equation 1). The ratio between each Sd20 and SdTotal
were calculated, which generated the a correction factors for each
set. The standard also specifies that in no case can adopt a Sd
lower than 2.0 MPa, consequently, in this analysis, all Sd below
this value were replaced by 2.0 MPa.

Figure 7, 8 and Figure 9 shows the cumulative Gaussian distribu-
tion curves and its complement together with the frequency distri-
bution for the correction factors of the 7 samples.

Figure 7.a and b refer to concrete C1. It could be inferred by a
Gaussian curve that the probability of a value of the correction
factor be greater than 1.65 is equal to 3.6% and the actual fre-
quency at which the correction factor is higher than 1.65 is equal
to 0. Additionally, the Figure 7.c and d are the C7 values, but those
values were not considered for this study because, as previously
mentioned, these samples are not adequate for the analyses per-
formed in this study.
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Figure 8.a and b refer to concrete C3 and Figure 8.c and d to con-
crete C4. It can be seen in the Gaussian curve that the probability
of a correction factor to provide greater than 1.65 for C3 is 30% and
that the actual frequency of these values is 31.7%. In addition, the
probability of occurring a correction factor larger than 1.65 in C4
is 12.5% and that the actual frequency of these values is 16.3%.
Figure 9 refers to concretes C2, C5 and C6. Through Gaussian
curves is observed that the probability of occurrence of a correc-
tion factor greater than 1.65 is 10.3% for C2, 0.5% for C5 and
1.8% for C6 and the frequency of these values for C2, C5 and C6
is 18.4%, 2.4 % and 4.7%, respectively.

In order to compare the ready-mixed and side-mixed concretes, all
validated data were grouped and they are shown in the Figure 10.
The probability of obtaining a correction factor equal to or less than
1.65 for the ready-mixed concrete was of 3.6%, while the probabil-
ity of getting the same factor for the side-mixed concrete was of
9.6%. To achieve the same probability of 3.6% the correction factor
of the side-mixed concrete should be 1.82.

o

50 . . . r . . . . . 30

45 -
Sd Total

40

35

30 =

o5 THa#isT

Compressive strength (MPa)

20 .
Compressive strength average

Strength
Average strengh of 20 sequential measurement 122
— Sd of 20 sequential measurement

10 T T T T T T T T T
4] 20 40 B0 80 100

Sd of 20 sequential measurement (MPa)

Average strengh of 20 sequential measurement (MPa)

C2 specimens

50 T T T T

Compressive strength
Average strengh of 20 sequential measuremen}t

1 ——Sd of 20 sequential measurement", _
40 - Fool

45

35 4 Sd Total
30 B SR T it AR RS To

254

Compressive strength (MPa)

20+

1
N
Sd of 20 sequential measurement (MPa)

Compressive strength average

T T T T T T T T T T T T 28
0 10 20 30 40 50 60 VO B0 90 100 110 120 130

=

Average strengh of 20 sequential measurement (MPa)

C4 specimens

Compressive strength results of C1, C2, C3 and C4 mixtures

IBRACON Structures and Materials Journal * 2017 « vol. 10 *n°5

E——______Jeyde]
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5. Conclusions

EE

The results for the seven concrete mixtures analyzed showed that
only in one mixture was obtained the standard deviation (Sd) es-
tablished previously, considering the average of all values. Also,
the found results can be not directly related with the standard devi-
ations and the compressive strength values obtained, because
some concrete samples presented standard deviation values
higher than that stated, but compressive strength values lower
than the fck.

By the individual analysis of Sd and compressive strength for
every mixture, only C7 mixture possibly does not kept homogen-
eity during the production of the ready-mixed concrete. The re-
maining mixtures indicate a existence of a linearity in the quality
of concrete, regardless of production location.

The side-mixed concretes can have quality equivalent to the
concrete produced in central when it is only analyzed the re-
sistance capacity of the material. In general, in order to obtain
a concrete side-mixed with the same quality of concrete ready-
mixed, some steps must be performed: good material selection,
mass measurement of the material and standardization of the
manufacturing process of the concrete side-mixed. As well, in
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order of to achieve better standardization of side-mixed con-
crete it is necessary to define which workers will be responsible
for concrete manufacturing, and it is recommended to keep the
same team as long than possible.

Finally, this work also demonstrates that worker’s variation can
present significant influence on the concrete properties, and
that is a topic that need more attention by técno-scientific field,
in order of to provide new methodologies for side-mixed con-
crete production.
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Abstract
E——

This work involved the structural optimization of precast concrete rigid frames with semi-rigid beam-to-column connections. To this end, several
frames were simulated numerically using the Finite Element Method. Beams and columns were modeled using bar elements and their connections
were modeled using spring elements, with variable bending stiffness. The objective function was based on the search of the least stiff connection
able to ensure the global stability of the building. Lastly, a connection model with optimal stiffness was adopted to design the frame. Semi-rigid
beam-to-column connections with a constraint factors of 0.33 sufficed to ensure the maximum allowable horizontal displacement and bending
moment of the connection, with a global stability parameter of 1.12. This confirms that even connections with low constraints generate significant
gains from the structural standpoint, without affecting construction and assembly-related aspects.

Keywords: numerical analysis, precast concrete, semi-rigid connections, structural optimization.

Resumo

Este trabalho trata da otimizagéo estrutural de porticos planos em concreto pré-moldado com ligagdes semirrigidas entre vigas e pilares. Alguns
porticos foram simulados numericamente através do Método dos Elementos Finitos. Vigas e pilares foram modelados por elementos de barra e
suas ligagdes com elementos de mola deformavel a flexdo. A fungéo objetivo baseou-se na busca da menor rigidez da ligagcdo capaz de aten-
der a estabilidade global da edificagédo. Um modelo de ligagdo com rigidez 6tima foi adotado para compor o pértico. Observou-se que ligagdes
semirrigidas entre viga e pilar com fatores de restrigdo de 0,33 foram suficientes para atender o deslocamento horizontal maximo permitido e o
momento solicitante da ligagao, atingindo um parametro de estabilidade global de 1,12. Isto comprova que mesmo ligagdes com baixas restricdes
geram ganhos significativos do ponto de vista estrutural, sem prejuizos dos aspectos construtivos e de montagem.
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a  Postgraduate Program in Civil Engineering, School of Civil Engineering, Federal University of Uberlandia, Uberlandia, MG, Brazil.

Received: 04 Aug 2016 * Accepted: 23 Mar 2017 « Available Online: 04 Oct 2017

© 2017 IBRACON



Optimization of the bending stiffness of beam-to-column and column-to-foundation connections in precast

concrete structures

1. Introduction

EE

Brazil's construction industry is notorious for its low productivity, ex-
treme wastefulness of materials and low quality control. This sce-
nario can be changed by using precast concrete structures (Figure 1),
which render constructions more rational and economic (El Debs [1]).
To disseminate this constructive system and provide resources and
parameters for building designers, this paper describes a study on
precast rigid frames composed of semi-rigid beam-to-column and
column-to-foundation connections (see Figure 2), as specified by
the Brazilian technical standard ABNT NBR 9062:2006 [2].

These connections are usually designed as joints or brackets,
which is not always the case in real structures. In terms of the
semi-rigidity of the connection, the actual behavior of the structure

Figure 1
Structural system of precast concrete, El Debs [1]
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Figure 2
Semi-rigid beam-to-column connection,
ABNT NBR 9062:2006 [2]

is well represented by the structural model, which distributes the
second-order moments of the columns to the beams, and even
allows the dimensions of the cross-sectional areas of the elements
to be scaled down, thus reducing their loads when compared to the
hinge condition (Elliot et al. [3]).

This paper has as main objective to do the optimization of the
structural behavior of precast concrete slabs formed by semi-rigid
connections, noting the importance of facilitating the construc-
tive aspects. It is intended to demonstrate that a small increase
in beam-to-column bending stiffness may be able to meet global
stability requirements. So, this work aims to find the connections
whose constraint factors are between 0.14 to 0.39, which can en-
sure a semi-rigid behavior with low flexural strength, as proposed
by Ferreira, El Debs and Elliot [4].

A secondary objective was to investigate the effect of semi-rigid
connections on the overall behavior of the structure regarding the
distribution of forces and displacement and to recommend models
of connections capable of meeting the optimum rigidity obtained.
In the end, frames were simulated numerically and submitted to
an optimization process using the Finite Element Method. The
objective function was based on the search of the least stiff con-
nection able to ensure the global stability of the building.

2. Semi-rigid connections

EE

The semi-rigid behavior of a connection at the bending moment is
characterized by its moment-rotation curve (Figure 3). This type
of connection usually shows a nonlinear behavior even in elastic
conditions (before the yielding of bars under tension). The physical
nonlinearity of the connection can be simplified by using the secant
stiffness ky,s =M, /¢, (Figure 4), where M is the bending mo-
ment of the connection at the yield point of the tensioned reinforce-
ment and ¢, is the rotation of the connection due to the M. mo-

A rigid connection

semi-rigid connection

connection with
weak mitial stiffness

/ support beam
-

¢

Figure 3
Moment vs. rotation curve of the connection,
El Debs [1]
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ment (Ferreira, El Debs & Elliot [4]). The theoretical models for the
design of semi-rigid connections proposed by these authors were
compared with various experimental results of typical connections,
which, in some cases, present a higher than 95% correlation be-
tween theoretical and experimental values for the moment vs. rota-
tion ratio, as highlighted by Elliot et al. [5].
The secant stifiness, &k 45> can be written as a constraint factor
(@, ) of the connection, according to Equation [1], defined by the
ABNT NBR 9062:2006 standard [2],

(M

-1

o= (1420)
kc])slef

where:

EI . is the secant stiffness of the beam, according to ABNT NBR

6118:2014 [6]; and

lef is the effective span length of the beam.

Table 1 presents the classification of connections proposed by Fer-

reira, El Debs and Elliot [4]. If the alpha value is higher than 0.85,

the connection can already be considered perfectly rigid, accord-

ing to the ABNT NBR 9062:2006 standard [2], and if it is lower than

0.15, the connection can be considered hinged.

The best configuration for the frame, that can ensure its global

stability as well as its easy implementation and feasible cost, can

be determined by means of structural optimization.

According to Mota [7], Meireles Neto [8], Alencar, Parente & Albu-

querque [9] and Pinto et al. [10], a slight increase in connection

stiffness significantly reduces lateral displacements and global

second-order effects. So, the main goal of this study is to confirm

this statement and investigate the effect of semi-rigid connections

on the structure’s overall behavior in terms of load distribution

and displacement.

3. Global stability
—

New technologies and new materials have allowed for the con-
struction of buildings with a larger number of floors, with more
slender and therefore less rigid elements. Thus, the effects of hori-
zontal loads have become even more significant for the study of
structural stability.

Therefore, to ensure global structural stability requires a second-
order analysis that considers the deformed position of the struc-
ture. In this type of analysis, loads and displacements are not lin-
early related with the forces, as in a first-order analysis.

The displacement of the structure is important for both Ultimate
Limit State (ULS) and Serviceability Limit State (SLS). In Ultimate

M, A .
secant moment vs. rotation curve
My | __
MJ’ = Mcr ——————

onset of plastic moment

|
aretg R,

secant stiffness of bending moment
I
I

‘pc 6}:

Y

Figure 4
Secant stiffness of the bending moment,
adapted from ABNT NBR 9062:2006 [2]

Limit State analysis, nodal displacement is classified according to
structures with fixed nodes (if the second-order effects are less
than 10% when compared to the first-order effects) and structures
with moving nodes (if not).

In the former, the second-order effects do not interfere significantly
with the final loads. If the structure contains moving nodes, the loads
originated by displacement from the starting position must be con-
sidered, at the risk of loss of equilibrium or collapse of elements.
The process of the ¥, coefficient (Equation [2]) is a way to deter-
mine the need to consider global second-order effects by calculat-
ing the multiplier coefficient of the first-order moment,

1
y, = ———
i ©)
where:

Mld is the first-order moment, in the foundation of the structure,
generated by the forces that tend to lead to its collapse;

AMd is the moment generated by the active forces, which is cal-
culated with the structure displaced by Mld .

Table 1
Classification of the connections adapted from Ferreira, El Debs and Elliot [4]
Constraint factor o, Zone Classification
0<a,<014 [ Hinge and Pin
0.14<a,<04 Il Semi-rigid with low flexural strength
04 <a<0.67 1l Semi-rigid with infermediate flexural strength
0.67 <0,<0.86 v Semi-rigid with high flexural strength
086<a <1 \Y Rigid
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If the value obtained for the YZ coefficient is less than 1.1, the glob-
al second-order effects can be disregarded (ABNT NBR 6118:2014
[6]). If the coefficient varies from 1.1 to 1.3, the moment Md is
calculated by Equation [3],

3)

However, better calculation results of the moment Md are ob-
tained by Equation [4], according to Moncayo [11].

If the coefficient is found to be higher than 1.3, the global second-
order effects must be considered by means of the P-Delta itera-
tive process.

Md = 0,95']/Z'M1d

Myg=1y, My

4. Structural optimization

EE

In general, the optimization process generates a systematic meth-

od to search for the best structural design, so as to reduce the de-

signer’s intervention and become an independent tool of the user’s
experience to reach the best situation.

An optimization problem is well defined by three factors:

— Design variables, which are the parameters that define the sys-
tem, such as, for example, the dimensions and properties of the
materials involved;

— Design constraints, which establish limits or conditions that
must be respected in the process of searching for the optimal
result; and

— Objective function, which is a function of design variables. Its

8,0m 8,0m

&m

y 324m , 3,24m , 3,24m |, 3,24m , 3,24m ,

- 77277 Z7

Front view
Figure 5

minimum or maximum point is of interest in the iterative process.

The ANSYS version 12.1 software program contains several opti-

mization methods and tools that can be applied to the numerical

model after its solution, as proposed by Menon [12] and Zhang,

Zhong & Gao [13].

After defining the design variables, the design constraints and the

objective function, the process of searching for the optimal solution

is initiated by means of one of the available methods. In this pa-
per, we used the First Order Method, which uses information from
the first derivative of functions. This is an effective method that
defines precise directions to search for the optimal solution in the
extensive design space, in which the design variables vary widely.

The tools available in ANSYS and used in this study can be defined

as follows:

— Random Design Generation: performs repetitions/multiple itera-
tions with random values of the design variables. It is very use-
ful to study the overall design space, and to establish possible
designs sets for subsequent optimization analyses;

— Sweep Generation: generates sequences of various design
sets, based on a reference design set. This tool enables evalu-
ations of the global variation of the objective function and the
constraint functions.

5. Numerical analysis

EE

In this work, finite element models discretized in ANSYS version
12.1 were used to numerically simulate the rigid frame. The di-
mensions of the frame’s base module (Figure 5) and characteristic
loads (Table 2) were the same as those used by Meireles Neto [8].
Beams and columns were modeled using the uniaxial element

10m 10m 10m
t t t t
™ —
[l ] {1 ]
=—7>U<=—>0 <—> 0[]
(! ' [ []
Plan view

Dimensions of the base module of the frame, Meireles Neto [8]

088 m——
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Table 2
Characteristic forces of the frame,
adapted from Meireles Neto [8]

88.9 + self weight
(kN/m) of the beams
Permanent G woiaht
self weig
(kN) of the columns
Overload Q (kN /m) 40
5" floor 6.8
4t floor 13.1
Wind W rd

(kN) 3 floor 124
2™ floor 11.6
1t floor 10.2

BEAMS3. The columns were continuous and clamped at the
base, while the beams were connected to the columns by the
spring element COMBIN14, which considers only the rotation
of the spring on the axis perpendicular to the plane. For these
connections, the plane displacements were adjusted by the cou-
pling control.

The numerical analyses performed are illustrated in the flow chart
schema shown in Figure 6. Accordingly, the ANSYS program was
used to calculate the loads and displacements of the frame, con-

sidering the physical characteristics and geometry of the structural
system. The process of structural optimization was initiated after
determining the response of the structure to the given load.

To perform the optimization routine in the ANSYS program, one
begins by selecting the optimization method, after which one
chooses the design variables, constraints, and objective function
(lowest possible stiffness of the connection). Lastly, after determin-
ing the minimum stiffness of the beam-to-column connections in
terms of bending deformation, the connection is designed, and the
final constraint factor and }, coefficient are calculated. It should
be noted that after these analyses, the displacement at the
top of the frame is checked in order to satisfy the ABNT NBR
9062:2006 standard [2].

For the analysis of the Ultimate Limit State (ULS) situations, the
most appropriate normal ultimate combination is expressed by
Equation [5], which uses wind as the main variable force. Over-
loads were admitted for places with high concentrations of people

(¥, =0.7).
(5)

Myg=vy, Fg=14-G+14-W+14-0,7 QM4

where:

G denotes the characteristics of permanent forces;

W denotes the characteristics of wind forces;

O denotes the characteristics of overload.

The coefficients were adopted considering a type 2 commercial
building, according to the ABNT NBR 8681:2003 standard [14].

¢ Dimensions of the structural elements of the frames

* Loading: permanent, overload and wind

NUMERICAL * Determination of forces and displacements
MODEL
* Design variables: dimensions of the beams and columns and f
* Design constraints: 1,1 <y, < 1,3
STRUCTURAL * Objective function: mmimization of be.nding stiffness of beam-to-column
OPTIMIZATION connections
+ Dimensioning of the central and edge connections
* Calculation of the finals @, and ¥,
BEAM TO- * Verification of the displacement at the top of the frame (< H/1200)
COLUMN P P
CONNECTION
Figure 6

Frame analysis flow chart schema
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19

L7 1

1 =—V31x50- P50x40 - fck40

2 e—\f31x48- P50x50 - fck40
V35x48 - PSOx50 - fck40
4 s—\/31x48 - PSOx50 - fck50

s \/ 35%48 - PSOX50 - fckS0
wm—\/31x60 - P50x40 - fck50
==\/31x80 - P50x40 - fck40

0 N oy O

e \/ 31x50 - PBOX40 - fck40

Coefficient of global stability .

0,14 0,19 0,24

0,29 0,34 0,39

Constraint factor a,

Figure 7

Behavior of the frame in response to Zone Il constraint factors

Another aspect that must be checked is the maximum glob-
al displacement, which, according to Table 2 of the ABNT NBR
9062:2006 standard [2], should be smaller than the H /1200
ratio, where H is the total height of the building.
To this end, it is recommended to use the frequent service combination.
Equation [6] makes this combination, using wind as the primary variable
of force and overload with its quasi-permanent value (¥,=0.4).

(6)

For the approximate consideration of physical nonlinearity in ULS,
column stiffness was reduced by the coefficient 0.7, while beam
stiffness was reduced by the coefficient 0.4, as recommended by
Ferreira and El Debs [15] for structures with a constraint factor
ranging from 0.14 to 0.67.

Fyservice =G+03-W+04-Q

f units in cm

048
hv
d2

025 | bv |025

Figure 8
Cross-sections of the beams and columns
of the frame

5.1 Variation of the constraint factor
of the connection

The global behavior of the frame for each @, value inside Zone ||
is illustrated in Figure 7.

In the eight models simulated by ANSYS, three column cross-sec-
tion dimensions were tested: 50 cm x 40 cm, 50 cm x 50 cm, and
80 cm x 40 cm, in which the first dimension (dl) is arranged in
the wind direction. For the inverted T-beams (Figure 8), the fol-
lowing dimensions were evaluated: 31 cm x 50 cm, 31 cm x 48
cm, 35 cm x 48 cm, 31 cm x 60 cm, and 31 cm x 80 cm, where the
first dimension corresponds to the base of the beam (bv) and the
second to its height (hv) . The values of concrete compressive
strength were also varied between 40 MPa and 50 MPa, to verify
the reduction in the coefficient of global stability 7, .

Note that only the central portion of the beam’s cross section will
be optimized. The dimensions of the two lateral flanges were fixed
at 0.25 cm x 0.48 cm.

5.2 Optimization of the frame

After numerical modeling, the rigid frame was subjected to the opti-
mization test. A combination of two tools and an optimization meth-
od available in ANSYS were used for the convergence tests. The
first tool (Random Generation Design) was used to test the random
starting values for the design variables. The 1%t order method was
then applied, which uses information of the first derivative of the
functions and sets precise directions to search for the optimal solu-
tion in the extensive design space. Lastly, the Sweep Generation

GO0
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Table 3 Table 4
Optimization fest 1 Results of the optimization
Lateral Optimal Optimal
P i constraints Starting Parameter value value
arameter Lower | Upper | Ppoint obtained adopted
limit limit f, [MPa] 40 40
f, [MPa] 40 60 50 a, 0.14 recalculate*
a, 0.14 0.39 0.30 Design b, [M] 0.31 0.31
Design b, [M] 0.31 0.35 0.33 variables h, [m] 0.55 0.55
variables h, [m] 0.55 0.80 0.68 d, [m] 0.61 0.60
d, [m] 0.40 0.70 0.55 d, [m] 0.44 0.45
d, [m] 0.40 0.50 0.45 Demgp Y, 1.28 recalculate*
Design constraints
constraints T2 11 13 h Objective k
. 20619 >20619
Objective K o function [kN-m/fad]
function [kN-mtad] Minimize * The constraint factor «, and the parameter of global stability v, will be

tool was used to refine the search, avoiding locally optimal points
in the search for the global optimum.

Table 3 describes the characteristics of the optimization test, shown
in where fck indicates the compressive strength of concrete, @,
is the constraint factor of the connection, bv and hv are the di-
mensions, respective- ly, of the base and height of the beam, ac-
cording to Figure 8, d, is the dimension of the column parallel to the
plane of the frame, d, denotes the dimension of the column per-
pendicular to the plane of the frame, ¥, indicates the global stability
parameter, according to Equation [2], and k is the stiffness of the
beam-to-column connection, given by Equation [7], adapted from
ABNT NBR 9062:2006 [2] as a function of the constraint factor ¢, ,

K = 3 -Z';sec . (1 frar> (7)

where, for ULS:
,here 0.4 is the coefficient of reduced bending stiffness of the
beams, for the approximate consideration of physical nonlinearity,

hv
75
-7
.65
di
-6
Value _ sg /
5
d2
.45
: ]
.35 —
bv
-3
1 22.4 43.8 65.2 86.6 108
11.7 33.1 54.5 75.9 97.3

Set Number

Figure 9
Optimization of beam and column dimensions

recalculated affer dimensioning the connection.

according to Ferreira and El Debs [15];

Eci is the modulus of elasticity of concrete, calculated as
5600,/f, :

1 is the moment of inertia of gross concrete section;

lef is the effective span length of the beam; and

¢, is the constraint factor of the connection.

Constraint factors in the interval of 0.14 to 0.39 ensure that the
connection is considered to be semi-rigid with low flexural strength
(Zone 1), according to the classification proposed by Ferreira, El
Debs and Elliot [4].

The optimum values, which were obtained after 108 iterations,
are listed in Table 4. It is observed that the optimization process
ends when the lowest value for bending stiffness is found. For
practical and constructive purposes, an optimal value that was as
close as possible to the optimal value obtained was adopted for
each parameter.

Figure 9 shows the convergence process for the dimensions of the

&0

58
selll |
s} |
fck
52

Value sg

48
45 i
44

42

40 : 11
1 22.4 43.8 65.2 6.6 108
11.7 33.1 54.5 75.9 97.3
Set Number

Figure 10
Opfimization of f_,
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cross sections of beams and columns of the frame. The convergence
of the values for concrete compressive strength fck , for the con-
straint factor of the connection ¢, , and the global stability parameter
Y. are illustrated in Figure 10 and Figure 11, respectively. Figure 12
depicts the search for lowest stiffness (k) of the beam-to-column
connection, which satisfies the design constraints. Note that to satisfy
the conditions imposed, the area of the cross-section of the columns
was increased, since the minimum value for fck was obtained.
Costa [16] presents another optimization test aimed at satisfying
the constraints by increasing the concrete compression strength,
limiting the base of the beam (b, ) to 31 cm and dimension d, of
the column to 40 cm.

Costa, Lima and Alva [17] optimized a second rigid frame and
demonstrated that semi-rigid connections with a constraint factor
of about 0.37 are responsible for a reduction of 53% of the moment
at the base of the columns and of 75% of the displacement at the
top of the frame when compared with hinge and pin connections.

2.5

2.25
yl

1.5

Value 1,25
:

« 15

-5

.25 A A i 1 a,

0

1 22.4 43.8 65.2 86.6 108
11.7 33.1 54.5 75.9 97.3
Set Number

Figure 11
Optimization of o and v,

(x10#%+2)
2500

2250
2000
1750
1500
Value 1250 |
1000
750
500

250

0

1 22.4 43.8 €5.2 g6.6 108
11.7 33.1 54.5 75.9 97.3
Set Number

Figure 12
Optimization of k

5.3 Connection under study

To satisfy the optimum value of the stiffness of the connection, we
used the connection typologies studied by Miotto [18], consisting
of continuous reinforcement, anchor and support pad, as depicted
in Figure 13.

The purpose of continuous reinforcement is to transfer the nega-
tive moment acting on the connection, while the anchor and the
pad are responsible for transferring the positive moment, depend-
ing on the load.

This connection was adopted for its simplicity of execution. Fur-
thermore, the stiffness of this connection at the negative and posi-
tive bending moment was studied by authors as Ferreira, El Debs
& Elliot [4 and 15].

Connections with continuous reinforcement are subject to two main
strain mechanisms that cause relative rotations between beam
and column, which are due to bending loading. The first mecha-
nism involves slippage of the continuous reinforcement inside the
column, and the second to the slippage induced by the formation
of bending cracks at the end of the beam, whose length depends
on the beam’s useful height. In the international literature, analyti-
cal models that take into account the effect of these mechanisms
are described by Park & Paulay [19], Paultre et al. [20] and, more
recently, in the studies of Sezen & Moehle [21], Sezen & Setzler
[22] and Kwak & Kim [23].

Ferreira, El Debs & Elliot [4] propose that the secant stiffness of
the connection at the negative bending moment (k¢n ) should be
calculated by Equation [8],

(8)

k —( L .. >_1
on 0.9'E5~As~d2 Ees Iy

where:

le: embedment length of the continuous reinforcement inside the
column;

lp : length of the region of the connection corresponding to half the
bracket length plus the useful height d of the beam at the end of
the support;

ES : longitudinal modulus of elasticity of the continuous reinforce-
ment steel bar;

AS : area of the negative reinforcement passing through the column;

concrete cast on site

continuous reinforcement
///“‘“\\v/ah'eo]ar slab
.

i “5//

Figure 13
Connection with continuous reinforcement, anchor
and support pad, according to Miotto [16]
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Table 5
Connection for the central column
. . Constraint factor
Moment Parameters Stiffness of the connection of the connection
) ©
I, 30cm
Ip 69.9 cm
E, 210 GPa
; 68659.32
Negative A, 2 ¢32mm KN-m/rad 0.35
d 49.9 cm
E. 30104.88 MPa
o 205432 cm?*
o P, 7 mm .
Positive Construction purpose
h, 1cm

d : useful height at the end of the beam;

ECS : secant modulus of elasticity of the concrete;
]Cr: moment of inertia of the homogenized cracked section in
Zone Il

To calculate the secant stiffness in positive bending (k¢p

reira and El Debs [15] recommend the use of Equation [9],

), Fer-

_ 045-E;-d*- ¢,

k¢p - (ha 42, ¢b)3 (9)

where:

ES : longitudinal modulus of elasticity of the steel anchor;

d : useful height at the end of the beam;

¢;, : anchor diameter;

ha : support pad thickness.

Since the connections of the frame in question are not subjected to
positive moment loads, these will not be calculated. However, the
support pad and anchor will be used for the constructive purpose

Table 6
Connection for the edge column

of maintaining the stability and the best accommodation between
beam and column.
A nominal concrete layer of 3 cm, a 0.5 cm stirrup and a 40 cm long
bracket were adopted.
Tables 5 and 6 describe the aforementioned parameters and re-
sults found for the beam-to-column connections for a central col-
umn and corner column, respectively.
Considering that the steel of the negative reinforcement is AC-50
grade, the ultimate strength MRd , calculated by Equation [10], is
314.09 kNm , while the calculated loading moment of the most
loaded connection is 285.40kNm .

(10)

MRdZO-g'd'fyd'ASZMSd

where:

M ,, is the calculated loading moment in the connection;

d is the useful height of the beam;

fyd is the calculated yield strength of the reinforcement steel used;

. . Constraint factor
Stiffness of the connection .
Moment Parameters of the connection
(9] (0)
I, 57 cm
|p 69.9 cm
E, 210 GPa
. 57140.67
Negative A, 2 ¢ 32 mm KN-m /rad 0.31
d 499 cm
E. 30104.88 MPa
o 205432 cm?
. 0, 7 mm )
Positive Construction purpose
h, 1cm
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A, is the area of reinforcement steel in the connection; and

M, is the calculated loading moment in the connection.

Table 7 describes the model in terms of maximum global horizontal
displacement, which is limited to H /1200 in Table 2 of the ABNT
NBR 9062:2006 standard [2], where H corresponds to the total
height of the building.

Figure 14 shows the bending moment diagram of the frame with its
final connections. Figure 15 depicts the ultimate displacement of
the frame, analyzed in the SLS condition.

Semi-rigid connections with an average constraint factor of 0.33
sufficed to satisfy the parameter of global stability, the loading mo-
ment da connection and the ultimate displacement at the top of
the frame.

In the study developed by Meireles Neto [8], the same frame com-
posed of 81 cm x 48 cm beams and 50 cm x 50 cm columns, with
fck equal to 40 MPa, reached a 1.9 cm displacement at the top.
In their case, the semi-rigid connections presented a constraint fac-
tor of 0.30, contributing for the parameter of global stability (7, ) to
reach a value of 1.34. In Table 7, it is clear that the displacements
and the ), obtained here were much smaller than those reported
by Meireles Neto [8]. This is due to the greater inertia of the beams
and columns and the reinforcement employed to offset the loading
moment in the connection used in this study.

141.308

-285.4 -72.046

-178.723 34.631

Figure 14

5.4 Analysis of semi-rigid foundation

In order to evaluate the effect of the semi-rigidity of the column-
to-foundation connections, the numerical model of the frame was
modified by inserting the spring element COMBIN14 at the base of
the columns. We considered only the rotation of the spring on the
axis perpendicular to the plane of the frame, resulting from the elas-
tic shortening of the piles, according to Equation [11]. In this study,
ground deformability (vertical at the base of the piles and horizon-
tal along their shaft) was not considered. Therefore, the nodes at
the base of the columns were prevented from shifting by inserting a
clamp immediately below the spring element (Figure 16),

an
where:

A, E,.-é?
kr=—5" 1,

A, refers to the sum of the cross-sectional areas of the piles;

E, is the modulus of elasticity of concrete;

e refers to the distance between the axes of the piles; and

[, is the length of the piles.

The calculated stiffness of two piles with a diameter of 40 cm and
length of 15 m, spaced 1.4 m apart, with a characteristic concrete
compressive strength of 30 MPa, is 503643.6 kNm/rad.

354.662 568.016

247.985 461.339 674.693

Diagram of bending moment (kN.m) on ULS conditions

OO0
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-.202E-04 «351E-03 J23E-03

.166E-03 S37E-03

Figure 15
Displacement of the frame (m) on SLS conditions

The stiffness of the beam-to-column connections will be deter-
mined by the optimization process.

Finally, after determining the optimal values of the design vari-
ables, the constraint factor for the column-to-foundation connec-
tion can be calculated, according to Equation [12],

-1
3 Elsec—column>
ayp = (142 oo 12
f ( kflcolumn ( )
where:
EIl,. . um is the secant stifiness of the column according to

ABNT NBR 6118:2014 [6]; and
L 1o i the length of the column.
The optimization applied to the modified frame with semi-rigid

connections at the base of the columns had the same lateral con-

001095 001466

909E-03 001281 001652

straints as those of the preceding process (Table 3). The same
tools and optimization method were also applied.

The optimal values determined and adopted in this study are de-
scribed in Table 8. It should be noted that, when considering the
semi-rigidity of column-to-foundation connections, the cross-sec-
tion of the columns must be increased for a compensatory effect.
Based on the optimal values that were adopted, the constraint
factor of the column-to-foundation connection was calculated, ac-
cording to Equation [11]. Table 9 lists the results obtained in the
verification of the model.

The adopted stiffness of the beam-to-column connection was equal
to 26000 kNm/rad to account for the ultimate displacement at the
top of the frame, which, according to the ABNT NBR 9062:2006
standard [2], should be smaller than or equal to H /1200,
where H corresponds to the total height of the building.

Table 7
Verification of the optimal model
Type of k AM, M., D, o [em] D, imate [€M]
connection | [kN-m/rad] % [kN-m] [kN-m] "2 (SLS)
central 68659.32 0.35 5.31 50.45 1.12 0.165 1.35
edge 57140.67 0.31 5.31 50.45 112 0.165 1.35
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y 324m | 3.24m | 324m | 3,24m , 3,24m

B R

Model of frame with semi-rigid connections

6. Conclusions

EE

This paper highlights the importance and advantages of the optimi-

zation process applied to numerical modeling for structural analy-

sis. The primary focus of this work was the search for optimized so-
lutions in terms of the cross-sectional dimensions of the elements
of structural framing systems, considering the possibility of using
semi-rigid connections with low flexural strength, while ensuring
that their easy construction and assembly is preserved, since this
is one of the main advantages of using precast concrete elements.

Only the benefits that are related to the simplicity of the construc-

tive process are presented, believing that a simple process gener-

ates lower costs.

After modeling and optimizing the frame, the following conclusions

can be drawn:

— Increasing the stiffness of the connection, the concrete com-
pressive strength and the cross-sectional dimensions of the
structural elements contributed to stiffen the frame and reduce
the coefficient of global stability .

— The higher the constraint factor of the connection the lower the

moments at the base of the columns and the displacement at
the top of the building.

— Semi-rigid beam-to-column connections with an average con-
straint factor of 0.33 sufficed to satisfy the maximum horizontal
displacement allowed, the loading moment of the connection,
and to ensure a global stability parameter of 1.12. It is observed
that the constraint factor is a characteristic of the adopted con-
nection in this work. Furthermore, for higher frames, the global
stability parameter tends to increase.

— The continuous reinforcement adopted for the connections sat-
isfied their loading moment. This reinforcement, allied to the
inertia of the beams and columns, enabled the displacement at
the top of the building to be about 87% lower than the maximum
allowable value.

— With regard to the semi-rigidity of the column-to-foundation con-
nections, the optimization process involved an increase in the
cross-section of the column as a way to stiffen the frame, offset-
ting the effect generated by the connections at the base.

It was therefore demonstrated that connections with low flexural

strength are able to ensure the global stability of the frame, rep-

resenting a further advantage of precast concrete structures, be-
cause they preserve the feasibility of building with these structures.
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Abstract
E——

Due to environmental issues, the concrete chain seeks to reduce CO, emissions. However, growing demand from developing countries causes the
increase of CO, emissions in production to exceed decreases generated by industrial actions, such as improving kilns and clinker replacement.
New strategies are important. Changes in the concrete formulation, making it more efficient, can help if these changes produce concrete with the
same performance and lower cement consumption. In this regard, the improvement of packing and dispersion of particles increases this efficiency.
The better the packing, the lower the volume of voids between particles, thereby requiring lower fluid content (water) to permit flow. The dispersion
of the particles also decreases the water content for the same fluidity. The less the water content, the smaller the water/cement (w/c) ratio, and the
greater the resistance. Thus, both strategies increase the efficiency by uncoupling obtaining fluidity from the water content.

This study investigated the influence of packing and dispersion on the efficiency of cement use in concrete. The increase of packing and the com-
plete dispersion of fine particles has been shown to improve efficiency, as measured by the ratio between binder consumption and compressive
strength (the performance parameter used in most practical applications).

Keywords: concrete, design efficiency, binder, CO,, sustainability.

Resumo

Devido a questbes ambientais, a cadeia do concreto busca reduzir emissées de CO,. Porém, a demanda crescente de paises em desenvolvimento
faz com que o0 aumento da produgédo supere as diminuigdes geradas por agdes industriais como melhoria de fornos e substituigdo de clinquer.
Novas estratégias sdo fundamentais. Mudancas na formulacéo de concretos, tornando-a mais eficiente, podem ajudar caso produzam concretos
de mesmo desempenho e menor consumo de cimento. Neste sentido, a melhoria do empacotamento e dispersado das particulas aumentam esta
eficiéncia. Quanto melhor o empacotamento, menor o volume de vazios entre as particulas, demandando menor teor de fluido (agua) para per-
mitir fluidez. A dispersao das particulas também diminui o teor de agua para a mesma fluidez. Quanto menos agua, menor a relagéo a/c e maior
a resisténcia. Assim, ambas as estratégias aumentam a eficiéncia ao desatrelar a obtengéo de fluidez ao teor de agua.

Este trabalho estudou a influéncia do empacotamento e disperséo na eficiéncia do uso do cimento de concretos. Demonstrou-se que o aumento
do empacotamento e a completa dispersao das particulas finas permitem atingir melhor eficiéncia — medida pela relagéo entre consumo de ligan-
tes e resisténcia a compressao (parametro de desempenho utilizado na maior parte das aplicagdes praticas).

Palavras-chave: concreto, eficiéncia de dosagem, ligantes, CO,, sustentabilidade.
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1. Introduction

EE

Due to the high magnitude of the CO, released by the production of
clinker, making a sustainable concrete is currently focussed primarily
on replacing clinker using mineral admixtures, assuming that the min-
eral admixture has lower or even zero emissions. There is also a sec-
ond strategy of replacing natural aggregates by recycled aggregates,
which is closely linked to the use of natural resources and reduction of
waste disposal in landfills. However, the increase in recycled aggre-
gate content in concretes, if not properly made, frequently increases
the cement content and therefore also increases CO, emissions [1],
which is, most of the time, neglected in an overall sustainability as-
sessment. This strategy will not be discussed in this paper.

In the first strategy, the impact is typically measured in kg CO, emit-
ted per cubic metre of concrete or, in a more practical evaluation,
by the clinker replacement rate by such admixtures as blast furnace
slag (BFS) or fly ash (FA). The lower the CO,/m? or the higher the
admixtures, the higher the efficiency in sustainability terms.
However, the CO, emissions from cement production have in-
creased since the 1940s. This growth occurred despite some
success in specific reduction (kg/kg) of emissions, mainly due to
increasing energy efficiency in kilns and replacing clinker. The cur-
rent mitigation strategies have not been able to accommodate the
growing global demand for cement [2]. To aggravate the situation,
the production growth is inevitable and important due to social is-
sues in developing countries. In addition, there is not enough min-
eral admixture to increase clinker replacement rates [3], which may
explain much of the increase in CO, emissions.

Currently, cement is responsible for 5-8% of the total global CO,
emissions [4]. The global cement production forecast for 2050 varies
between 3.69x10°t/yr [2] and 5x10°t/yr in a high growth scenario [5],
representing a factor of 2.5 increase over the production of 2010. If
the mitigation strategies remain the same up to 2050, cement pro-
duction can become responsible for 20-30% of the CO, emissions
[2,5]. This situation may be further aggravated if the allocation of
CO, to BFS and FA becomes a rule, as is a worldwide trend [6-8], or
if a future shortage of these waste materials occurs [9-10].

Another option to reduce the environmental burden on clinker pro-
duction is carbon capture and storage. However, carbon capture
and storage is a very expensive strategy that can further increase
the cement production costs, even doubling those costs [11-12],
which is not sustainable as the most affected consumers would be
the developing countries that need cement to ensure the construc-
tion of infrastructure and low cost housing.

This article aims to provide a comparison between the efficiency of
cement use in conventional and packing and dispersed designed
concretes. This route for increasing concrete sustainability is new,
since it could allow processing of concretes with the same per-
formance and lower cement consumption — lower CO, emissions.

2. Theory of packing and dispersion
of particles applied to concrete
technology for decreasing
cement content

According to the theory of packing of particles, the use of par-
ticle fractions of different sizes — where the smaller particles fill

the voids between the larger particles, successively to smaller and
smaller sizes — can generate a system with a significant decrease
in void volume. In the concrete, a fluid is inserted to fill these voids
and make particles move (ensuring the flow, which is essential to
enable moulding). Therefore, the control of the voids between par-
ticles is crucial, since the lower this void volume, the lower the fluid
requirement for the same flow.

In the specific case of concrete, the lower the void volume between
aggregates, the lower the volume of paste (cement plus water)
necessary for the flow. Considering that the concrete strength is
given by the water/cement ratio (w/c), the decrease in paste vol-
ume maintaining the same w/c can mean a reduction in the final
cement content maintaining resistance, which configures an in-
crease in use efficiency of the cement. Fluidity is no longer linked
exclusively to water content as in the usual dosage technology.
The problem is that, currently, fluidity is seldom used in conven-
tional concrete technology due to lack of parameters for measuring
voids between aggregates.

There are several particle packing theories, many of them based
on mathematical equations that try to calculate the volume of voids
for a given set of particles of known size. Among these theories,
this work will use the theory of Westmann and Hugill (1930) as
modified by Funk and Dinger [13]. Initially, the apparent volume of
each size class in the granulometric distribution is calculated per
Equations 1 to 4:

Vil = a1.x1 (])

Ve = %1 + a3.%, (2)

Vs = x4 + % + a3.%3 (3)
n—1

Van =j:zlxj+ a, . X, (4)

Where

ai = apparent volume of monodispersion i size class, defined by
equation x; xi = volumetric fraction of size class i; Vai = apparent
volume calculated referenced in particle size class i; n = number of
particle size classes in the complete distribution.

This calculation requires that the size classes of the particle size
distribution follow a series of sieves with a ratio of ¥2, such as the
complete series of ASTM E11. If the distribution to be analysed
does not have the complete series of sieves, it must be recalcu-
lated using interpolation. The apparent volume of monodispersions
of each size class can be calculated by Equation 5:

1

1 \¢
1~ (zr0)
Where
RTC = class size ratio, preferably ¥/2; g = modulus of the ideal particle
size distribution according to the Westmann and Hugill model (0.37,
which provides the highest packing density for perfect spheres). The
Westmann and Hugill modified model is shown below.

The Westmann and Hugill modified model [13] is described in
Equation 6. In this model, there is the introduction of the minimum

a; =

()
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particle size in relation to the original model. The model was de-
signed for the calculation of the distribution module q, which indi-
cates the slope of the accumulated granulometric curve.

Where

CPFT D?-Di

100  p?-pi
CPFT = accumulated percentage below D; D = particle size; Ds =
smaller particle size of the distribution; DI = largest particle size of
the distribution; q = distribution modulus.
Through this model, Funk and Dinger [13] did computational sim-
ulations where they determined the distribution modulus (q) that
results in the highest packaging density. For perfect spheres, this
value is q = 0.37, according to Figure 1 and the value used in
Equation 5.
From Equation 5, the apparent volume Vai can be calculated for
all size classes of the distribution. The largest apparent volume
Vai defines the size class with the lowest degree of packing and
therefore the minimum porosity (voids between particles) expected
for the complete granulometric distribution. From the largest appar-
ent volume Vai, the minimum expected porosity can be calculated

from Equation 7:
(7)
Where

MPE = minimum expected porosity; Va = highest apparent volume
calculated in Equation 5.

For the application of the model, some premises were adopted
to simplify the calculations and interpretations: 1) all the particles
found in a range of two sequential sieves are of the same diam-
eter (monomodal system); 2) all particles are spherical; and 3) the
particles settle randomly in the distribution - according to [13-15],

1
MPE=4O.(1—V—>%

a

Minimum expected porosity (%)
[oe]

6 4
4 4
2 4
0 T T T T T
0 0,1 0,2 0,3 0.4 0,5 0,6
q distribution modulus
Figure 1

Minimum porosity calculated by the Westmann
and Hugill modified model according to the
distribution module, minimum grain of 0.17 ym
and maximum of 16 mm (FUNK and DINGER, 1994)

in this condition the porosity of a system of particles of equal and
spherical diameters reaches 36 to 40%. In similar systems with or-
dered packaging (which would resemble compact hexagonal and
cube-centred crystalline atomic structures), this porosity may drop
to as much as 26%. This value, therefore, can be changed, but it
was in this work set on the worst condition.

It is true that the estimation of porosity through theoretical calcula-
tions presents errors of difficult measurement — up to 4%, accord-
ing to Funk and Dinger [13] and Oliveira et al. [16] — due to the
non-spherical morphology of the particles, which: 1) renders inac-
curate measurement of their exact size in both sieving and imaging
methods and therefore does not guarantee an accurate porosity
calculation; and 2) generates variability of the actual porosity of the
mixtures according to the method of densification adopted, since
non-spherical particles present different forms of deposition. Even
so, this estimation allows us to introduce into the dosage technol-
ogy a greater precision in the knowledge of particle packing com-
pared to conventional techniques.

Fine particles (such as cement suspensions) tend to agglomer-
ate due to their low mass and high surface area, factors that
make surface forces predominate over gravitational forces. As
the balance of the electric charges of the surfaces of the dif-
ferent particles is not always in equilibrium, higher attraction
forces are generated than the forces of repulsion. For the sus-
pension, these agglomerates act as larger particles, which: 1)
modifies the granulometric distribution; 2) hinders the mobility
of flow lines, since the agglomerates move more slowly and act
as blocks to the smaller particles, increasing the viscosity [16];
3) generates voids within the agglomerates, increasing water
consumption; and 4) decreases the efficiency of the binders be-
cause the surface area available for pozzolanic and hydration
reactions is decreased (Figure 2). Thus, the total dispersion of
the particles, especially fines, is a condition to make the packing
project work. The condition of total dispersion of the paste must
always be met, since without it the designed packing does not
have any physical sense since it does not occur in practice. To
obtain this dispersion with economic criteria, it is necessary to
determine the minimum dispersant content required to generate
the highest possible fluidity of the system, which can be mea-
sured with the aid of a paste rheometer (see item 3.2.1 - Deter-
mination of optimum dispersant content). If, however, complete
dispersion is not guaranteed, the error associated with the con-
dition of total non-dispersion of the pulp cannot be determined
objectively because it causes very different rheological varia-
tions on a case-by-case basis.

3. Experimental planning, materials
and methods
——

3.1 Materials

A common CP V cement from the Brazilian market was used, with
three different limestone fillers, three different sands and three
different gravels. The diversity of materials was due to the need
for different particle sizes to achieve high levels of particle pack-
ing in concrete.

A polycarboxylate dispersant was used.

1000 m——
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3.1.1 Chemical and mineralogical characterization

Table 1 shows the chemical characterization of the fines used

(cement and fillers) obtained by X-ray fluorescence using a semi-

quantitative method, analysis of fluorine and uranium chemical ele-

ments, in an Axial Advanced PANalytical sequential spectrometer.

Table 2 presents the mineralogical characterization obtained by

X-ray diffraction performed in PANalytical X'Pert PRO equipment

with X’'Celerator detector, with quantification by the Rietveld meth-

od with the aid of the PANalytical Inorganic Structure Database.

3.1.2 Physical characterization

All materials exhibited the following physical properties:

A) Real density in He pycnometer, Quantachrome MVP 5DC
equipment;

B) Particle size distribution (materials with particles>500 ym) by
the vibrating sieving test using the complete series of sieves
described in ASTM E11. Each sieving was performed for a
minimum of 20 minutes. The series of sieves used was up
to @ minimum diameter of 106 ym, and the material passing
through this sieve was characterized by laser granulometry
(test b), and the final granulometric particle size distribution
was obtained through the interaction between the sieving re-
sults and laser granulometry weighted by the mass of material
of each diameter;

C) Particle size distribution (materials <500 ym such as cement,
fillers and fines of gravel and sand passed in the 106 pm sieve),
by laser granulometry in a Malvern Mastersizer granulometer.
The particles were mixed in a liquid environment (water for
non-reactive materials, alcohol for cement) at approximately
15% concentration, and ultrasonically dispersed at 2000 RPM
for 2 minutes prior to the test to disperse and individualize the
particles and, thus, to determine the granulometric distribution
with higher precision. The possible variations of density of the

particles by size range were neglected, with adoption of the av-
erage real density measured by the test of He pycnometry;

D) Specific surface area by BET [18], Micromeritics Gemini 2375
equipment, with the use of nitrogen gas. The samples were
previously treated by a degassing procedure coupled to the
equipment, necessary to remove the possible impurities (gas-
es) present on the surface of the sample, which significantly
changes the results obtained. The degassing was carried out by
application of vacuum pressure to the samples for 24 hours at a
temperature of 100°C for the fillers and 40°C for the cement.

In the sieving test, the use of the complete sieve series of the ASTM

E11 (19000 pm, 16000 pym, 12000 pym, 11200 pm, 9500 pym, 8000

Table 1
Chemical characterization of materials
by X-ray fluorescence

Oxides CPV Limestone | Limestone | Limestone
(%) 1 2 3
CaO | 64.5 51.4 54.6 60.7
SiO, 15.5 2.21 2.26 3.68
ALO, | 2.81 0.05 0.07 0.1
Fe,O, | 3.17 0.04 0.03 0.04
MgO 1.5 6.17 3.49 5.76
SO, 7.98 0.01 0.02 0.02
K,O 1.12 0.01 0.23 0.02

Na,O 0.3 - - -
P,O, | 0.18 0.03 0.02 0.05

TiO2 0.26 - - -
QOutros | 0.34 0.03 0.04 0.04
PF 2.34 40.05 39.24 29.59
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pm, 6300 pm, 5600 ym, 4750 pm, 4000 pm, 3350 um, 2800 pm,
2360 pm, 2000 pm, 1700 pm, 1400 pm, 1180 pum, 1000 ym, 850 um,
710 ym, 600 ym, 500 pm, 425 pm, 355 ym, 300 uym, 250 ym, 212
pm, 180 um, 150 ym, 125 pm, 106 pum) is critical when packing of the
particles needs to be determined, since the theoretical packing calcu-
lation models use all the particle size classes to improve the accuracy
of void measurements between particles, as seen in item 2.

In the combination between sieve and laser granulometry, the dif-
ference in size reported in the literature between results of sieving
and laser granulometry (approximately 20%) was neglected [17].
The difference is higher the more the particles move away from the
spherical shape since in sieving, the particle size is determined by
its smaller size, whereas in the laser test, the particle size is the
result of the average of several measurements taken at random
angles (http://www.malvern.com/en/products/technology/laser-
diffraction/default.aspx).

For the measurement of the surface area, Blaine’s diffused method
was not performed because this technique does not yield precise
results for the characterization of very fine particles with dimensions
smaller than 10 pm [19]. NBR NM 76:1998 states that this tech-
nique is used mainly to verify the uniformity of the milling process
of a cement factory and allows only a limited determination of the
properties of the cement and may not provide significant results for
cements containing ultrafine materials. This error occurs because
the Carman-Kozeny equation, used in this method, is not valid for
particles smaller than 10 um [20]. We also observed that the results
of Blaine present a low correlation with the fluidity of pastes contain-
ing fillers, whereas results obtained by the BET technique present
more correlation with rheological responses [21].

However, the BET test also presents possible sources of error in
the measurements. Experimentally, it has been determined that
the time and degassing temperature have an influence on the
results. Generally, the higher the sample surface area, the higher

Table 2

the temperature and time need to be. However, some samples
(such as cement) cannot be exposed to high temperatures in the
degassing, under risk of chemical deterioration and alteration in
the results. For the tested materials, a variability stabilization and
an increase in the reproducibility of the measurements were ob-
served for a 24-hour degassing time (performed in 2 laboratories
by 2 different technicians). The equipment user’s manual suggest-
ed 3-hour degassing, a value that did not yield good repeatability
and reproducibility for the samples studied — higher variation and
lower surface area values were found if compared to the values
obtained after 24-hour degassing.

The sample amount also changes the BET results. For the correct
measurement of the surface area, there must be a sample mass
with @ minimum of 1-5 m? (50 m? for measurement of the complete
isothermal adsorption curve). Thus, the lower the specific surface
area, the higher the required sample mass. If the specific area is
too small (too much mass required), there is the possibility that
there is no container available for the test.

The BET result cannot be interpreted as an absolute value be-
cause the BET result is dependent on the surface interaction be-
tween the gas and the surface of the particle (there are variations
of the positive and negative surface charges of both, as well as
the orientation of the adsorbed molecules and the possibility of a
double adsorption layer, depending on the charges). The adsorp-
tion of the gas may be weaker or stronger depending on the ratios
between the charges. If they are weaker, the gas does not pen-
etrate the surfaces between the layers and the smaller voids or
pores, because the actual measurement is only in the outer layers
[22]. Different gases can deliver different results.

The BET equation also assumes that 1) the heat of adsorption of all
the molecular layers after the first is equal to the heat of liquefaction,
and 2) in equilibrium, the surface condensation rate is equal to the
evaporation rate of the first or subsequent layers, which may intro-

Mineralogical characterization of materials by X-ray diffraction - Rietveld quantitative method

% estimated Material
Name Chemical formula CPV Lim1 Lim2 Lim3
Alite (C,S) Ca,SiOy 54 - - -
Belite (C,S) Ca,sSio, 19 - - -
Calcite CaCo, 70 85 75
Brownmillerite Ca, (Al Fer),0, 6 - - -
Dolomite CaMg(CO,), - 28 12 18
Calcium sulphate dihydrate Ca(SO,) (H,0), 5 - - -
Calcium sulphate hemydrate Ca(SO,) (H,0),, 4 - - -
Aluminium calcium oxide Ca,ALO, 3 - - -
Portlandite Ca(OH), 2 - - -
Quartz SiO, - 1 2 1
Tremolite Ca,Mg.Si,O,,(OH), - - 3
Diopside CaMgsi,O, - - - 3
Chalk Mg, (Si,0O;),(OH), - 1 - -

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



B. L. DAMINELI | R. G. PILEGGI | V. M. JOHN

9
Limestone 2 Q
8 Limestone 3
7 4 =—Limestone 1
< —CP V
s 67
25
i
T 4 -
2
B3
0
85|
1 !
0,1 1,0 10,0 100,0
Diameter (um)
Figure 3

28
26 | ——Aggregate 1 o
24 | = Aggregate 2

< 22 - Aggregate 3

<20 | ——Aggregate 4

-g 18 - — Aggregate 5

216

2 Aggregate 6

w14 -

o 12

Q

@ 10

2 8

Q ¢ |
4 \
2 .

1 10 100 1000 10000

Diameter (pm)

Parficle size distribution of materials: a) fines (cement and limestone filler, d < 125 ym);

b) thick (aggregates - sand and gravel, d > 125 um)

duce intrinsic errors to the measurements. Finally, the BET equation
is most useful under relative pressures of 0.05 to 0.45 — that is, it is
not valid for any pressure [22]. For all these reasons, surface area
measurements should be used with caution. However, because as
in this study they are comparative measures with standardized pro-
cedures, they are valid for the assessments performed.

Figure 3 shows the particle size distribution of the materials. Table
3 presents the surface area (BET), m?/g, and the real density (He
picnometry), kg/dm?.

The CPV cement used had 33% water of normal consistency (NBR
NM 43), 3:25 of start setting time and 4:45 of end setting time (NBR
NM 65) and surface area of 5410 cm?/g by the Blaine method.
The dispersant used was a polycarboxylate powder (100% sol-
ids) based on polycarboxylic ether, with a yellow colour appear-
ance, density 0.30-0.60 (kg/dm?), pH 6.5-8.5 (measured in 20%
solids solution, temperature 20°C), and dosage recommendation
of 0.05 to 1.00% in relation to the total mass of fines (data sup-
plied by the manufacturer).

Table 4 presents the characterization of the selected aggregates for
the experimental planning according to the related technical norms.

3.2 Methods

As the present study evaluated the influence of particle packing and
dispersion on the rheological behaviour and the efficiency of cement
use in concretes, concrete dosages were determined by varying
the particle packing levels. The flow characteristics in fresh state
and compressive strength in the hardened state were measured. All
compositions were made with complete dispersion of fines by using
the lowest dispersant content possible (optimum content), obtained
by experimental test described in the following section.

3.21 Optimum dispersant content determination

As explained in item 2, the condition of total dispersion of the
paste must always be met for guaranteeing the occurrence of the

designed packing. An optimum dispersant content determination
test was performed, which, experimentally, proved to be the lowest
content necessary to achieve the minimum possible viscosity and
can be experimentally determined using a paste rheometer. The
dispersant content was obtained individually for each of the fine
materials by the steps:

1) Definition of a fixed water/solids (w/s) ratio — in this case, 0.35.
This ratio was a suitable experimental value for the materials,
as determined by adding water to a constant solid powder mass
to the point where the suspension could mix, even with diffi-
culty, without dispersant use according to the method by Fen-
nis (2011). For each material, the chosen w/s was the one that
provided the highest possible solid concentration without a vis-
ible suspension desegregation, caused when the solid content
is higher than the water can make wet (very low water, high

Table 3
Real density and surface area (BET) of materials
Reall Area
Category Material density superficial
(kg/dm®) | (m?/g)
Cimento CPV 2.89 1.78
Limestonel 2.62 2.97
Fillers Limestone?2 2.63 2.15
Limestone3 2.65 1.46
Aggregate 1 2.63 0.21
Aggregate 2 2.82 0.34
Aggregate 3 2.81 0.20
Aggregates
Aggregate 4 275 <0.10
Aggregate 5 2.71 <0.10
Aggregate 6 2.71 <0.10
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Table 4

Characterization of the aggregates according to the related standards - unitary density
(UD) (NM 45), real density (RD), apparent density (AD) (NM 52 - sand or NM 53 - gravel),

water absorption (NM 30 - sand or NM 53 - gravel) and powder content (NM 46)

UD (kg/dm®) RD (kg/dm?) AD (kg/dm?) Abs&gﬁon Fines(f/ss Hm
aggfg‘geqtes NBR NM 45 NBR NM 52 NBR NM 52 NBR NM 30 NBR NM 46
Aggregate 1 1.69 2.64 2.63 0.24 1.12
Aggregate 2 1.86 2.64 2.62 0.91 147
Aggregate 3 1.64 2.77 2.75 0.85 1.12
Aggregate 4 1.51 2.62 2.60 0.91 0.76
qg‘;‘::;ﬁes NBR NM 45 NBR NM 53 NBR NM 53 NBR NM 53 NBR NM 46
Aggregate 5 1.52 2.65 2.61 1.38 0.23
Aggregate 6 1.54 2.66 2.70 1.60 0.60

N
-

3)

4)

viscosity) or when solids are so distant that fluidity is made by
water behaviour (high water content, low viscosity). The use of
a fixed w/s ratio also allowed direct comparison between the dif-
ferent mixtures. This condition (maximum solid concentration)
makes the suspension more difficulty to disperse since particles
are close and attractive forces are ageing. The ion concentra-
tion is increased, which decreases the thickness of particle dual
layer. This situation is the worst for a dispersant, so the disper-
sant will be required in its maximum capacity.

Mixture of 50 g powder with water (fixed w/s) without dispersant.
The mixing was done adding powder to water in an IKA R1303
“Dissolver Stirrer” blender (Figure 4a) for 2 minutes at a rotational
speed of 600 RPM. Then, blender rotation was raised to 1500
RPM, and the blending was performed for an additional 3 minutes.
Paste was placed on the AR-550 rheometer, TA Instruments,
plate-to-plate geometry (Figure 4b).

The rheological curve (shear rate x shear stress) was deter-
mined by a flow rheometry test. The test was standardized to
increase (acceleration) the shear rate from 0 to 400 s within

the time of 1 minute, with a shear rate measurement every 4
seconds. Then, the shear rate was decreased (decelerated)
from 400 to 0 s', and shear stress was measured, resulting in a
round-trip rheological curve.

5) Repeat procedures 2 to 4 for increasingly dispersant contents.
Rheometry flow test for each blend (one test for each disper-
sant content) followed steps of Figure 5.

6) For each test, the apparent viscosity at the point of highest
shear rate tested (400 s') was determined (the rate of 400 s™
was adopted because it allows a more complete analysis of the
rheological behaviour of cementitious materials).

7) Graphic “Dispersant content x apparent viscosity” was made for
the determination of the lowest apparent viscosity level reached
with the lowest possible dispersant content.

Figure 6a shows the various curves “shear rate x shear stress” for

one of the materials studied. Figure 6b shows the graph “disper-

sant content vs. apparent viscosity” resulting from the curves of

Figure 6a.

The optimum dispersant contents of the materials CP V, Lime-

Fi

gure 4
a) Paste mixing equipment, IKA R1303 "Dissolver Stirrer"; b) paste rheometer AR-550, TA Instruments

e
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Add powder to water

Measuring paste Measuring paste

for 2 minutes, 600 ?Snag]gg:d P:‘hﬂ e%aniz e?n shear stress for 0 to shear stress for 400
RPM 400 s shear rates to 0 s-' shear rates
i I I I I
: 5 minutes : 5 minutes : 1 minute : 1 minute \:
Mixing Preparing Testing rheological behaviour

Figure 5
Flow diagram of continuous flow rheometry test

stone1, Limestone2 and Limestone3 were, respectively, 0.50%,
0.225%, 0.20% and 0.125%.

Nine experiments were randomly selected and repeated to deter-
mine the experimental variation (determined by difference between
repeated test results). The average variation found was approxi-
mately 0.035 Pa-s, a small value if compared to the orders of mag-
nitude of the apparent viscosities measured.

3.2.2 Design of high-packing concrete formulations

Several concretes were designed with various combinations of
materials aiming for the increase in the packing of particles [23].
Packing was determined by the method of Westmann and Hugill
(1930) modified by [13], as described in item 2.

For all combinations, the optimum dispersant content by mass
weighted average of the optimum dispersant values found for each
fine were used (item 3.2.1).

Table 5 shows the compositions, including two reference concretes
designed by a conventional Brazilian method (one with no disper-
sant, and other with dispersant at optimum content).

90
als 0,35 - disp_A 0,10% o
80 1 /50,35 - disp_A 0,125%
70 { —e—als 0,35 -disp_A 0,15%
§ 60 | ——a/s035-disp_A0,20%
g 50 -
@ 40 -
o
= 30 -
w
20 -
10 -
D ' T T T
0 100 200 300 400
Shear rate (1/s)
Figure 6

3.2.3 Slump flow test

The concretes had the slump flow measured by the procedures of

the NBR NM 67. Concretes with high slump had measured their

scattering from

1) performance of the standard slump flow test procedure on a
surface demarcated in diameters from 500 mm to 1000 mm,
intervals of 100 mm;

2) determination of the time t necessary for the concrete to reach
the 500 mm spreading;

3) determination of final scattering size achieved.

3.2.4 Casting and cure

The 10x20 cm cylindrical specimens were cast. Procedures fol-
lowed the recommendations of NBR 5738. After 1 day, specimens
were taken to the humidity chamber (relative humidity ~ 100%,
temperature 23 £ 2°C) and kept under moist cure for 28 days.

o

0,05 0,10 0,15 0,20
Dispersant content (%)

0,25

Determination of the optimal dispersant content of the Limestone3: a) shear rate curves x shear stress
curves for 4 dispersant confents (4 different flow rheometry tests); b) "dispersant content x apparent
viscosity" of the same tests. The rheological curve for the dispersant content = 0 was not shown since

viscosity achieved was very high
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3.2.5 Compressive strength

The determination of the compressive strength was performed at
7 and 28 days according to the procedures of NBR 5739, three
specimens for each age. Tests were carried out with the specimens
in the wet state. Regularization of top and bottom surfaces was
done in grit. The compressive strength test was performed in a
Shimazdu press with a capacity of 200 tons.

3.2.6 Cement use efficiency

If, on the one hand, the emission of low CO, levels can be achieved
in conventional concretes by replacing clinker with mineral admix-
tures such as blast furnace slag and fly ash, this is controversial,
since: 1) usually CO, emissions are simplified by these admixtures,
a fact already disputed by many researchers and even by the Eu-
ropean Community [6-8]. If everyone were to implement this strat-
egy, there would be an insufficient supply of these admixtures to
lower the content of clinker significantly on a global scale [3,24].
Therefore, the decrease of the CO, footprint of a concrete must
also be achieved by strategies of optimization of the use of bind-
ers — summarizing, designing to achieve the same level of per-
formance with lower total binder content, whatever the binder. As
seen in item 2, packing and dispersion of particles can help signifi-
cantly in this task.

Thus, to evaluate the improvement of cement use efficiency in the
concretes of this work from the strategies of packing and disper-
sion of particles, the indicator “Binder Index” (Bl) [25] will be used.
This Bl is calculated by the ratio between the total binder content,
in kg'm?3, and the performance (in this case, the compressive
strength, in MPa), according to Equation 8:

IL = lig/rc

8)
Where

binder is the total binder content of the blend, in kg'm=; CS is 28-
day compressive strength, in MPa.

This indicator, expressed in kg'-m=-MPa, allows the analysis of
the relationship between the total amount of binders (economic
and environmental impact) and a performance measurement (the
most commonly used measurement for concrete is compressive
strength). The higher the BI, the higher the binder content required
for same performance and therefore the lower the eco-efficiency,
and vice versa.

4. Results and discussion
[

Table 6 shows the total consumption of binders, water, rheological
parameters, compressive strength at 7 and 28 days and BI calcu-
lated for each concrete mix.

Data from Table 6 show that concretes C01 to C10 were designed
with a common concern of reaching a high degree of packing — low
intergranular porosity, between 4-8%, was obtained for all formula-
tions. The concrete designed by the conventional method reached
almost 23% of the intergranular voids, a much higher value com-
pared to C01-C10, possibly showing that the usual design meth-
ods do not take care with the intergranular void content.

For the packed C01-10 concretes, Bl values achieved were lower
than conventional reference concretes — even compared to the ref-
erence with dispersants at optimum content. Reference concretes
presented higher Bl even obtaining higher compressive strength —
a situation in which it is often easier to reduce BI [25]. Just for com-
paring, conventional concrete with dispersant reached 47.4 MPa

Table 5
Concretes designed by packing technology
Composition (% volume)
Mi);ing Fines <125 pm Aggregates >125 ym Water Déf:;’;::t
CPV | Lim1 | Lim2 | Lim3 | Agl Ag2 | Ag3 | Ag4d | Ag5 | Agé fines)
CO01 8.8 8.8 - 4.4 9.3 19.6 11.2 15.4 - 22.6 16.0 0.31
Co02 7.2 7.2 - 3.6 9.7 20.5 11.7 16.2 - 23.8 15.5 0.31
C0o3 8.0 8.0 - 4.0 9.5 20.0 11.4 | 158 - 232 | 16.0 0.31
Co4 8.0 8.0 - 4.0 4.1 20.5 16.4 17.6 - 21.5 16.0 0.31
C05 6.3 9.0 - 2.7 4.0 20.0 16.0 | 189 - 23.1 14.0 0.30
CO06 7.7 11.0 - 3.3 9.0 19.1 10.9 15.8 - 23.2 14.2 0.30
Cco7 8.0 8.0 - 4.0 22.6 185 | 234 - 15.6 | 16.0 0.31
Co08 8.0 8.0 - 4.0 22.6 18.5 234 - 15.6 13.0 0.31
C09 8.0 8.0 - 4.0 10.3 17.2 135 | 176 | 11.7 9.8 16.0 0.31
C10 5.1 8.5 - 3.4 10.4 17.4 13.7 18.7 10.4 12.5 14.0 0.28
divsvggrosfm 161 | - - - - | 381 | - - - | 457 | 234 -
diifévrvsi:uhnf 161 | - - - . 38.1 - - - | 457 | 160 0.50
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at 28 days using 392 kg/m?® of cement, while C08, for example,
reached 40.2 MPa resistance using about half the amount of ce-
ment (201 kg/m3).

Among the group of C01-C10 that obtained low Bl, there are some
(C01, C02, C03, C04, CO7, C0O9) that achieved a lower Bl than
the conventional, even reaching slump values higher — 230 to 280
mm, or self-compacting. In the standard design conditions, slump
increase is achieved with the increase of water — consequent in-
crease of w/c, decreasing the compressive strength and hence
increasing Bl (considering the cement content unchanged). Thus,
a higher packed concrete could be able to increase flowability
(slump test measurement) without increasing water content (their
water content, in L/m3, are very similar). In this case, considering
that the dispersion was standardized for all these concretes from
the use of optimum dispersant content (and, in absolute levels,
conventional concretes contained even more dispersant than the
others), the relationship between water content and packing level
can explain the flowability. Therefore, changes in the composition
of concrete aggregates, with the use of particle packing tools,
modify the concept of conventional design processes where to-
tal water content is mainly responsible for the flow. When inter-
granular voids are modified and controlled, these voids have a
higher influence than the water content on the flowability, since,

Table 6

according to the packing theory presented, reduced void volume
is responsible for optimizing the use of the fluid — less fluid is
used to fill them, and more fluid is effectively used for the par-
ticle separation.

Regarding dispersion, comparing conventional concretes with and
without dispersant, the not dispersed concrete required a much
higher water content to obtain a much lower flow, resulting in loss
of strength and hence significant increase in BI.

It follows, therefore, that increasing the use efficiency of binder
is related to the efficient use of water in the fresh state to cause
particles to depart. The water content directly influences the char-
acteristics of the hardened state. The total paste porosity in the
hardened state can be calculated by Eq. 9.

Paste porosity =
Vpores — VHZOtoml B VHzocombined + VHZOCDntraction

©)

Vtotal Vsolids + VHZOtotal

Where
V,,,o combined = volume of total combined water = 0.23 g/g cement
V..o Contraction = volume contraction of water due to chemical re-
action, based on [25] (Equation 10):

(10)

VHZOContraction = VHzocombinedx 0.254

Data of material consumption, fresh state parameters, compressive strength at 7 and 28 days

. . Rheological Compressive _
Design conventional parameters Efficiency
parameters strength
~ ~ ~ [
o o ~ 5 o] o)
£ £ 5 E 2 0 [ o
2 o = 0 < E 1358l = s € ==
% ) = 3 ® E 3 o || © ~ o @ o
s X ] S £ go | o+ ~ N €
o > 5 3 Q »n o
o = & o [§) <
COo1 213.8 | 160.0 | 0.75 0.62 9.8 5.72 280 670 13.9 33.7 356.3 6.1
Co02 1760 | 155.0 | 0.88 0.60 12.2 7.38 230 - - 234 25.3 7.0
Co3 194.4 | 160.0 | 0.82 0.61 10.9 6.57 270 600 18.5 27.6 29.2 6.7
co4 1944 | 160.0 | 0.82 0.61 11.0 4.18 270 595 30 274 28.2 6.9
Co05 156.7 | 140.0 | 0.89 0.58 14.2 4.62 60 - - 27.1 28.1 5.6
CO06 191.1 | 1423 | 0.74 0.61 11.4 5.44 190 - - 34.0 34.9 5.5
co7 194.4 | 160.0 | 0.82 0.61 10.8 7.66 270 600 19.7 26.2 29.1 6.7
Cco8 201.3 | 130.0 | 0.65 0.61 10.8 7.66 40 - - 39.0 | 40.2 5.0
Cao9 194.4 | 160.0 | 0.82 0.61 10.9 6.10 270 600 20 25.0 27.2 7.1
Ci10 126.9 | 1400 | 1.10 0.60 17.6 7.09 20 - - 19.5 215 5.9
Ref
without | 357.7 | 234.0 | 0.65 0.55 5.0 22.89 | 140 - - 32.1 32.0 11.2
dispersant
RSTWIth | 3902 | 1600 | 041 | 055 | 50 |2289| 230 | - - | 433 | 474 | 83
dispersant
Legend: C = cement consumption; w/c = water/cement; a. = mortar content; m = aggregates content; Porosity = infergranular porosity calculated
from the Westmann and Hugill (1930) model modified by Funk and Dinger (1994); scattering = total final scattering; t = time to reach scattering 500
mm; CS = compressive strength for the indicated age; Bl = Binder Intensity
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Figure 7.a shows that concretes made with cement-filler pastes
(high-packing), when compared to concretes with pure cement
pastes (low-packing), can achieve similar paste porosity with a
much lower cement content. From this observation, it is a conse-
quence that they can achieve the same compressive strength using
a lower cement content, as shown in Fig. 7.b. On both graphics,
the presence of two very distinct groups is clear — the high-packed
(blue) and the low-packed (red). The packing of particles was re-
sponsible for the changes in the correlations between paste porosity
x cement content x compressive strength since it allows the mixing
of the concretes with lower cement content using the same or lower
water content. Equation 9 shows that paste porosity — which com-
mands compressive strength — is much more influenced by a low
water content (decreases total water in the denominator, by a factor
of 1) than a high cement content (increases the combined water by
0.23). Figure 8 shows that Bl is lower for the packed concretes com-
pared to non-packed concretes with similar paste porosity.

Figure 9 presents data for the Bl benchmark shown in [25] with
inclusion of the results presented in this paper. In general, de-
signed concretes (gray dots) showed Bl lower than data found
in the national literature (green dots) — with the exception of two
points of the dosage by the conventional Brazilian method (black
dots), which get confused with the rest of the concrete found in the
benchmark, with less efficient binder use.

5. Conclusions

EE

Even with actions by the cement industry to reduce the specific
emissions of CO, in production, an increase in total emissions is
expected due to expected increasing production. A promising strat-
egy is to increase the use efficiency of the cement and other bind-
ers in the concrete, which means designing concrete with lower
consumption and achieving the same performance.

This article demonstrated how packing and dispersion of particles
may help increase the efficiency of use of binders in concrete.
Concrete designed with lower intergranular voids (between par-
ticles) has been found to have water content reduced even with the
same flowability in the fresh state, or, using the same water con-
tent, obtain higher flowability — less water is used to fill the voids,
more water remains active for detaching particles effectively.
Reference concrete with dispersant, for example, used the same 160
litres of water (L/m®) as the C01, C03, C04, CO7 and C09, but ob-
tained a slump of 230 mm while all others obtained slump of 270-280
mm and spreading 600-670 mm, due to the void content of 22.9%
of reference concrete against values between 4-6.5% of the others.
The possibility of decreasing the water content to obtain the same
fluidity allows: 1) a reduction of the w/c ratio, consequently increasing
the compressive strength; or 2) a replacement of part of the cement
by filler (lower water content and lower cement content, maintaining
w/c and compressive strength unchanged). In both cases, there is a
decrease in the Binder Index (BI). In the same concretes compared
above, there is an approximate reduction of the Bl from 8 kg-m=-MPa"'
(reference) to 5.3-6.5 (other), that is, an approximate reduction of 18-
33%, which means an increase in eco-efficiency.

Moreover, the complete dispersion of particles also showed the
request for lower water content to achieve the same or higher flow-
ability with the same resulting efficiency gains.

The strategy — increasing the efficiency of use of water and binder
— can be used together with other strategies that have been con-
solidated, such as clinker replacement by mineral admixtures to
mitigate CO, emissions. Their combination could amplify the ben-
efits, because in the end the final clinker content would be a mul-
tiplication of both factors (total clinker reduction in the paste plus
total paste content reduction).

The particle packing tool is an application of a concept of particle
physics on concrete. The interaction of this tool with established
dosage methods, such as the reference method used in this work,
can be useful for the design of more efficient large scale concretes,
since it could introduce the control of intergranular porosity through
calculations from the data of the raw materials (without the need to
carry out experiments of experimental determination of the pack-
ing). This property would be highly important, since the experimen-
tal determination of the packing (also possible) requires a time that
may be unviable on the scale of application of the concrete. Due
to the size of the concrete production chain, a more sustainable
future depends on the improvement of the dosages with emphasis
on the speed and ease of application, as well as on the interaction
between different clinker reduction strategies.
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Abstract
E——

Due to environmental issues, the concrete chain seeks to reduce CO2 emissions. However, growing demand from developing countries causes
the increase of CO, emissions in production to exceed decreases generated by industrial actions, such as improving kilns and clinker replacement.
New strategies are important. Changes in the concrete formulation, making it more efficient, can help if these changes produce concrete with the
same performance and lower cement consumption. In this regard, the improvement of packing and dispersion of particles increases this efficiency.
The better the packing, the lower the volume of voids between particles, thereby requiring lower fluid content (water) to permit flow. The dispersion
of the particles also decreases the water content for the same fluidity. The less the water content, the smaller the water/cement (w/c) ratio, and the
greater the resistance. Thus, both strategies increase the efficiency by uncoupling obtaining fluidity from the water content.

This study investigated the influence of packing and dispersion on the efficiency of cement use in concrete. The increase of packing and the com-
plete dispersion of fine particles has been shown to improve efficiency, as measured by the ratio between binder consumption and compressive
strength (the performance parameter used in most practical applications).

Keywords: concrete, design efficiency, binder, CO,, sustainability.

Resumo

Devido a questoes ambientais, a cadeia do concreto busca reduzir emissées de CO,. Porém, a demanda crescente de paises em desenvolvimento
faz com que o0 aumento da produgédo supere as diminuigdes geradas por agdes industriais como melhoria de fornos e substituigdo de clinquer.
Novas estratégias sdo fundamentais. Mudancas na formulacéo de concretos, tornando-a mais eficiente, podem ajudar caso produzam concretos
de mesmo desempenho e menor consumo de cimento. Neste sentido, a melhoria do empacotamento e dispersado das particulas aumentam esta
eficiéncia. Quanto melhor o empacotamento, menor o volume de vazios entre as particulas, demandando menor teor de fluido (agua) para per-
mitir fluidez. A dispersao das particulas também diminui o teor de agua para a mesma fluidez. Quanto menos agua, menor a relagéo a/c e maior
a resisténcia. Assim, ambas as estratégias aumentam a eficiéncia ao desatrelar a obtengéo de fluidez ao teor de agua.

Este trabalho estudou a influéncia do empacotamento e disperséo na eficiéncia do uso do cimento de concretos. Demonstrou-se que o aumento
do empacotamento e a completa dispersao das particulas finas permitem atingir melhor eficiéncia — medida pela relagéo entre consumo de ligan-
tes e resisténcia a compressao (parametro de desempenho utilizado na maior parte das aplicagdes praticas).

Palavras-chave: concreto, eficiéncia de dosagem, ligantes, CO,, sustentabilidade.
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Influence of packing and dispersion of particles on the cement content of concretes

1. Introducgao

EE

A alta magnitude do CO, liberado pela produgéo de clinquer faz
com que, hoje em dia, a tarefa de fazer um concreto sustentavel se
baseie, principalmente, em diminuir as cargas de CO, de cimento
através da substituicao de clinquer por adi¢gdes. Ha também a es-
tratégia de substituir agregados naturais por reciclados, porém esta
esta ligada intimamente a diminuigdo do uso de recursos naturais
novos e diminuigdo da disposi¢éo de residuos em aterros. Em ge-
ral, o aumento do teor de agregados reciclados em concretos, se
nao realizado corretamente, acaba por aumentar o teor de cimento,
trazendo aumento das emissdes de CO, [1], fator que é, na maioria
das vezes, negligenciado nas analises sobre sustentabilidade. Esta
estratégia nao sera estudada no presente trabalho.

Na primeira estratégia, o impacto é geralmente medido em kg de
CO, emitidos por cada m? de concreto ou, em uma avaliagdo mais
pratica, pela taxa de substituicdo de clinquer por adigbes como es-
céria de alto forno e cinzas volantes. Quanto menor o teor de CO,/
m? ou maior o contetido de adi¢des, mais eficiente sera a mistura
em termos de sustentabilidade.

Porém, as emissdes de CO, da produgéo de cimento tém aumen-
tado desde a década de 1940. Este crescimento ocorreu apesar de
algum sucesso na redugéo especifica (kg/kg) das emissodes, prin-
cipalmente devido a aumento da eficiéncia energética nos fornos
e a substituicdo de clinquer. Isso mostra que as estratégias atuais
de mitigacdo nao tém sido capazes de suprir a crescente demanda
de cimento global [2]. Para agravar o panorama, o crescimento da
produgao € esperado e necessario para suprir os paises em desen-
volvimento. Além disso, ndo ha adi¢des minerais suficientes para
aumentar as taxas de substituicdo de clinquer [3]. Conjugados, es-
tes fatores podem explicar uma grande parte do aumento das emis-
soes de CO, provenientes da produgéo de cimento.

Atualmente, o cimento é responsavel por 5 a 8% do total das
emissdes de CO, mundiais [4]. A previs&o de produgéo de cimento
mundial para 2050 varia entre 3.69x10° / ano [2] e 5x10°% / ano em
um cenario de alto crescimento [5], representando um fator de 2.5
aumento em relagéo a produgao de 2010. Se as estratégias de mi-
tigagdo permanecerem as mesmas, um aumento significativo nas
emissoes totais de CO, provenientes da produgéo de cimento ira
ocorrer. Simultaneamente, as emissoes globais de CO, deverao
ser reduzidas, o que significa que, no ano de 2050, a produgao
de cimento pode ser responsavel por 20-30% [2, 5] das emissdes
antropogénicas de CO,. Isso pode ser ainda mais agravado se
a alocagéo de CO, para a escéria de alto forno e cinzas volan-
tes passar a ocorrer, como ja se discute mundialmente [6-8], ou
se houver uma futura escassez desses materiais residuais, como
também ja é discutido [9-10].

Outra opgao para reduzir a carga ambiental na produgdo de clin-
quer é a captura e sequestro de carbono. Mas esta é uma estraté-
gia muito cara que pode aumentar demais os custos de produgao
de cimento, até mesmo duplicando-o [11-12], o que €, naturalmen-
te, um aspecto ndo sustentavel ja que os consumidores mais afe-
tados seriam aqueles que mais precisam de cimento para garantir
a construgdo de infra-estrutura e habitagdo a baixo custo, aspec-
tos sociais indispensaveis no conceito de sustentabilidade.
Assim, este artigo tem o objetivo de apresentar uma comparagao
entre a eficiéncia do uso do cimento em concretos dosados de

forma convencional e outros dosados com o uso de ferramentas
de empacotamento e dispersao de particulas.

2. Teoria de empacotamento e dispersao

de particulas aplicada a tecnologia

de concretos para diminui¢cao do teor

de cimento
EE
De acordo com a teoria de empacotamento de particulas, o uso de
fracdes de particulas de tamanhos diferentes — onde as menores
preenchem os vazios gerados entre as particulas maiores, de for-
ma sucessiva para tamanhos cada vez menores — pode gerar um
sistema onde ha diminuigéo significativa destes vazios. No caso
deste sistema vir a se tornar uma suspensao (como &, por exem-
plo, o concreto) onde ha a inser¢cdo de um fluido entre os vazios
para afastar as particulas e fazé-las se moverem (garantindo as-
sim seu fluxo, que no concreto é fundamental pois permite a mol-
dagem), o controle dos vazios entre as particulas é fundamental,
pois pode permitir que a fluidez da suspenséo seja atingida com
quantidades significativamente menores do fluido.
No caso especifico do concreto, quanto menor o volume de va-
zios entre as particulas, menor o volume de agua necessario para
afastar o sistema e o fazer fluir. Considerando que a resisténcia
do concreto é dada pela relagcdo agua/cimento (a/c), a diminuigao
do teor de agua mantendo-se o mesmo teor de cimento significa
redugao da a/c e portanto aumento da resisténcia, o que configura
um aumento na eficiéncia do uso do cimento, pois 0 mesmo teor
de cimento foi usado. Pela mesma ldgica, se nesta nova mistura
o teor de cimento for diminuido concomitantemente a redugéo da
agua, a resisténcia se mantém, ocorrendo novamente eaumento
da eficiéncia porque isto foi conseguido com menor teor de ci-
mento. Desta forma, o correto empacotamento tem importancia
fundamental para a diminuigao do teor de cimento em concretos.
O problema é que, atualmente, isto € pouco utilizado na pratica
devido a falta de pardmetros para medigdo do volume de vazios
entre as particulas.
Existem diversas teorias de empacotamento de particulas, muitas
delas baseadas em calculos matematicos que se propdem a cal-
cular o volume de vazios determinado para um dado conjunto de
particulas com dimensdes conhecidas. Dentre elas, neste trabalho
sera aplicado o algoritmo de Westmann; Hugill (1930) modificado
por [13]. Inicialmente, o volume aparente de cada classe de tama-
nho na distribuigdo granulométrica é calculado de acordo com as
Equacoes 1 a 4:

Val = a1.X1
VuZ =x1+ ay.x;

Va3 =x1+x,+ az.x3

n—-1

V,m=2xj+ Ay, Xy 4
Jj=1

Onde,

ai = volume aparente da monodispersao da classe de tamanho i,
definida pela equagéao x; xi = fragdo volumétrica da classe de ta-
manho i; Vai = volume aparente calculado com referéncia a classe
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de tamanho de particulas i; n = numero de classes de tamanho de
particulas na distribuigéo.

Este calculo requer que as classes de tamanho da distribuicao
granulométrica siga uma série de peneiras com uma razao de V2,
como, por exemplo, a série completa da ASTM E11. Se a distri-
buigao a ser analisada néo tiver a série completa de peneiras, ela
deve ser recalculada, utilizando interpolagdo. O volume aparente
de monodispersdes de cada classe de tamanho pode ser calcula-
do pela Equagéo 5:

1

1 q
1= (zrc)
Onde:
RTC = razéo de tamanho de classe, preferivelmente V2; q = médu-
lo da distribuicdo granulométrica ideal de acordo com o modelo de
Hestmann; Hugill modificado (0,37, que prové a maior densidade
de empacotamento para esferas perfeitas). O modelo de Hest-
mann; Hugill modificado é apresentado abaixo.
O modelo de Hestmann; Hugill modificado [13] € descrito na Equa-
¢ao 6. Nele, ha a introdugdo do tamanho minimo de particulas
com relagdo ao modelo original. Foi concebido para o calculo do
modulo de distribuigao q, que indica a inclinagéo da curva granu-
lométrica acumulada.

(6)

Onde:

CPFT _ D?— D

100  p} - DI
CPFT = percentual acumulado abaixo de D; D = tamanho da parti-
cula; Ds = menor tamanho de particula da distribuigdo; DI = maior
tamanho de particula da distribuicdo; q = mddulo da distribuigao.
Através deste modelo, Funk; Dinger [13] fizeram simulagdes com-

a; =

()

16

14 -

10 1

Minima porosidade esperada (%)
o

6 4
4 A
2 N
0 T T T T T
0 0,1 0,2 0,3 0,4 0,5 0,6
Modulo de distribuigdo q
Figura 1

Minima porosidade calculada pelo modelo de
Westmann; Hugill modificado em fun¢do do
modulo de distribuicdo, grdo minimo de 0,17um
e grado maximo de 1T6mm (FUNK; DINGER, 1994)

putacionais onde determinaram o médulo de distribuicdo (q) que
resulta na maior densidade de empacotamento. Para esferas per-
feitas, este valor é q=0,37, de acordo com a Figura 1, valor utiliza-
do na Equagéo 5.

Figura 1. Minima porosidade calculada pelo modelo de Hestmann;
Hugill modificado em fungao do médulo de distribuigéo, grao mini-
mo de 0,17um e grao maximo de 16mm (FUNK; DINGER, 1994).
A partir da Equagao 5, o volume aparente Vai pode ser calculado
para todas as classes de tamanho da distribuicdo. O maior volume
aparente Vai define a classe de tamanho com o menor grau de
empacotamento e portanto a minima porosidade esperada para
a distribuicdo granulométrica completa. A partir do maior volume
aparente Vai, a minima porosidade esperada pode ser calculada

a partir da Equagao 7:
)
Onde:

MPE = minima porosidade esperada; Va = maior volume aparente
calculado na Equagéo 5.

Para aplicagdo do modelo, foram adotadas algumas premissas
para simplificar os célculos e interpretagdes: 1) todos os particulas
encontrados em um intervalo de peneiras sdo de mesmo didmetro
(sistema monomodal); 2) todos os particulas séo esféricos; e 3) os
particulas se acomodam na distribuicdo de forma aleatéria — de
acordo com [13-15], nesta condigéo a porosidade de um sistema
de particulas de diametros iguais e esféricos atinge 36 a 40%.
Em sistemas semelhantes com empacotamento ordenado (que se
assemelhariam a estruturas atémicas cristalinas hexagonal com-
pacta e cubica de face centrada), esta porosidade pode cair para
até 26%. Este valor, portanto, pode ser alterado, mas foi neste
trabalho fixado na pior condigao.

E certo que a estimativa da porosidade através de calculos teo-
ricos apresenta erros de dificil mensuragéo — até 4%, segundo
Funk; Dinger [13] e Oliveira et al [16] — devido a morfologia n&o-
-esférica das particulas, que: 1) torna imprecisa a medigéo do seu
tamanho exato tanto no peneiramento como em métodos de ima-
gem e portanto ndo garante um calculo exato de porosidade, o
qual é baseado na granulometria; e 2) gera variabilidade da poro-
sidade real das misturas de acordo com o método de adensamen-
to adotado, pois gréos nao-esféricos apresntam diferentes formas
de deposigcao. Mesmo assim, esta estimativa permite introduzir na
tecnologia de dosagem uma precisdo maior no conhecimento do
empacotamento de particulas com relagao as técnicas de dosa-
gem convencionais.

Particulas finas (como as das suspensodes cimenticias) tém ten-
déncia a aglomerar devido a sua baixa massa e alta area superfi-
cial, fatores que fazem com que as forgas de superficie predomi-
nem sobre as gravitacionais. Como o balango das cargas elétricas
das superficies das diferentes particulas ndo esta sempre em
equilibrio, sdo geradas forcas de atragdo maiores do que as de
repulsdo. Para a suspensao, estes aglomerados agem como par-
ticulas maiores, o que: 1) modifica a distribuigdo granulométrica;
2) dificulta a mobilidade das linhas de fluxo, pois os aglomerados
se movem mais lentamente e funcionam como bloqueios as par-
ticulas menores, aumentando a viscosidade [16]; 3) gera vazios
dentro dos aglomerados, aumentando o consumo de agua; e 4)

1
MPE=40.<1—V—>%

a
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Area utilizada para hidratacéo

Vazio com agua
aprisionada

Figura 2

00 900
Q09

Vazio pequeno

Vazio grande

a) particulas aglomeradas, com capacidade de ligar a suspensdo diminuida e obstru¢do ao fluxo;
b) particulas desaglomeradas; ¢) particulas desaglomeradas com maior distanciamento

diminui a eficiéncia dos ligantes, pois a area superficial disponivel
para reagdes pozolanicas e de hidratagdo que sera efetivamen-
te utilizada é diminuida (Figura 2). Assim, a dispersao total dos
particulas, principalmente finos, é condigdo para fazer o projeto
de empacotamento granulométrico funcionar. A condigéo de dis-
persao total da pasta deve ser sempre atendida, pois sem ela o
empacotamento projetado ndo tem mais sentido fisico, pois néo
ocorre na pratica. Para sua obtengdo com respeito a critérios eco-
ndémicos, deve-se determinar o teor minimo de dispersante neces-
sario para gerar a maior fluidez possivel do sistema, o que pode
ser mensurado com o auxilio de um redbmetro de pasta (vide item
3.2.1 — Determinagéo do teor 6timo de dispersante). Se, por outro

Tabela 1
Caracterizacdo quimica dos materiais
por fluorescéncia de raios X

o’éfyf')“ CPV | Filer Cal | Filer Ca3 | Filer Cas
CaO 64,5 51,4 54,6 60,7
si0, 155 2,21 2,26 3,68
AlO, 2,81 0,05 0,07 0.1
Fe,O, 317 0,04 0,03 0,04
MgO 15 617 3,49 5,76
SO, 7.98 0,01 0,02 0,02
K,0 112 0,01 0,23 0,02
Na,0 0.3 - - —
PO, 0,18 0,03 0,02 0,05
Tio2 0,26 - - —
Outros 0,34 0,03 0,04 0,04
PF 2,34 2005 | 3924 | 29,59

lado, a dispersdo completa nao for garantida, o erro associado a
condi¢ao de nao dispersao total da pasta néo pode ser determina-
do objetivamente, pois causa variagdes reoldgicas muito distintas
caso a caso.

3. Planejamento experimental, materiais
e métodos
HEE

3.1 Materiais

Foram utilizados um cimento CP V comum do mercado brasileiro,
trés diferentes fileres calcarios (FCa1, FCa2 e FCa3), trés diferen-
tes areias e trés diferentes britas. A diversidade de materiais de-
veu-se a necessidade de diferentes distribuicdes granulométricas
para permitir atingir altos niveis de empacotamento de particulas
nos concretos.
Foi utilizado um dispersante a base de policarboxilato.
3.1.1 Caracterizagao quimica e mineralégica
A Tabela 1 apresenta a caracterizagéo quimica dos finos utilizados
(cimento e fileres) obtida a partir de fluorescéncia de Raios X por
método semi-quantitativo, com analise de elementos quimicos de
flior e uranio, em espectdometro sequencial Axios Advanced, mar-
ca PANalytical.
A Tabela 2 apresenta a caracterizagdo mineraldgica, obtida por
difracéo de Raios X realizada em equipamento PANalytical X’Pert
PRO com detector X’Celerator, com quantificagdo por método de
Rietveld com auxilio da PANalytical Inorganic Structure Database.
3.1.2 Caracterizagao fisica
Todos os materiais tiveram medidas as seguintes propriedades fisicas:
a) Densidade real em picndmetro de He, equipamento Quanta-
chrome MVP 5DC;
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b) Distribuicdo granulométrica de particulas (materiais com par-
ticulas > 500 uym), através de ensaio de peneiramento vibra-
torio, utilizando a série completa de peneiras descritas na nor-
ma ASTM E11. Cada peneiramento foi realizado pelo tempo
minimo de 20 minutos. A série de peneiras utilizada foi até o
didmetro minimo de 106 um, e o material passante nesta pe-
neira foi caracterizado por granulometria a laser (ensaio b) e a
curva granulométrica final foi obtida através da interagéo entre
os resultados do peneiramento e da granulometria a laser pon-
derados pelas massas de material em cada diametro;

c) Distribuicdo granulométrica de particulas (materiais < 500 um,
como cimento, fileres e finos de britas e areias passantes na
peneira 106 pm), por ensaio de granulometria a laser em gra-
nuldmetro Malvern Mastersizer. As particulas foram misturadas
em meio liquido (dgua para materiais n&o reativos, alcool para
o cimento) em concentracdo aproximada de 15%, e dispersas
por ultrassom a 2000RPM por 2 minutos antes da realizagdo do
ensaio com o intuito de dispersar e individualizar as mesmas e,
assim, medir com maior preciséo a distribuigéo granulométrica.
As possiveis variagdes de densidade das particulas por faixa
de tamanho foram desconsideradas, sendo adotada a densida-
de real média mensurada pelo ensaio de picnometria de He;

d) Area superficial especifica por BET [18], equipamento Micro-
meritics Gemini 2375, com uso de gas nitrogénio. As amostras
foram previamente tratadas por procedimento de degasagem
acoplado ao equipamento, necessario para retirar as possi-
veis impurezas (gases) presentes na superficie da amostra, as
quais alteram sensivelmente os resultados obtidos. A degasa-
gem foi realizada por aplicagéo de pressao de vacuo as amos-
tras por 24 horas com temperatura de 100°C para os fileres, e
40°C para o cimento.

No ensaio de peneiramento, o uso da série completa de peneiras

da ASTM E11 (19000 pm; 16000 pm; 12000 pum; 11200 pm; 9500

um; 8000 pm; 6300 pm; 5600 um; 4750 pym; 4000 pm; 3350 um;
2800 pm; 2360 pym; 2000 pm; 1700 pm; 1400 ym; 1180 pm; 1000
um; 850 pym; 710 pm; 600 pm; 500 um; 425 pm; 355 pm; 300 um;
250 ym; 212 pm; 180 pym; 150 pm; 125 pm; 106 ym) é fundamental
quando se mede o empacotamento das particulas, pois os mo-
delamentos tedricos de célculo de empacotamento utilizam todas
as faixas granulométricas citadas para aumentar a precisdo das
medidas de vazios entre os particulas, conforme visto no item 2.
Na combinagao entre os tamanhos medidos pelas peneiras e pelo
granuldbmetro laser (finos passantes pela peneira 106 pm, vide
ensaio a), foi desprezada a diferenga de tamanhos relatada em
bibliografia entre os resultados de peneiramento e granulometria
a laser (aproximadamente 20%) [17], tanto maior quanto mais as
particulas se afastam do formato esférico, ja que no peneiramento
o tamanho da particula é determinado por sua menor dimenséo,
enquanto no ensaio a laser é resultado da média de diversas me-
digbes realizadas em angulos aleatérios (http://www.malvern.com/
en/products/technology/laser-diffraction/default.aspx).

Para a medigado da area superficial, ndo foi realizado o difundido
meétodo de Blaine porque esta € uma técnica que nao apresenta
resultados precisos para a caracterizagdo de particulas muito fi-
nas, com dimensdes menores do que 10um [19]. A propria NBR
NM 76:1998 diz que esta técnica serve principalmente para veri-
ficar a uniformidade do processo de moagem de uma fabrica de
cimento, e permite apenas uma determinagao limitada das pro-
priedades do cimento, podendo néo fornecer resultados significa-
tivos para cimentos contendo materiais ultrafinos. Este erro ocorre
porque a equacgao de Carman-Kozeny, utilizada neste método,
ndo é valida para particulas inferiores a 10um [20]. Observou-se
também que resultados de Blaine apresentam baixa correlagao
com a fluidez de pastas contendo fileres, enquanto resultados ob-
tidos pela técnica de BET apresentam correlagdes mais definidas
com respostas reologicas [21].

Tabela 2
Caracterizagcdo mineraldgica dos materiais por difracdo de Raios X - método quantitativo de Rietveld
% estimada Concrete
Nome composto Férmula quimica CPV F Cal F Ca3 F Cab
Silicato de cdicio (C,S) Ca,Sio, 54 - - -
Silicato de cdicio (C,S) Ca,Sio, 19 - - -
Calcita CaCo, 70 85 75
Brownmillerita Ca, (Al Fer),0, 6 - - -
Dolomita CaMg(CO,), - 28 12 18
Gipso Ca(SO, (H,0), 5 - - -
Sulfato céicio hidratado Ca(SO,) (H,0),, 4 - - -
Oxido aluminio e célcio Ca,AlLO, 3 - - -
Portlandita Ca(OH), 2 - - -
Quartzo SiO, - 1 2 1
Tremolita Ca,Mg.Si,0,,(OH), - - 3
Diopsidio CaMgsi,O, - - - 3
Talco Mg, (8i,0,),(CH), - 1 - -
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) grossos (agregados - areias e britas, d>125um)

Por outro lado, o ensaio de BET também apresenta possives fon-
tes de erro nas medidas. Experimentalmente, verificou-se que o
tempo e temperatura de degasagem da amostra tem influéncia
nos resultados, havendo necessidade, em geral, de ser maior
quanto maior a area superficial da amostra. Por outro lado, algu-
mas amostras (como o caso do cimento) ndo podem ser expostas
a altas temperaturas na degasagem, sob risco de deterioragéo
quimica e alteragdo no resultado. Para os materiais testados, ob-
servou-se uma estabilizagao da variabilidade e aumento da repro-
dutibilidade das medidas (foram realizadas em 2 laboratérios por
2 técnicos distintos) com degasagens realizadas por 24 horas. O
manual técnico do equipamento sugeria a degasagem por aproxi-
madamente 3 horas, valor que ndo apresentou boa repetibilidade
e reprodutibilidade para as amostras estudadas — variagbes maio-
res e valores de area superficial menores com degasagem por 3

Tabela 3
Densidade real e drea superficial (BET) dos materiais
. Area
Categoria Material ?En;':rgg)e superficial
9 (m?/g)
Cimento CPV 2,89 1,78
FilerCal 2,62 2,97
Fileres FilerCa3 2,63 2,15
FilerCab 2,65 1,46
Agregado 1 2,63 0.21
Agregado 2 2,82 0.34
Agregado 3 2,81 0.20
Agregados
Agregado 4 2,75 <010
Agregado 5 2,71 <0,10
Agregado 6 2,71 <0,10

horas, se comparados aos valores obtidos apds degasagem por
24 horas.

A quantidade de amostra também altera os resultados de BET.
Para a medigéo correta da area superficial, deve haver massa de
amostra com um minimo de 1-5m? (50m? para medig¢do da curva
de adsorgao isoterma completa). Assim, quanto menor a area su-
perficial especifica, maior a massa de amostra necessaria. Se a
area especifica for muito pequena (muita massa necessaria), ha a
possibilidade de ndo haver recipiente com volume suficiente para
a realizacao do ensaio.

O resultado de BET n&o pode ser interpretado como valor absoluto
porque é dependente da interagdo superficial entre o gas e a su-
perficie da particula (ha variagdes das cargas superficias positivas
e negativas de ambos, bem como da orientagdo das moléculas
adsorvidas e possibilidade de adsor¢ao de dupla camada depen-
dendo das cargas). A adsor¢do do gas pode ser mais fraca ou
mais forte dependendo das relagdes entre as cargas. No caso de
serem mais fracas, o gas nado penetra nas superficies entre as
camadas e nos vaos menores, sendo a medi¢do real apenas nas
camadas mais externas [22]. Diferentes gases podem entregar di-
ferentes resultados.

A equagao de BET assume ainda que: 1) o calor de adsorgéo de
todas as camadas moleculares ap6s a primeira € igual ao calor de
liquidificagdo; e que 2) em equilibio, a taxa de condensacgao da su-
perficie é igual a taxa de evaporagao da primeira ou subsequentes
camadas, podendo trazer erros intrinsecos as medidas. Por fim, a
equagao de BET é mais util sob pressodes relativas de 0.05 a 0.45
—ou seja, ndo é valida para qualquer pressao [22]. Por todos estes
motivos, as medidas de area superficial devem ser utilizadas com
cautela. Porém, por se tratarem de medidas comparativas com
procedimentos de determinagao padronizados neste trabalho, séo
validas para as analises realizadas.

A Figura 3 apresenta as distribuigcbes granulométricas dos mate-
riais. A Tabela 3 apresenta os valores de area superficial (BET),
em m?/g e de densidade real (picnometria He), em kg/dm?3.

O cimento CPV utilizado apresentou 33% de agua de consisténcia
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Tabela 4

Caracterizacdo dos agregados utilizados de acordo com as normas relacionadas - massa unitdria
(MU) (NM 45), massa especifica (ME), massa especifica aparente (MEA) (NM 52 - middos ou NM 53 -
graddos), absor¢do de dgua (NM 30 - middos ou NM 53 - gralddos) e teor de pulverulentos (NM 46)

MU (kg/dm®) | ME (kg/dm?®) | MEA (kg/dm?) | Absorcdo (%) | ¢ p“'(‘,’,/‘j)’ ulentos
Agregados NBR NM 45 NBR NM 52 NBR NM 52 NBR NM 30 NBR NM 46
miudos
Agregado 1 1,69 2,64 2,63 0.24 1,12
Agregado 2 1,86 2,64 2,62 0.91 14,7
Agregado 3 1,64 2,77 2,75 0.85 1,12
Agregado 4 1,51 2,62 2,60 0.91 0,76
Ag:ﬁggggs NBR NM 45 NBR NM 53 NBR NM 53 NBR NM 53 NBR NM 46
Agregado 5 1,52 2,65 2,61 1,38 0.23
Agregado 6 1,54 2,66 2,70 1,60 0,60

normal (NBR NM 43), 3:25 de tempo de inicio de pega e 4:45 de
tempo de fim de pega (NBR NM 65) e area superficial de 5410
cm?/g pelo método de Blaine.

O dispersante utilizado foi um policarboxilato em p6 (100% de so6-
lidos) a base de éter policarboxilico, com aparéncia de cor ama-
rela, densidade de 0,30 a 0,60 (kg/dm?), pH de 6,5-8,5 (medigao
realizada em solugdo com 20% de solidos, temperatura 20°C), e
recomendacao de dosagem de 0,05 a 1,00% em relagdo a massa
total de finos (dados fornecidos pelo fabricante).

A Tabela 4 apresenta a caracterizagéo dos agregados seleciona-
dos para o planejamento experimental de acordo com as normas
técnicas relacionadas.

3.2 Métodos

Como o presente estudo buscou avaliar a influéncia do empacota-
mento e dispersdo de particulas sobre o comportamento reolégi-
co e a eficiéncia do uso do cimento em concretos, foram dosados

concretos variando-se os niveis de empacotamento de particulas e
medidas as caracteristicas de fluidez no estado fresco e resisténcia
mecanica no estado endurecido. Com relagéo a dispersao de par-
ticulas, foi padronizada a mistura de todas as composigées com o
menor teor de dispersante (teor 6timo) que permitisse a dispersao
completa dos finos (menor viscosidade possivel para um teor de
agua fixo), obtido segundo ensaio experimental descrito a seguir.
3.21 Determinacgao do teor 6timo de dispersante

Conforme explicado no item 2, a condigdo de disperséo total da pasta
deve ser sempre atendida, para garantir a ocorréncia do empacota-
mento projetado. Para garantir esta dispersdo completa, foi realizado
ensaio de determinagéo do teor 6timo de dispersante, que, experimen-
talmente, se mostrou ser o menor teor necessario para se atingir a
minima viscosidade possivel, e pode ser determinado experimental-
mente com auxilio de um reébmetro de pasta. O teor de dispersante foi
obtido individualmente para cada um dos materiais finos pelos passos:

Figura 4

a) equipamento para mistura de pasta, hélice modelo R1303 "Dissolver Stirrer”, IKA;
b) equipamento para medi¢cdo de reometria de pasta, modelo AR-550, TA Instruments
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Figura 5
Fluxograma dos passos do teste de reometria de fluxo continuo

1) Definigao de uma relagdo agua/sélidos fixa — no caso, 0,35 para
todos os materiais. Este teor de agua foi definido porque, experi-
mentalmente, se verificou que este era um valor adequado para
os ensaios em todos os materiais estudados. Sob teores de agua/

realizada por mais 3 minutos nesta condigcéo.

3) A pasta foi colocada no redmetro AR-550, TA Instruments, com
geometria placa-a-placa (Figura 4.b).

4) Foi determinada a curva reoldgica (taxa de cisalhamento x ten-

solidos >0,35, a diminuicdo da viscosidade foi menos sensivel ao
incremento do teor de dispersante devido ao grande distanciamen-
to entre as particulas ja causado pela agua (quanto maior este dis-
tanciamento, o comprimento de cadeia molecular do dispersante se
torna proporcionalmente menor, sendo assim menos efetivo). Nesta
situacéo, também houve segregacdo da mistura. Por outro lado,
sob teores agua/solidos <0,35, as particulas se aproximam muito,
sendo que a baixa fluidez do sistema dificulta a medigéo do teor de
dispersante pela dificuldade e alta dilatancia da mistura. Em segun-
do lugar, o uso de uma relagéo agua/solidos fixa também permitiu

séo de cisalhamento) através de ensaio de reometria de fluxo.
O ensaio foi padronizado em aumento (aceleracéo) da taxa de
cisalhamento de (0 até 400 s') dentro do tempo de 1 minuto,
com medigao da tensédo de cisalhamento relacionada a taxa
de cisalhamento a cada 4 segundos, gerando uma curva de
pontos. Na sequéncia, foi realizada a diminuicdo (desacelera-
¢a0) na taxa de cisalhamento (400 a 0 s*') e novamente medida
a tensdo de cisalhamento para diferentes valores da taxa de
cisalhamento (4 em 4 segundos). Isto resultou em uma curva
reolégica de ida-e-volta.

uma comparagao direta entre a fluidez dos diferentes materiais.

Mistura de 50g de p6 com agua sem dispersante. A mistura
se deu a partir da adigao do pé a agua em um misturador IKA
R1303 “Dissolver Stirrer” (Figura 4.a), por 2 minutos sob uma
velocidade de rotagdo de 600 RPM. Apds este periodo, a rota-
¢do do misturador foi elevada para 1500 RPM e a mistura foi

5) Repetigdo dos procedimentos 2 a 4 para teores crescentes de
dispersante.

A realizagao dos ensaios de reometria de fluxo para confecgéo
dos graficos “taxa de cisalhamento x tensdo de cisalhamen-
to” de cada mistura (um ensaio para cada teor de dispersante)
seguiu os passos da Figura 5.

N
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Determinag¢do do feor &timo de dispersante do FCa3: a) curvas “taxa cisalhamento x fensdo
cisalhamento para 4 teores de dispersante (4 diferentes ensaios de reometria de fluxo); b) “teor de
dispersante x viscosidade aparente” dos mesmos ensaios
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6) Para cada ensaio, foi determinada a viscosidade aparente no
ponto de maior taxa de cisalhamento testada (400s™"). (obs: a
taxa de 400s-1 foi adotada porque permite uma analise mais
completa do comportamento reolégico de materiais cimenti-
cios, que muitas vezes sao langados sob altas taxas de cisa-
Ihamento, como no caso de bombeamentos).

7) Foi confeccionado grafico “Teor de dispersante x viscosidade
aparente” para a determinagao do menor nivel de viscosidade
aparente atingido com o menor teor de dispersante possivel.

A Figura 6.a apresenta as diversas curvas “taxa de cisalhamento
x tensdo de cisalhamento” para um dos materiais estudados. A
Figura 6.b apresenta o grafico “teor de dispersante x viscosida-
de aparente” resultante das curvas da Figura 6.a.

Os teores 6timos de dispersante dos materiais CP V, FCa1, FCa2

e FCa3 foram, respectivamente, de 0,50%, 0,225%, 0,20% e

0,125%.

Nove experimentos foram aleatoriamente selecionados e repe-

tidos para se determinar a variagdo experimental (determinada

pela subtracédo simples entre os resultados dos testes repetidos).

A variagao média encontrada foi em torno de 0,035 Pa.s, valor

pequeno se comparado as ordens de grandeza das viscosidades

aparentes mensuradas.

3.2.2 Dosagem de concretos com empacotamento

de particulas

Foram dosados diversos concretos, com diversas combinagdes dos
materiais visando aumento do empacotamento das particulas [23].
A determinacdo do empacotamento foi realizada através do mé-
todo de Westmann; Hugill (1930) modificado por [13], conforme
descrigcao do item 2.

Para todas as combinagdes, foi dosado teor de dispersante 6timo

através da ponderagao dos teores dos finos em massa com os valo-

res de dispersante 6timo encontrado para cada material (item 3.2.1).

A Tabela 5 apresenta as composi¢des dos concretos estudados,

incluindo dois concretos de referéncia (Ref) dosados por um tradi-

cional método brasileiro, um sem dispersante e outro com disper-
sante (c/ad = com aditivo).

3.2.3 Abatimento de tronco de cone

Os concretos tiveram o abatimento de cone medido pelos proce-

dimentos da NBR NM 67. Concretos com alto abatimento tiveram

medidos seus espalhamentos, a partir de:

1) realizagédo do procedimento padrao do abatimento de cone,
sobre superficie de didmetro minimo de 1m e demarcada em
didmetros de 500 mm até 1000 mm, com intervalos de 100 mm;

2) determinagdo do tempo t necessario para que o concreto atinja
o espalhamento de 500 mm;

3) determinagao do espalhamento final atingido.

3.2.4 Moldagem e cura dos corpos-de-prova

Foram moldados corpos-de-prova cilindricos 10x20cm. Os procedi-
mentos de moldagem seguiram as recomendacdes da NBR 5738.
Os corpos-de-prova foram desmoldados apds 1 dia e levados a
camara umida (umidade relativa do ar ~100%, temperatura 23 %
2°C), sendo mantidos sob cura Umida por 28 dias.

3.2.5 Resisténcia a compressao

A determinagéo da resisténcia a compressao foi realizada aos

Tabela 5

Dados de dosagem dos concretos confeccionados em laboratério
) Composicao (% em volume) Dispersante

M“::’ ra Finos <125um Agregados >125um B (% massa

CPV | FCal | FCa2 | FCa3 | Agl | Ag2 | Ag3 | Agd | Ags | Age | 94° finos)

CO01 8.8 8.8 - 4,4 9.3 19.6 11.2 15.4 - 22,6 16,0 0.31
C02 7.2 7.2 - 3,6 9,7 20,5 1.7 | 16,2 - 238 | 155 0,31
Co03 8.0 8.0 - 4,0 9,5 20,0 1.4 | 158 - 23,2 | 16,0 0,31
Cco4 8.0 8.0 - 4,0 4,1 20,5 16,4 17.6 - 21,5 16.0 0,31
C05 6,3 9,0 - 2,7 4,0 20,0 16,0 | 18,9 - 23,1 14,0 0,30
C06 7.7 11,0 - 33 9.0 19.1 10,9 | 158 - 23,2 | 14,2 0,30
Cco7 8,0 8,0 - 4,0 22,6 - 185 | 234 - 15,6 | 16,0 0,31
Co8 8,0 8,0 - 4,0 22,6 - 185 | 234 - 15,6 | 13,0 0,31
C09 8,0 8,0 - 4,0 10,3 17.2 135 | 17,6 | 11,7 9.8 16,0 0,31
Ci10 5,1 8.5 - 3.4 104 17.4 13,7 18,7 104 12,5 14,0 0.28
go e ] - - - - | s81 | - - - | 457 | 234 -
oo | e |- - - - | 381 | - - - | 457 | 160 0,50
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7 e 28 dias de acordo com os procedimentos da NBR 5739. Foram
medidos trés corpos-de-prova para cada idade, sendo a média o
valor de resisténcia adotado. Os ensaios foram realizados com os
corpos-de-prova em estado umido. A regularizacéo da superficie dos
corpos-de-prova foi realizada em retifica. O ensaio de rompimento foi
realizado em prensa Shimazdu com capacidade de 200 toneladas.
3.2.6 Eficiéncia do uso do cimento

Se, por um lado, a emisséo de baixos valores de CO, pode ser
conseguida em concretos convencionais com a substituicdo de
clinquer por adigdes como a escoéria de alto forno e as cinzas vo-
lantes, esta € uma medida polémica devido a dois motivos: 1) nor-
malmente se aloca, de forma simplificada, zero emissdes de CO, a
estas adigdes, fato que ja é contestado por muitos pesquisadores
e até mesmo pela Comunidade Europeia [6-8] se todos realizas-
sem esta estratégia, ndo haveria oferta suficiente destas adi¢cdes
para abaixar o teor de clinquer de forma significativa em escala
mundial [3, 24].

Por isso, a diminuigéo da pegada de CO, de um concreto deve ser
buscada também por estratégias de otimizacao do uso dos ligan-

Tabela 6

tes — resumindo, dosar de forma a conseguir o0 mesmo nivel de
desempenho com menor teor total de ligantes, sejam estes clin-
quer, escoria de alto forno ou cinzas volantes. Conforme visto no
item 2, o empacotamento e dispersédo de particulas pode auxiliar
muito nesta tarefa.

Assim, para avaliar a melhoria da eficiéncia do uso do cimento
nos concretos deste trabalho a partir das estratégias de empa-
cotamento e dispersédo de particulas adotadas, sera utilizado o
indicador “indice de Ligantes” (IL) [25]. Este é calculado pela ra-
z&0 entre o consumo total de ligantes do concreto, em kg.m?, e o
desempenho (no caso, sera utilizada a resisténcia a compresséo,
em MPa), conforme a Equagéo 8:

IL = lig/rc (8)

Onde:

lig € o consumo total de ligantes da mistura, em kg.m?; rc é a re-
sisténcia a compressao aos 28 dias.

Este indicador, expresso em kg.m=.MPa', permite a analise da
relagdo entre a quantidade total de ligantes (impacto econdémico e
ambiental) e uma medida de desempenho desempenho (no caso
a mais utilizada para o concreto, a resisténcia a compressao, em

Dados de consumo de ligantes e dgua; parémetros reoldgicos; resisténcia & compressdo

aos 7 e 28 dias; e IL aos 28 dias

Para@metros convencionais dosagem Par&metros reoldgicos Re5|stenc|~a Eficiencia
compressao dosagem
o~ o 2 2 A 5 =
FS @ "o\ [ [e] O
o) e (S S o _ o o o
508 | S| e s | ElEEl 2| 2| 2| .=
[ ) o o ° E o o = b ~ © = "’E
= < 3 3 £ 3> o N .
0 < > & | & & g 2
CO01 213.8 | 160,0 | 0,75 0,62 9.8 5,72 280 670 13.9 33,7 35,3 6.1
C02 176,0 | 155,0 | 0,88 0.60 12,2 7,38 230 - - 23,4 25,3 7.0
C03 194,4 | 160,0 | 0,82 0,61 10,9 6.57 270 600 18.5 27,6 29,2 6.7
Co4 194,4 | 160,0 | 0,82 0.61 11.0 4,18 270 595 30 27.4 28,2 6.9
Co05 156,7 | 140,0 | 0,89 0.58 14,2 4,62 60 - - 271 28,1 5.6
CO06 191,1 | 1423 | 0,74 0.61 11.4 5,44 190 - - 34,0 34,9 5.5
Cco7 194,4 | 160,0 | 0,82 0,61 10,8 7,66 270 600 19.7 26,2 29,1 6.7
C0o8 | 201,3 | 130,0 | 0,65 0,61 10,8 7,66 40 - - 39,0 40,2 50
C09 | 1944 | 160,0 | 0,82 0,61 10,9 6,10 270 600 20 25,0 27,2 7.1
C10 126,9 | 140,0 1,10 0.60 17.6 7.09 20 - - 19.5 21,5 5.9
gor | 3677 | 2340 | 065 | 085 | 50 | 2289 | 140 | - - | s21 | 320 | 1.2
C'jif g | 3922 | 1600 | 041 0,55 50 | 22,89 | 230 - - 433 | 47.4 8.3
Legenda: C=consumo cimento; a/c=relagdo dgua/cimento; a = feor argamassa; m = feor agregados do frago, em massa;
Vazios = porosidade infergranular calculada a partir do modelo de empacotamento de Westmann; Hugill (1930) modificado por Funk; Dinger (1994);
Esp = espalhamento total final; t = tfempo para atingir espalhamento de 500mm; RC = resisténcia & compressdo para a idade indicada;
IL = Indice de Ligantes
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MPa). Quanto maior o IL, maior o teor de ligantes necessario e,
portanto, menor a eco-eficiéncia do concreto, e vice-versa.

4. Resultados e discussoes

EE

A Tabela 6 apresenta o consumo total de ligantes, agua, os para-
metros reoldgicos, a resisténcia a compressao aos 7 e 28 diase o
IL calculado para cada trago de concreto.

Os dados da Tabela 6 demonstram que os concretos C01 a C10
foram todos dosados com preocupagao de atingir alto grau de
empacotamento — baixa porosidade intergranular, entre 4-8%,
foi atingida em todas as formulag¢des. Os concretos de referéncia
atingiram quase 23% de vazios intergranulares, valor muito supe-
rior aos concretos C01-C10, possivelmente demonstrando que o
método de dosagem dos concretos de referéncia ndo apresenta
preocupagao com o teor de vazios intergranulares.

Nos concretos de alto empacotamento C01-10, os valores de IL
atingidos foram inferiores ao concreto de referéncia — mesmo
comparados ao concreto referéncia com dispersante em teor 6ti-
mo. Os concretos de referéncia apresentaram IL maior mesmo
obtendo resisténcias a compressao maiores — situagédo em que
é comumente mais facil diminuir o IL [25]. Como comparacéo, o
concreto de referéncia com aditivo atingiu 47,4 MPa de resisténcia
aos 28 dias com 392 kg/m? de cimento, enquanto o concreto C08,
por exemplo, atingiu 40,2 MPa de resisténcia utilizando quase me-
tade da quantidade de cimento (201 kg/m?3).

Dentro do grupo C01-10 com baixo IL, alguns (C01, C02, CO03,
C04, C07, C09) obtiveram valores de IL abaixo dos concretos-
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-referéncia mesmo atingindo valores de abatimento de tronco de
cone maiores — 230 a 280mm, ou seja, autoadensaveis. Em con-
digdes normais de dosagem, o aumento do abatimento é atingido
com o aumento de agua — consequente aumento da relagéo a/c,
diminuigéo da resisténcia a compressao e, portanto, aumento do
IL (considerando o consumo de cimento inalterado). Assim, os
concretos de alto empacotamento foram capazes de aumentar a
fluidez (medida pelo abatimento do tronco de cone) sem o au-
mento do teor de dgua (seus teores de agua, em L/m?, sdo muito
parecidos). No caso, considerando-se que a disperséo estava pa-
dronizada em todos estes concretos a partir do uso de teor o6ti-
mo de dispersante (sendo que, em teores absolutos, o concreto
de referéncia continha até mais dispersante do que os demais),
a relagao entre o empacotamento e o teor de agua pode explica
o aumento da fluidez. Por isso, a modificagdo da composicao de
agregados do concreto, com uso de ferramentas de empacota-
mento de particulas, acaba por modificar o conceito das dosagens
convencionais, onde o teor de agua total do concreto € o principal
responsavel por comandar o abatimento. Quando os vazios inter-
granulares sao modificados e controlados, apresentam influéncia
maior do que o teor de agua no controle da fluidez, uma vez que,
de acordo com a teoria de empacotamento apresentada, a redu-
¢ao destes vazios otimiza do uso do fluido — menor quantidade de
fluido é utilizada para preenché-los, e maior quantidade é utilizada
efetivamente para afastar as particulas.

Com relagdo a dispersdo, comparando-se 0s concretos de re-
feréncia com e sem dispersante, o que ndo utilizou dispersan-
te necessitou de teor maior de agua para obter fluidez menor,
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acarretando em perda de resisténcia e, portanto, aumento consi-
deravel do IL.

Assim, o aumento da eficiéncia do uso de ligantes em concretos
esta intimamente relacionada a eficiéncia do uso da agua em afas-
tar as particulas durante o estado fresco. O teor de agua influencia
diretamente as caracteristicas no estado endurecido. A porosida-
de total da pasta no estado endurecido pode ser calculada pela
Equagéo 9.

Porosidade pasta =

Vporos _ VHZOtotal - VHzocombinada + VHZOretragéo (9)
Vtotal Vsélidos + VHzomml
Onde:

V,,o cCombinada = volume total de agua combinada = 0.23 g/g cimento
V_ . retragdo = volume de retragao devido a hidratagao, baseado

(10)

em [25] (Equacgao 10):

A Figura 7.a mostra que concretos dosados com pastas de ci-
mento-filer (alto empacotamento), quando comparados a concre-
tos dosados com pasta de cimento puro (baixo empacotamento),
podem atingir porosidade da pasta similar com um consumo de
cimento menor. Como consequéncia, podem atingir mesma resis-
téncia a compressao utilizando menor consumo de cimento, como
demstrado na Figura 7.b. Em ambos os graficos, a presenca de
dois grupos distintos de concretos é clara — os concretos de alto
empacotamento (azul) e os de baixo empacotamento (vermelho)
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Correlacdo entre porosidade da pasta e IL dos
concretos estudados. Pontos vermelhos sGo
concretos de baixo empacotamento dosados
com pasta composta de cimento puro; pontos
azuis sdo concretos de alto empacotamento
dosados com pastas de cimento-filer

O empacotamento das particulas foi responsavel por mudangas
na correlagéo entre porosidade da pasta x consumo de cimento x
resisténcia a compressao porque permite a mistura de concretos
com menor teor de cimento usando teor de agua igual ou menor.
A Equacéao 9 mostra que a porosidade da pasta — que comanda a
resisténcia a compressao — é muito mais influenciada por um bai-
xo teor de agua (diminui o teor de agua no denominador, em um
fator de 1) do que um alto teor de cimento (aumenta o teor de agua
combinada em fator de 0.23). A Figura 8 mostra que o IL é menor
nos concretos de alto empacotamento comparados aos de baixo
empacotamento com porosidade da pasta similar.

A Figura 9 apresenta os dados de IL do banco de dados apresen-
tado em [25] com inserg¢éo dos resultados obtidos neste artigo. Em
geral, os concretos dosados (pontos cinzas) apresentaram IL infe-
rior aos encontrados na bibliografia nacional (pontos verdes) e inter-
nacional (pontos vermelhos) — com excecao dos dois concretos de
referéncia (pontos pretos), que se confundem ao resto dos concre-
tos consultados no benchmark, com eficiéncia de dosagem menor.

5. Conclusodes

EE

Mesmo com agdes por parte da industria do cimento para diminuir
as emissoes especificas de CO, na produgdo, um aumento das
emissoes totais & esperado devido ao aumento da produg¢do. Uma
estratégia promissora € o aumento da eficiéncia do uso do cimen-
to e demais ligantes no concreto, o que significa dosar concretos
com menor consumo atingindo mesmo desempenho.

Este artigo demonstrou como o empacotamento e a disperséo de
particulas pode auxiliar a aumentar a eficiéncia do uso de ligantes
em concretos. Concretos dosados com menor volume de vazios

30
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Resisténcia a compressao (MPa)

Figura 9

Banco de dados para avaliagcdo da eficiéncia

do uso dos ligantes encontrado na bibliografia

infernacional (vermelhos) e nacional (verdes)

[24]. Os concretos dosados neste estudo

aparecem em cinza (alto empacotamento de

particulas) e prefo (concretos de referéncia)
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intergranulares (entre as particulas) permitiram diminuir o teor de
agua para atingir a mesma fluidez durante o estado fresco, ou, uti-
lizando o mesmo teor de agua, obter maior fluidez — menos agua é
utilizada para preencher os vazios, e mais agua sobra para afastar
efetivamente as particulas.

O concreto de referéncia com dispersante, por exemplo, utili-
zou os mesmos 160 litros de agua (L/m®) do que os concretos
CO01, C03, C04, C0O7 e C09, mas obteve abatimento de 230mm
enquanto todos os demais obtiveram abatimento 270-280mm e
espalhamento 600-670mm, o que se deveu ao teor de vazios
de 22.9% do concreto referéncia contra valores entre 4-6.5%
dos demais. A possibilidade de diminuigéo do teor de agua para
obtengdo da mesma fluidez permite: 1) redugéo da relagado a/c,
com consequente aumento da resisténcia a compressao; ou 2)
substituicdo de parte do cimento por fileres (menor teor de agua
e menor teor de cimento mantendo a relagéo a/c e portanto a
resisténcia inalteradas). Em ambos os casos, ha diminui¢cdo do
indice de Ligantes (IL). Nos mesmos concretos comparados aci-
ma, ha uma redugéo aproximada do IL de 8 kg.m=.MPa™" (refe-
réncia) para 5,3-6,5 (concretos de alto empacotamento), ou seja,
uma reducgdo aproximada de 18-33% do IL — o que significa um
aumento de eco-eficiéncia.

Por outro lado, a completa dispersao das particulas demonstrou
requisitar menor teor de agua para atingir a mesma ou maior flui-
dez, com os mesmos ganhos de eficiéncia.

A estratégia — aumento da eficiéncia do uso da agua e ligantes
— pode ser utilizada em conjunto com outras estratégias ja conso-
lidadas, como por exemplo a substituigdo de clinquer por adi¢cdes
minerais para mitigar as emissées de CO,. Assim, sua combina-
¢ao poderia amplificar os beneficios, pois no final o teor de clin-
quer final seria uma multiplicacdo de ambos os fatores (redugéo
de clinquer na pasta mais redugao do teor de pasta total).

A ferramenta de empacotamento de particulas é uma aplicagédo de
um conceito de fisica de particulas sobre concretos. A interagao
desta ferramenta a métodos de dosagem consagrados, como o
método referéncia utilizado, pode ser util para a dosagem de con-
cretos mais eficientes em larga escala, pois ela poderia introduzir
o controle da porosidade intergranular através de dados das maté-
rias-primas (sem a necessidade da realizagédo de experimentos de
determinacédo experimental do empacotamento). Isto seria muito
importante, ja que a determinacao experimental do empacotamen-
to (também possivel) demanda um tempo que pode ser inviavel
perante a escala de aplicagdo do concreto. Devido ao tamanho
da cadeia produtiva do concreto, um futuro mais sustentavel de-
pende do aprimoramento das dosagens com énfase na rapidez e
facilidade de aplicagdo, bem como na interagéo entre diferentes
estratégias de redugao do uso do clinquer.
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Abstract
[

The need to use reduced sample sizes, in order to attain improved spatial resolution in (u-CT) tests applied in Portland cement composites, makes
researchers perform the fractionation of materials to obtain samples with dimensions compatible with the capacity of the scanning equipment,
which might cause alterations in the microstructure under analysis. Therefore, a test specimen (TS) with dimensions compatible with the scanning
capacity of a microtomography system that operates with an X-ray tube and voltage ranging from 20 to 100 kV was proposed. Axial compression
strength tests were made and their total porosity was assessed by an apparent density and solid fraction density ratio, which were obtained by
means of mercury and helium pycnometry and p-CT technique, respectively. The adoption of that TS has shown to be viable for providing a sample
with a higher level of representation.

Keywords: X-ray microtomography, fractionation of samples, test specimen, pycnometry, pore structure.

Resumo

A necessidade de se utilizar amostras de tamanho reduzido, para a obtengdo de uma melhor resolugdo espacial nos ensaios de pu-CT em
compdsitos de cimento Portland, leva os pesquisadores a realizar o fracionamento do material para a obtengdo de amostras com dimensdes
compativeis com a capacidade de leitura do equipamento, o que pode ocasionar alteragdes da microestrutura em andlise. Assim, foi proposto um
corpo de prova (CP) com dimensdes compativeis com a capacidade de leitura de um microtomografo com tubo de raios X que opera dentro de
um intervalo de tens&o de 20 a 100 kV.Foram realizados testes de resisténcia a compressao axial e avaliagdo da sua porosidade total por meio
da relagéo entre a densidade aparente e a densidade da fragdo solida, obtidas respectivamente pelas técnicas de picnometria (de mercurio e
hélio) e pela técnica de p-CT. A adogéo deste CP se mostrou viavel por proprocionar uma amostragem com maior nivel de representatividade.
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2 UFMG, Department of Materials Engineering and Construction, Belo Horizonte, MG, Brazil;
b UFMG, Department of Metallurgical and Materials Engineering, Belo Horizonte, MG, Brazil;
¢ UFMG, Departament of Architecture and Urbanism Technology, Belo Horizonte, MG, Brazil;
4 KROTON Educacional S.A., Belo Horizonte, MG, Brazil.

Received: 12 Jul 2015 « Accepted: 12 Jan 2017  Available Online: 04 Oct 2017

© 2017 IBRACON



Characterization of test specimens produced in reduced size for X-ray microtomography (u-CT) tests

1. Introduction

EE

The use of computer based X-ray microtomography (u-CT) has
vastly improved the structural analysis of pores in materials. Ac-
cording to Cnudde et al. [1], a critical point when working with X-ray
microtomography is the ratio between the size of the sample and
the spatial resolution obtained. A small sample size is required to
attain a high spatial resolution. However, working with small sam-
ples conflicts with the question of representativeness, since the
volume of the sample must contain the properties of the whole set,
in order to obtain an acceptable estimate of the general properties
of the material. In the case of composites of a cement matrix, their
heterogeneity and complex void structure increase the level of dif-
ficulty of developing an adequate sampling plan.

Studies involving the analysis of pores in cementitious matrix
composites by using X-ray microtomography make use of several
different sampling techniques. In general, the methodologies ad-
opted in these studies involve the molding of test specimens from
which the samples are extracted. To perform this extraction, the
processes of fragmentation or extraction of testimony are mainly
used [2-4]. However, these processes may lead to micro-fissures,
thus causing alterations in the microstructure of the materials. Ad-
ditionally, a sample collected from a specific region of the speci-
men (TS), for instance, from the central region [5], may produce
results that are not consistent with the system’s true properties.

A possible alternative to extracting samples could be molding
specimens with a reduced size that is compatible with the read-
ing capacity of the equipment [5-7], which would furnish increased
sampling/TS ratio, or even a total sampling.

However, it is important to note that a reduced size increases the
level of difficulty in conducting studies with concretes, since the
presence of coarse aggregates makes it more difficult to produce
very small specimens. Therefore, studies in this field usually use
materials that feature a cementitious base such as cement mor-
tars, grouts and micro-concretes.

The objective of this study was to produce mortar specimens with
a reduced size, viable to be used in y-CT studies using whole and
intact structures. In addition to that, it was sought to evaluate if the
internal structure of these CPs could be considered representa-
tive when compared to specimens with dimensions of (5x10) cm,

Table 2

Table 1
CPV ARI chemical analysis according
to NBR 5733 standard

Chemical Cement used NBR 5733 limits
determinations | (% of the mass) | (% of the mass)
Insoluble residue

(R) 0.79 <1.0
Loss on ignition
(LO) 3.9 <45
Magnesium
oxide (MgO) 0.76 <65
Sulfur trioxide
8Oy
- when C3A of
the clinker - 8% 2.89 <35
- when C3A of
the clinker > 8% ) <45
Carbon dioxide
2.48 <30
(CO))

produced from the procedure specified by standard NBR 7215 [8].
The adoption of a standardized procedure aims to reduce the de-
gree of variability of the study, facilitating the comparison of results
for future researches.

The dimensions of the small size CPs were determined by prelimi-
nary tests performed in the same p-CT equipment used in the sub-
sequent assays. It was sought the largest diameter which, accord-
ing to the power of the equipment, allowed to overcome the degree
of opacity of the material to X-ray. For definition of the height, it was
respected the condition defined in standard NBR 5738 [9] wich
says that the ratio between height/diameter of the test specimen
must be equal to 2. Thus, the feasibility of testing cylindrical CPs of
(2x4) cm was observed.

For the two types of TS adopted, axial compression tests were
performed, besides to evaluating its total porosity by means of the
relation between the bulk density (apparent) and the density of the
solid fraction, obtained by the techniques of mercury and helium

CPV ARI mechanical analysis according o NBR 5733 standard

Characteristics and properties Unit Cement used Cement used
i Residue in the sieve 75 um % <6 <6
ineness I
Specific area m2/kg 480.6 > 300
Mortar setting start time min 131 > 60
Mortar sefting end fime min 186 <600
Expandability when hot mm <5 <5
_ 1 day old MPa 27.9 > 14
Compressive 3 days old MPa 402 > 24
strength
7 days old MPa 451 > 34
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pycnometry and the p-CT technique, respectively. The evaluation
of the porosity by means of the y-CT technique was performed
only in the small size CP, since the equipment does not have suf-
ficient power for reading in the CP of (5x10) cm.

In order to compare the results obtained from axial compressive
strength tests, performed in the two TS groups studied, in order to
evaluate the effect caused by the reduction in size, it was used the
hypothesis test based on the Student t Test probability distribution
(or T-statistical test) for independent samples.

For the purpose of verification, a new hypothesis test was performed
using the Fisher-Snedecor probability distribution test (test F). For
the purpose of verification, a new hypothesis test was performed us-
ing the Fisher-Snedecor probability distribution test (F-test).

2. Materials and experimental program
E——
2.1 Mortar

Portland cement with high initial strength (CP V — ARI), whose
chemical and physical properties analyses are presented in Tables
1 and 2, respectively, according to the standard NBR 5733 [10],
was used. This choice is caused by the fact that this is the cement
with lower content of additions available in the Brazilian market.
The mortar was produced using a 1:3 (cement/sand) ratio with a
0.48 water/cement (w/c) ratio. The sand utilized was prepared from
a homogenized mixture of four individual fractions of regular sand
in equal proportions, in mass, as specified in the standard NBR
7215 [8]. Table 3 exhibits the granulometric fractions of the regular
sand, according to the standard NBR 7214 [11].

2.2 Molding and curing

In the preparation of the specimens (TS), standard (5x10) cm molds
and special (2x4) cm molds were used, whose images can be seen
in Figure 1. The specimen diameter 2 cm was previously established
based on the opacity level of the material under study in relation to
reading capacity of the y-CT equipment to be utilized [6].

For the compression strength test, 55 cylindrical specimens featur-
ing 2x4cm dimensions and 56 specimens featuring 5x10cm dimen-
sions were molded, ruptured at 7 days of age. The compression
strength tests on the normalized TS with dimensions of (5x10) cm
have the purpose of validating the material, the dosing procedure
and preparation of the samples, adopted in this study, since its
results are backed by standard [10] and literature. Thus, when ap-

Table 3
Grain size fractions standard sand

Material trapped
between the nominal
aperture sieve

Designation

2.4 mmto 1.2 mm Coarse fraction

1.2mmto 0.6 mm Mean coarse fraction

0.6 mm to 0.3 mm Mean fine fraction

0.3 mmto 0.15 mm Fine fraction

plying the same procedures for CP with dimensions of (2x4) cm,
it is possible to perform a comparison of results, since there is no
standard or literature data for specimens with these dimensions.
Samples used in the helium gas (He) and mercury (Hg) pycnom-
etry tests were collected from the same specimen. Therefore, for
each age under analysis (7 and 28 days), unique specimens were
molded featuring 2x4cm and 5x10cm.

For reading with the X-ray microtomography, one test specimen
with dimensions of (2x4) cm was molded, being used at both test
ages (7 and 28 days). Because it is a non-destructive technique,
the performance of readings at different ages, using the same test
body, besides being feasible is convenient, as it allows following
the actual changes in the porosity of the material due to the cement
particles hydration process, without any variability arising from the
molding process.

In the molding of the specimens, the mechanical densification was
used, by means of a vibrating table, in order to reduce the vari-
ability in the process.

After the molding step, the test specimens were kept in a humid
chamber for a period of 24 hours and then demolded and kept sub-
merged in a tank containing potable water until ready to be tested.

2.3 Preparing the test specimens

For the compressive strength test, all TS had their ends capped
with sulfur, in order to guarantee the parallelism between them.
For the pycnometry tests, it was necessary to establish a specific
preparation procedure for each TS size.

The specimens of (2x4) cm were divided in two halves by a longitu-
dinal section. One of the halves was utilized in the helium pycnom-
etry test and the other one in the mercury pycnometry test.

In the specimens with dimensions of (5x10) cm, two orthogonal
cuts were made between them, in the longitudinal direction, and a
cross section, resulting in a division of 8 parts with similar dimen-
sions. Figure 2 shows the schematic model of cutting of the CPs
and the indication of the parts selected for the tests. By longitudinal
division, V4 of the specimen was selected for the He pycnometry

Figure 1
Specimen molds - (2x4) cm and (5x10) cm
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Figure 2
Cutting diagram of the CP (6x10) cm

test (parts 1 and 2) and the other %4, opposite the vertex of the first
sample, was reserved for the Hg pycnometry test (parts 1A and 2A
), and the remaining parts were discarded.

Samples for the pycnometry tests were oven dried at a tempera-
ture of (105 = 5) ° C for a period of approximately 6 hours. This
drying time was sufficient for two successive weighings, intervals
in 1 hour, not to differ by more than 0.5% from the lowest mass.
The parts for the helium pycnometry test were pulverized in an
agate mortar grinder mill until a grain size of less than 75 um be
attained, and controlled by sieving (100% of the material passing
through the sieve # 200). At the end of the milling step, the mate-
rial was homogeneously fractioned in order to obtain a fraction of
approximately 3.6 grams.

The test specimen intended for the p-CT test did not undergo any
special preparation.
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Figure 3

Dispersion graph for compressive resistance of TS
at 7 days

2.4 Compressive strength test

For testing the axial compression strength of the (2x4) cm speci-
mens, a servo electrical universal testing machine with a capacity
of 30 kN was used, with a special universal joint suitable for the CP
and a load cell with full scale of 10 kN.

For the (5 x 10) cm specimens, servo electrical universal testing
machine with a capacity of 300 kN was used, with a special univer-
sal joint suitable for the CP and a load cell with full scale of 300 kN.
In both cases, the loading speed used was (0.25 + 0.05) MPa/s ,
as specified in NBR 7215 [8], with all test specimens being tested
at 7 days, since the greatest gains in compressive strength of CP
V occur until this age [10].

2.5 Helium and mercury pycnometry tests

The helium pycnometry tests were performed with the QUANTA-
CROME STEREOPYCNOMETER - Model SPY-3, using the lower
volume sample holder.

The mercury picnometry was performed in a volumetric flask with
a capacity of 100 mL. For the TS with dimensions of (5x10) cm, the
test was performed in two stages, the first one being the fragments
from the upper part of the CP (part 1A) and the fragments from the
lower part (part 2A).

Based on the real density and volumetric density figures, obtained
from the helium and mercury pycnometry tests respectively, the po-
rosity of the material at the ages of 7 and 28 days was calculated.

2.6 Obtaining u-CT images

A high-resolution microtomograph, model SkyScan 1172, was
used to perform X-ray computed microtomography tests. This
equipment has a CCD camera with a resolution of 10 Mp (mega-
pixel), X-ray tube that operates within a voltage range of 20 to 100
kV and a power of up to 10 W. For the scanning of the images, a
resolution of (2000 x 1048) pixels and Al + Cu filter. A rotation was
adopted at angles of up to 180 °, in steps of 0.40 °.

The readings were performed at 7 and 28 days. After the first reading,
the specimen was packed in PVC film and conditioned in a humid
chamber until 28 days, and a new reading was performed at this age.
For each reading age, approximately 450 projections from the
scanned portion of the sample were obtained. The NRecon soft-
ware was used for the reconstruction of the images, being gener-
ated 1000 sections on average. The CTAn software [12] was used
to calculate the porosity of each section.

The percentages of porosity presented represent an overall mean
of the porosity values obtained for sections generated from reading
with the microtomograph (1042 sections for reading at 7 days and
1038 sections for reading at 28 days), and the error was calculated
from the standard deviation between the readings of the sections,
within a 95% confidence interval.

3. Results and discussions
[
3.1 Compressive strength

Figure 3 shows the dispersion graph for the compressive strength
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Table 4
Statistic referential of the specimens’ compressive
strength on the 7h day

Parameter (Bx10) cm | (2x4) cm
Minimum (MPa) 34.64 34.43
Maximum (MPa) 43.28 48.11

Mean (MPa) 38.86 39.97

Median (MPa) 39.05 39.87
Standard deviation 217 2.96
Coefficient of variation (%) 5.6 7.4

results of the specimens. It is observed that TS that reached
resistance greater than 40 MPa belong, for the most part, to
the group with dimensions of (2x4) cm. The largest individual
values of compressive strengths also belong to specimens of
said group.

Table 4 presents the values for statistical reference of the
compressive strengths. Note that the (2x4) cm and (5x10) cm
test specimens presented very close values for the lowest re-
sistance, however the maximum resistance value of the CP
(2x4) cm was much higher. This also showed a higher mean
resistance and a higher standard deviation of the results. For
both CP groups, the median value was very close to the mean
value, which indicates a distribution curve very close to the
Normal distribution.

From the values of mean resistance and standard deviation,
the coefficient of variation of Pearson (cv) was calculated, be-
ing the largest value presented by the group of TS with di-
mensions of (2x4) cm. The cv indicates the variability of the
results (standard deviation) in relation to the mean. The lower
the value, the more uniform the data.

For the analysis of the TS mean resistance values, the hy-
pothesis test was applied, based on the Student’s T-probability
distribution (or statistical test T) for independent samples. This
test is used to assess whether there is a significant difference
in the mean of a measure between two groups. The null hy-
pothesis is that the mean is equal in both groups. The alter-
native hypothesis is that the mean is different. If the p-value,
probability of error in rejecting the null hypothesis, is less than
5%, the null hypothesis is rejected. That is, it is assumed that
the mean is different in the two groups.

In the case of this study, the p-value found was 2.7%, indicat-
ing that there is a significant difference between the compres-
sive strength of the two groups, being the (2x4) cm cylinder
resistance greater. Thus, although the average values of re-
sistance are very close (difference of 1.11 MPa), the statistical
difference between the resistances is quite significant.

For comparison, a new hypothesis test was performed using
the Fisher-Snedecor probability distribution test (F test) for the
comparison of variance. A p-value of 0.024 (2.4%) was ob-
tained, again indicating that the variability of the (2x4) cm TS
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Figure 4

Boxplot for compressive strength distribution
of cylinders

is significantly greater than the (5x10) cm TS.

Figure 4 shows the boxplot' of distribution of resistance for the
two specimens groups. It is possible to observe that the vari-
ability of the resistance using the cylinder (2x4) cm is larger, in
relation to the (6x10) cm cylinder.

Figure 5 shows the frequency distribution of the percentage
of TS per compressive strength class. Note that the highest
percentage assumed by the (5x10) cm TS was the class of 39
MPa. For the TS of (2x4) cm was the class of 41 MPa.

The higher average compressive strength and greater dis-
persion in the results presented by the TS with dimensions
of (2x4) cm are justified by the scale effect, that is, there is a
decrease in the axial compressive strength with the increase
of the size of the specimen. This effect is insignificant in large
structures, but with great influence in small ones, as is the
case of the specimens [13].
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Figure 5

Frequency distribution of TS percentage per
compressive strength class

" The boxplot is formed by the first and third quartiles and by the median. The lower and upper stems extend respectively from the lower quartile to the smallest value not lower than the lower

limit and the upper quartile to the largest value not exceeding the upper limit.
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Table 5
Porosity percentage
Technique Specimen (cm) 7 days (%) 28 days (%)
2x4 16.1 +0.5 16.4 +0.6
5x10 (TA) 18.3 +0.2 18.4 +0.1
Pycnometry
5x10 (2A) 18.6 +0.2 19.4 +0.1
5x10 (1A + 2A) 18.6 +04 18.7 +0.2
u-CT 2x4 36.4 +0.1 16.9 +0.1
1A - fragments from the upper-half of specimen ; 2A - fragments from the lower-half of specimen; 1A + 2A - Porosity calculated based on mean
volumetric density values.

3.2 Porosity by He and Hg pycnometry and u-CT

Table 5 presents the porosity percentages, calculated from
the pycnometry techniques and the readings with the X-ray
microtomograph.

The porosity of the samples, by the method of picnometry,
was calculated from the values of real density and volumetric
density, obtained by the helium and mercury pycnometry tests,
respectively.

The porosity results, obtained by the y-CT technique, were cal-
culated from the global average of the porosity values obtained
for each section generated by the reading with the microtomo-
graph, being 1042 sections for reading at 7 days and 1038 sec-
tions for reading at 28 days.

By the pycnometry technique, it was observed that the percent-
ages of porosity obtained for the specimens with dimension of
(2x4) cm were smaller than those presented by the TS with di-
mension of (5x10) cm.

Although changes in the porosity of cementitious materials are
normally expected with advancing age, caused by changes in
its microstructure due to the process of hydration of the cement,
the variation of the results, by the picnometry technique, was
not significant. This result can be a consequence of an accelera-

40
as | s pycnometry
30 -
25 -
20 -
15 -

10

Percentage of porosity

Test Age

Figure 6
Porosity values obtained by pu-CT and helium
and mercury pychometry

tion of hydration process, caused by oven dried the samples, at
a temperature of (105 = 5) °C. [14, 15]

However, the y-CT, whose the TS analyzed did not undergo a dry-
ing process, not only indicated a large reduction in the porosity of
the material at 28 days, but also a higher percent porosity at the
age of 7 days, compared to the result obtained by the picnometry
technique for the (2x4) cm TS. At the age of 28 days, the porosity
values between the techniques were very close.

According to Cervera et al. [16], to take into account the influence
of temperature, many aging models have been based on the con-
cepts of “maturity” or “equivalent age” by defining an artificial age
for the cementitious material. This artificial age may be higher or
lower than the actual age depending on whether the temperature
history has accelerated or delayed the maturation process.

3.3 Evaluation of results

The greater variability in results and higher mean compressive
strength presented by the smaller test specimens are in line with
the behaviors reported in studies on the subject [7, 17-21], and can
be explained especially by the theory Of Effect Size [19, 20].
Beyond that, it should be taken into account that the mechanical
strength of a cementitious matrix composite is significantly affected
by the porosity of its internal structure [21]. Thus, the lower porosity
of the (2x4) cm TS corresponds to a higher average compressive
strength, in relation to the TS of (5x10) cm.

The comparison of the porosity results, obtained from the y-CT
and pycnometry techniques, is presented in Figure 6. Although the
porosity results, presented by the two techniques, were very differ-
ent at the age of 7 days, at 28 days these were close. This behavior
accentuate the hypothesis that the use of the drying temperature
of the samples for the pycnometry test may have affected the pore
structure of the material, especially at the age of 7 days, leading
this to assume a pore structure characteristic of more advanced
ages [15,16].

3.4 Microtomography images

Figure 7 shows images generated from the X-ray microtomograph
readings at randomly selected ages of 7 and 28 days. Note that the
geometry proposed for the test specimen allowed a satisfactory
resolution to be obtained, and it is possible to visualize the reduc-
tion in the porosity of the sections at 28 days.
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7 days

SECTION: #1 SECTION: 8205

SECTION: #1 SECTION: #205

Distance Distance = 138.9 pixel

Figure 7
Selection of tomographic sections of specimen

4. Conclusions

E

For the u-CT equipment used in this study, the adoption of test
specimens with dimensions of (2x4) cm was fesible, indicating that
studies on the pore structure of the cementitious composite can
be performed in an intact whole structure. It should be noted that
equipment with lower resolution and power than the one used in
this study may not present satisfactory results for the TS dimen-
sions considered.

According to the statistical tests, it was verified that, in the test of
compressive strength, the test specimens of (2x4) cm presented
greater variation of results and a higher average resistance, com-
pared to the test specimens of (5x10) cm, although its average
resistances are very close. Such behavior is compatible with the
results obtained by several studies on the influence of dimensional
variation on test specimens.

The percentage of porosity, calculated from the density values ob-
tained by the helium and mercury picnometry tests, was slightly
lower for the test specimen of (2x4) cm. Since the compressive
strength is affected by the porosity of the material, in an inversely
proportional relation, the greater average resistance to compres-
sion presented by this test body is consistent.

SECTION: #721 SECTION: #1020

Distance = 198.5 pixel

28 days

SECTION: #721 SECTION: #1020

The study showed that the comparison of porosity results obtained
from the techniques of picnometry and microtomography may be
feasible [2, 23], however, the sample preparation process should
be reevaluated, especially with regard to the use of temperature
for drying the material at earlier ages, since the procedure was
feasible for the age of 28 days, but influenced the results at 7 days.
The large number of studies addressing the pore microstructure of
cementitious materials, and especially the use of y-CT, emphasizes
the need to elaborate a procedure for the preparation of specimens
with reduced dimensions. Although there is no obligation to follow
technical standards in research, and each researcher has the free-
dom to define the procedures to be followed, trying to create a refer-
ence standard for microtomography studies can help the scientific
community achieve greater advances, once that the scale effect,
sample preparation and sampling technique have a direct correla-
tion in the compressive strength and the pore structure of the mate-
rial, which can create great difficulties in comparing the results.
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Abstract
[

The need to use reduced sample sizes, in order to attain improved spatial resolution in (u-CT) tests applied in Portland cement composites, makes
researchers perform the fractionation of materials to obtain samples with dimensions compatible with the capacity of the scanning equipment,
which might cause alterations in the microstructure under analysis. Therefore, a test specimen (TS) with dimensions compatible with the scanning
capacity of a microtomography system that operates with an X-ray tube and voltage ranging from 20 to 100 kV was proposed. Axial compression
strength tests were made and their total porosity was assessed by an apparent density and solid fraction density ratio, which were obtained by
means of mercury and helium pycnometry and p-CT technique, respectively. The adoption of that TS has shown to be viable for providing a sample
with a higher level of representation.

Keywords: X-ray microtomography, fractionation of samples, test specimen, pycnometry, pore structure.

Resumo

A necessidade de se utilizar amostras de tamanho reduzido, para a obtengdo de uma melhor resolugdo espacial nos ensaios de pu-CT em
compdsitos de cimento Portland, leva os pesquisadores a realizar o fracionamento do material para a obtengdo de amostras com dimensdes
compativeis com a capacidade de leitura do equipamento, o que pode ocasionar alteragdes da microestrutura em andlise. Assim, foi proposto um
corpo de prova (CP) com dimensdes compativeis com a capacidade de leitura de um microtomografo com tubo de raios X que opera dentro de
um intervalo de tens&o de 20 a 100 kV.Foram realizados testes de resisténcia a compressao axial e avaliagdo da sua porosidade total por meio
da relagéo entre a densidade aparente e a densidade da fragdo solida, obtidas respectivamente pelas técnicas de picnometria (de mercurio e
hélio) e pela técnica de p-CT. A adogéo deste CP se mostrou viavel por proprocionar uma amostragem com maior nivel de representatividade.
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1. Introducgao

EE

O uso da microtomografia computadorizada de raios X (u-CT) tem
contribuido para uma melhor analise da estrutura de poros dos
materiais. De acordo com Cnudde et al. [1], um ponto critico ao
se trabalhar com a microtomografia de raios X é a relagdo entre o
tamanho da amostra e a resolugdo espacial obtida. Um tamanho
de amostra reduzido é necessario para se conseguir uma alta re-
solugéo espacial. No entanto, trabalhar com amostras pequenas
conflita com a questéo da representatividade, uma vez que o volu-
me da amostra deve conter as propriedades de todo o conjunto, a
fim de se obter uma estimativa aceitavel das propriedades gerais
do material. No caso dos compdsitos de matriz cimenticia, a sua
heterogeneidade e complexa estrutura de vazios elevam o grau de
dificuldade em se determinar um plano de amostragem adequado.
Os estudos, envolvendo a andlise da estrutura de poros de com-
positos de matriz cimenticia pelo uso da microtomografia de raios
X, baseiam-se nas mais diversas técnicas de amostragem. Nor-
malmente, as metodologias adotadas nesses estudos envolvem a
moldagem de corpos de prova de onde sa@o extraidas as amostras.
Para a realizagdo desta extragdo, sdo usados, principalmente, os
processos de fragmentacéo ou extragdo de testemunho [2-4]. Con-
tudo, esses processos podem induzir o aparecimento de microfis-
suras, causando alteragdes na microestrutura dos materiais. Além
disto, uma amostragem a partir de uma regigo especifica do corpo
de prova (CP) como, por exemplo, da regido central [5], pode gerar
resultados que nao condizem com a realidade do sistema.

Uma alternativa a extragdo de amostras seria a moldagem de
corpos de prova com dimensdes reduzidas, compativeis com a
capacidade de leitura do equipamento a ser utilizado [5-7], o que
proporcionaria o aumento da relagdo amostra/CP, ou até mesmo
uma amostragem total.

Contudo, vale ressaltar que esta redugéo de dimensdes aumenta
o grau de dificuldade em se realizar o estudo com concretos, uma
vez que a presenga de agregados graudos dificulta a moldagem
de corpos de prova muito pequenos. Desta forma, € comum que
estudos deste género utilizem materiais de base cimenticia como,
por exemplo, pastas de cimento, argamassa e microconcretos.

O objetivo deste estudo foi produzir corpos de prova de argamassa
com tamanho reduzido, passiveis de serem utilizados em estudos

Tabela 2

Tabela 1
Andlise quimica CPV - ARl de acordo com
norma NBR 5733

Determinagcdes | Cimento utilizado | Limites NBR 5733
quimicas (% da massa) (% da massa)
Residuo insoluvel
(Rl 0,79 <1.0
Perda ao fogo
°F) 3.9 <4,5
Oxido de
magnésio 0,76 <6,5
Mg©O)
Tridxido de ~ ~
enxofre ( SO,)
- quando C,A
do clinquer - 8% 2.89 <35
- quando C,A )
do clinquer > 8% <45
Anidrido
carbénico (CO,) 248 <30

de Y-CT com estruturas inteiras e intactas. Além disto, buscou-se
avaliar se a estrutura interna destes CPs poderia ser considerada
representativa, quando comparada a corpos de prova com dimen-
sbes de (5x10) cm, produzidos a partir do procedimento especifi-
cado pela NBR 7215 [8]. A adogdo de um procedimento normali-
zado tem o intuito de diminuir o grau de variabilidade do estudo,
facilitando a comparagéo de resultados para futuras pesquisas.
As dimensbes dos CPs de tamanho reduzido foram determina-
das por meio de testes preliminares realizados no préprio equipa-
mento de p-CT utilizado nos ensaios subsequentes. Buscou-se o
maior diametro que, de acordo com a poténcia do equipamento,
permitisse superar o grau de opacidade do material aos raios X.
Para a definigdo da altura, respeitou-se a condigao definida na
NBR 5738 [9] em que a relagao entre altura/didmetro do corpo de
prova deve ser igual a 2. Deste modo, observou-se a viabilidade
de testar CPs cilindricos de (2x4) cm.

Andlise mecdnica CPV - ARl de acordo com norma NBR 5733

Caracteristicas e propriedades Unidade Cimento utilizado | Limites NBR 5733
FinurG Residuo na peneira 75 um % <6 <6
Aread especifica mz2/kg 480.6 > 300
Tempo de inicio de pega min 131 > 60
Tempo de fim de pega min 186 <600
Expansibilidade a quente mm <5 <5
o 1 dia de idade MPa 27,9 > 14
Resistencia a 3 dias de idade MPa 40,2 > 24
compressdo
7 dias de idade MPa 45,1 > 34
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Para os dois tipos de CPs adotados, foram realizados testes de
resisténcia a compressao axial, além de se avaliar sua porosidade
total por meio da relagéo entre a densidade volumétrica (aparen-
te) e a densidade da fragéo solida, obtidas, respectivamente, pe-
las técnicas de picnometria de mercurio e de hélio e pela técnica
de p-CT. A avaliagao da porosidade por meio da técnica de p-CT
foi realizada apenas no CP de tamanho reduzido, uma vez que o
equipamento nao possui poténcia suficiente para leitura no CP de
(5x10) cm.

Com o intuito de se comparar os resultados obtidos dos ensaios
de resisténcia a compressao axial, realizados nos dois grupos de
CP estudados, de modo a se avaliar o efeito provocado pela redu-
¢ao do tamanho, utilizou-se o teste de hipotese baseado na distri-
buigao de probabilidade T de Student (ou teste estatistico T) para
amostras independentes. Para efeito de verificagao, foi realizado
um novo teste de hipotese utilizando-se o teste de distribuigéo de
probabilidade de Fisher-Snedecor (teste F).

2. Materiais e programa experimental
—

2.1 Argamassa

Utilizou-se o cimento Portland de alta resisténcia inicial (CP V -
ARI), cujas analises quimicas e fisicas sao apresentadas nas Ta-
belas 1 e 2, respectivamente, de acordo com a NBR 5733 [10].
Sua adogao se deve por este ser o cimento com menor teor de
adic¢oes disponivel no mercado brasileiro.

A argamassa foi produzida na proporgao 1:3 (cimento/areia) com
uma relagdo agualcimento (a/c) de 0,48. A areia utilizada foi pre-
parada a partir de uma mistura homogeneizada das quatro fragcdes
individuais de areia normal em proporgdes iguais, em massa, con-
forme especificado na NBR 7215 [8]. A Tabela 3 apresenta as fra-
¢bes granulométricas da areia normal, segundo a NBR 7214 [11].

2.2 Moldagem e cura

Na preparagao dos corpos de prova (CPs) foram utilizados moldes
normalizados de (5x10) cm e moldes especiais de (2x4) cm, cujas
imagens sdo mostradas na Figura 1. O diametro de 2 cm do corpo
de prova foi previamente definido com base no grau de opacidade
do material estudado em relagdo a capacidade de leitura do equi-
pamento de p-CT a ser utilizado [6].

Para o ensaio de resisténcia a compressao, foram moldados 55
CPs cilindricos com dimensdes de (2x4) cm e 56 CPs com dimen-

Tabela 3
Fragcdes granulométricas da areia normal

Material retido entre as
peneiras de abertura
nominal de

Denominagdo

24mme 1,2 mm Grossa

1,2mme 0,6 mm Média grossa
Média fina

Fina

0,6 mme 0,3 mm

0,3mMme 0,15 mm

soes de (5x10) cm, rompidos aos 7 dias de idade. Os ensaios de
compressao nos CPs normalizados com dimensodes de (5x10) cm
tém o intuito de validar o material, o procedimento de dosagem e
preparacao das amostras, adotados neste estudo, uma vez que
0s seus resultados séo respaldados por norma [10] e literatura.
Assim, ao se aplicar os mesmos procedimentos para o CP com
dimensdes de (2x4) cm, é possivel realizar uma comparagéo de
resultados, uma vez que néo ha norma ou dados na literatura es-
pecificos para corpos de prova com estas dimensoes.

As amostras para os ensaios de picnometria de gas hélio (He) e
picnometria de mercurio (Hg) foram obtidas a partir de um mesmo
corpo de prova. Desta forma, para cada idade analisada (7 e 28
dias), foi moldado um unico corpo de prova de (2x4) cm e outro
de (5x10) cm.

Para a leitura com o microtomégrafo de raios X, foi moldado 1
corpo de prova com dimensoes de (2x4) cm, sendo este utilizado
nas duas idades de ensaio (7 e 28 dias). Por se tratar de uma téc-
nica nao destrutiva, a realizagéo de leituras em diferentes idades,
utilizando o mesmo corpo de prova, além de viavel é conveniente,
pois permite acompanhar as reais alteragcdes na porosidade do
material em decorréncia do processo de hidratagéo das particulas
de cimento, sem que haja variabilidades provenientes do processo
de moldagem.

Na moldagem dos corpos de prova, foi utilizado o adensamento
mecanico, por meio de mesa vibratdria, com o objetivo de reduzir
a variabilidade no processo.

Apo6s a etapa de moldagem, os corpos de prova foram mantidos
em camara umida por um periodo de 24 horas, sendo entdo des-
moldados e mantidos submersos em tanque contendo agua pota-
vel até o momento de serem preparados para os ensaios.

2.3 Preparagao dos corpos de prova
Para o ensaio de resisténcia a compressao, todos os CP’s tiveram

suas extremidades capeadas com enxofre, de modo a garantir o
paralelismo entre as mesmas. Ja para os ensaios de picnometria,

Figura 1
Moldes para corpos de prova de (2x4) cm
e (5x10) cm
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Characterization of test specimens produced in reduced size for X-ray microtomography (u-CT) tests

Figura 2
Esquema de corte do CP (6x10) cm

foi necessario estabelecer um procedimento de preparacgéo espe-
cifico para cada tamanho de CP.

Os corpos de prova de (2x4) cm foram divididos em duas metades,
por um corte longitudinal. Uma das metades foi destinada ao en-
saio de picnometria de hélio e a outra a picnometria de mercurio.
Nos CPs com dimensdes de (5x10) cm, foram realizados dois cor-
tes ortogonais entre si, na diregaéo longitudinal, e um corte trans-
versal, resultando em uma diviséo de 8 partes com dimensdes si-
milares. A Figura 2 traz o modelo esquematico de corte dos CPs e
a indicagao das partes selecionadas para os ensaios. Pela divisao
longitudinal, ¥4 do corpo de prova foi selecionado para o ensaio de
picnometria de He (partes 1 e 2) e o outro %4, oposto ao vértice da
primeira amostra, foi reservado para o ensaio de picnometria de
Hg (partes 1A e 2A), sendo as demais partes descartadas.

As amostras destinadas aos ensaios de picnometria foram secas
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Figura 3

Grafico de dispersdo para resisténcia dos CPs
aos 7 dias

em estufa, a uma temperatura de (105+5) °C, por um periodo de
aproximadamente 6 horas. Este tempo de secagem foi suficiente
para que duas pesagens sucessivas, intervaladas em 1 hora, ndo
diferissem em mais de 0,5% da menor massa.

As partes destinadas ao ensaio de picnometria de hélio foram, en-
téo, pulverizadas em moinho almofariz de agata até a obtengéo de
uma granulometria inferior a 75 um, controlada por peneiramento
(100% do material passante na peneira # 200). Finalizada a etapa
de moagem, o material foi quarteado de modo a se obter uma
fracdo de aproximadamente 3,6 gramas.

O corpo de prova destinado ao ensaio de y-CT ndo passou por
qualquer preparagao especial.

2.4 Ensaio de resisténcia a compressao

Para o ensaio a compressao axial dos CPs (2x4) cm, foi utilizada
uma maquina Universal servo-elétrica com capacidade de 30 kN,
com uma junta universal especial adequada ao CP e uma célula
de carga com fundo de escala de 10 kN.

Para os CPs de (5 x 10) cm, utilizou-se a maquina Universal ser-
vo-elétrica com capacidade de 300 kN, com uma junta universal
especial adequada ao CP e uma célula de carga com fundo de
escala de 300 kN.

Em ambos os casos, utilizou-se uma velocidade de carregamen-
to de (0,25 * 0,05) MPa/s, conforme especificagdo da NBR 7215
[8], sendo todos os corpos de prova ensaiados aos 7 dias, uma
vez que os maiores ganhos de resisténcia a compresséo do CP V
ocorrem até esta idade [10].

2.5 Ensaios de picnometria de hélio e mercurio

Os ensaios de picnometria de hélio foram realizados com o apa-
relho QUANTACROME STEREOPYCNOMETER - Modelo SPY-3,
utilizando-se o porta-amostra de menor volume.

A picnometria de mercurio foi realizada em um frasco volumétri-
co com capacidade para 100 mL. Para o CP com dimensdes de
(5x10) cm, o ensaio foi realizado em duas etapas, sendo na pri-
meira utilizados os fragmentos provenientes da parte superior do
CP (parte 1A) e na segunda, os fragmentos provenientes da parte
inferior (parte 2A).

A partir dos valores de densidade real e densidade volumétrica,
obtidos pelos ensaios de picnometria de hélio e mercurio, respec-
tivamente, foi calculada a porosidade do material nas idades de 7
e 28 dias.

2.6 Obtencgao de imagens por u-CT

Para a realizagédo da microtomografia computadorizada de raiox
X, utilizou-se um microtomagrafo de alta resolugdo, modelo SkyS-
can 1172. Este equipamento possui camera CCD com resolugao
de 10 Mp (megapixel), tubo de raios X que opera dentro de um
intervalo de tenséao de 20 a 100 kV e poténcia de até 10 W. Para o
escaneamento das imagens, foi utilizada uma resolugéo de (2000
x 1048) pixels e filtro de Al+ Cu. Foi adotada uma rotagdo em an-
gulos de até 180°, a passos de 0,40°.

As leituras foram realizadas aos 7 e 28 dias. Apds a primeira leitu-
ra, o corpo de prova foi embalado em filme de PVC e acondiciona-
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Tabela 4
Referencial estatistico da resisténcia
& compressdo dos CPs aos 7 dias

ParGmetro (B5x10)cm | (2x4) cm
Valor minimo (MPa) 34,64 34,43
Valor méximo (MPa) 43,28 48,11
Média (MPa) 38,86 39,97
Mediana (MPa) 39.05 39.87
Desvio padrdo 2,17 2,96
Coeficiente de variagdo (%) 5.6 7.4

do em camara Umida até os 28 dias, sendo realizada nova leitura
nesta idade.

Para cada idade de leitura, foram obtidas aproximadamente 450
projecdes provenientes do trecho escaneado da amostra. Para a
reconstrugéo das imagens foi utilizado o soffware NRecon, sendo
geradas em média 1000 segdes. O software CTAN [12] foi utilizado
para calcular a porosidade de cada segao.

Os percentuais de porosidade apresentados representam uma
média global dos valores de porosidade obtidos para as secdes
geradas a partir da leitura com o microtomoégrafo (1042 segdes
para a leitura aos 7 dias e 1038 se¢des para leitura aos 28 dias), e
o erro foi calculado a partir do desvio padrédo entre as leituras das
segoes, dentro de um intervalo de confianga de 95%.

3. Resultados e discussoes
B
3.1 Resisténcia a compressao

A Figura 3 apresenta o grafico de dispersao para os resultados de
resisténcia a compressédo dos CPs. Observa-se que os CPs que
atingiram resisténcias superiores a 40 MPa pertencem, na maior
parte, ao grupo com dimensdes de (2x4) cm. Os maiores valores
individuais de resisténcias a compressdo também pertencem a
corpos de prova do referido grupo.

A Tabela 4 apresenta os valores para referencial estatistico das
resisténcias a compressao. Nota-se que os CPs de (2x4) cm e
(5x10) cm apresentaram valores muito proximos para a resisténcia
mais baixa, contudo o valor de resisténcia maxima do CP (2x4)
cm foi bastante superior. Este também apresentou uma maior re-
sisténcia média e um maior desvio padrdo dos resultados. Para
ambos os grupos de CPs, o valor da mediana apresentou-se bem
préximo do valor da média, o que indica uma curva de distribui¢cao
bem préxima da distribuicado Normal.

A partir dos valores de resisténcia média e desvio padrao, foi cal-
culado o coeficiente de variagcdo de Pearson (cv), sendo o maior
valor apresentado pelo grupo de CPs com dimensdes de (2x4)
cm. O cv indica a variabilidade dos resultados (desvio padréo) em
relagdo a média. Quanto menor for o seu valor, mais uniformes
seréo os dados.

Para andlise dos valores de resisténcia média dos CPs, foi aplicado
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Figura 4

Boxplot para distribuicdo de resisténcia
& compressdo dos cilindros

o teste de hipotese, baseado na distribuicéo de probabilidade T de
Student (ou teste estatistico T) para amostras independentes. Este
teste é utilizado para avaliar se ha diferenga significativa da média
de uma medida entre dois grupos. A hipétese nula é de que a média
seja igual nos dois grupos. A hipotese alternativa é de que a média
seja diferente. Se o p-valor, probabilidade de errar ao rejeitar a hipo-
tese nula, for menor que 5%, a hipétese nula fica rejeitada. Ou seja,
assume-se que a média é diferente nos dois grupos.

No caso desse estudo, o p-valor encontrado foi de 2,7%, indican-
do que ha uma diferenca significativa entre a resisténcia a com-
pressao dos dois grupos, sendo a resisténcia do cilindro (2x4) cm
maior. Desta forma, embora os valores médios de resisténcia se-
jam muito proximos (diferenga de 1,11 MPa), estatisticamente a
diferenga entre as resisténcias é bastante significativa.

Para efeito comparativo, foi realizado um novo teste de hipo-
tese utilizando-se o teste de distribuicdo de probabilidade de
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Figura 5

Distribuicdo de frequéncia do percentual de CPs
por classe de resisténcia & compressdo

" The boxplot is formed by the first and third quartiles and by the median. The lower and upper stems extend respectively from the lower quartile to the smallest value not lower than the lower

limit and the upper quartile to the largest value not exceeding the upper limit.
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Tabela 5
Percentual de porosidade

Técnica CP (cm) 7 dias (%) 28 dias (%)
2x4 16,1 +0,5 16.4 +0,6
, , 5x10 (1A) 18,3 +0,2 18,4 +0,1
Picnometria
5x10 (2A) 18.6 +0,2 19.4 +0,1
5x10 (1A + 2A) 18,6 +0,4 18,7 +0,2
u-CT 2x4 36,4 +0,1 16,9 +0,1
1A - fragmentos provenientes da metade superior do CP; 2A - fragmentos provenientes da metade inferior do CP; TA + 2A - Porosidade calculada
a partir dos valores médios de densidade volumétrica.

Fisher-Snedecor (teste F) para a comparagdo de variancia.
Obteve-se um p-valor igual a 0,024 (2,4%), indicando nova-
mente que a variabilidade para os CPs de (2x4) cm é significa-
tivamente maior em relagéo ao CP de (5x10) cm.

A Figura 4 apresenta o grafico boxplot' (grafico de caixa) de dis-
tribuicéo da resisténcia para os dois gurpos de corpos de prova.
E possivel observar que a variabilidade da resisténcia utilizan-
do o cilindro (2x4) cm é maior, em relagao ao cilindro (5x10) cm.
A Figura 5 apresenta a distribuicdo de frequéncia do percen-
tual de CPs por classe de resisténcia a compresséo. Nota-se
que o maior percentual assumido pelos CPs de (5x10) cm foi
a classe de 39 MPa. Ja para os CPs de (2x4) cm foi a classe
de 41 MPa.

A maior resisténcia média a compressdo e maior dispersao
nos resultados apresentados pelo CP com dimensdes de (2x4)
cm séo justificadas pelo efeito escala, ou seja, ha um decrés-
cimo da resisténcia a compressao axial com o incremento da
dimenséo do corpo-de-prova. Este efeito é insignificante em
grandes estruturas, mas com grande influéncia nas pequenas,
como € o caso dos corpos de prova [13].

40

35 | ¥ picnometria
L]
T 30
-
g 25 o p-CT
2
o 20
=
8 15
c
2 10 -
@
e 5

0

28 dias
Idade de ensaio

Figura 6

Valores de porosidade obtidos por u-CT
e picnometrias de hélio e mercdrio

3.2 Porosidade por picnometria de He e Hg e u-CT

A Tabela 5 apresenta os percentuais de porosidade, calculados a
partir das técnicas de picnometria e pelas leituras com o microto-
magrafo de raios X.

A porosidade das amostras, pelo método de picnometria, foi cal-
culada a partir dos valores de densidade real e densidade volu-
métrica, obtidos pelos ensaios de picnometria de hélio e mercurio,
respectivamente.

Os resultados de porosidade, obtidos pela técnica de y-CT, foram
calculados a partir da média global dos valores de porosidade ob-
tidos para cada segéo gerada pela leitura com o microtomdgrafo,
sendo 1042 segbes para a leitura aos 7 dias e 1038 segbes para
leitura aos 28 dias.

Pela técnica de picnometria, nota-se que os percentuais de porosi-
dade obtidos para os corpos de prova com dimenséao de (2x4) cm
foram menores que os apresentados pelos CPs com dimensao de
(5x10) cm.

Embora, normalmente, sejam esperadas alteracdes na porosida-
de dos materiais cimenticios com o avango das idades, ocasiona-
das por mudangas em sua microestrutura devido ao processo de
hidratacdo do cimento, a variagéo dos resultados, pela técnica de
picnometria, n&o foi significativa. Este resultado pode ser conse-
quéncia de uma aceleragao deste processo de hidratagéo, ocasio-
nada pela secagem das amostras em estufa, a uma temperatura
de (10515) °C. [14, 15]

Todavia, a u-CT, cujo CP analisado n&do passou por processo de
secagem, ndo apenas indicou uma grande redugao na porosidade
do material aos 28 dias, mas também um percentual de porosi-
dade mais elevado na idade de 7 dias, comparado ao resultado
obtido pela técnica de picnometria para o CP de (2x4) cm. Ja na
idade de 28 dias, os valores de porosidade entre as técnicas se
apresentaram muito préximos.

De acordo com Cervera et al. [16], para levar em consideragao a
influéncia da temperatura, muitos modelos de envelhecimento tém
se baseado nos conceitos de “maturidade” ou “idade equivalente”,
por meio da definigdo de uma idade artificial para o material ci-
menticio. Esta idade artificial pode ser superior ou inferior a idade
real, dependendo se o histérico de temperatura tenha acelerado
ou retardado o processo de maturagéao.

" O boxplot é formado pelo primeiro e terceiro quartil e pela mediana. As hastes inferiores e superiores se estendem, respectivamente, do quartil inferior até o menor valor néo inferior ao limite

inferior e do quartil superior até o maior valor ndo superior ao limite superior.

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



E. E. BERNARDES | A. G. DE MAGALHAES | W. L. VASCONCELOS | E.V. M. CARRASCO | E. H. M. NUNES | L. B. DE LIMA

AO N* 205

SECAON*1

Distincia =

Figura 7
Selecdo de secdes tomogrdficas do CP

A maior variabilidade nos resultados e maior resisténcia média a
compressao, apresentadas pelos corpos de prova de menores di-
mensodes, estdo em consonancia com os comportamentos relata-
dos em estudos sobre o assunto [7, 17-21], e pode ser explicado,
especialmente, pela teoria do Efeito Tamanho [19, 20].

Além disto, deve-se levar em consideracao o fato de que a resis-
téncia mecanica de um compdsito de matriz cimenticia € significa-
tivamente afetada pela porosidade de sua estrutura interna [21].
Desta forma, a menor porosidade dos CPs de (2x4) cm condiz
com uma maior média de resisténcia a compressao, em relagao
aos CPs de (5x10) cm.

A comparagao dos resultados de porosidade, obtidos a partir das téc-
nicas de Y-CT e picnometria, € apresentada na Figura 6. Embora os
resultados de porosidade, apresentados pelas duas técnicas, tenham
sido bem diferentes na idade de 7 dias, aos 28 dias estes foram proxi-
mos. Este comportamento ressalta a hipétese de que a utilizagéo da
temperatura para secagem das amostras, destinadas ao ensaio de
picnometria, pode ter afetado a estrutura de poros do material, espe-
cialmente na idade de 7 dias, levando este a assumir uma estrutura
de poros caracteristica de idades mais avangadas [15, 16].

SECAD N°721 SEGAQ N°1020

Distincia

28 dias

SECAO N* 721 SEGAO N* 1020

A Figura 7 apresenta imagens geradas a partir das leituras com
o microtomoégrafo de raios X nas idades de 7 e 28 dias, selecio-
nadas aleatoriamente. Nota-se que a geometria proposta para o
corpo de prova permitiu a obtengao de uma resolugao satisfatoria,
sendo, inclusive, possivel visualizar a redugado na porosidade das
secgOes aos 28 dias.

4. Conclusoes
—

Para o equipamento de p-CT utilizado neste estudo, a adogao de
corpos de prova com dimensdes de (2x4) cm mostrou-se viavel,
indicando que estudos sobre a estrutura de poros do compdsito ci-
menticio podem ser realizados em uma estrutura inteira e intacta.
Ressalta-se que equipamentos com resolugdo e poténcia inferio-
res ao utilizado neste estudo podem nao apresentar resultados tao
satisfatorios para as dimensdes de CP consideradas.

De acordo com os testes estatisticos, verificou-se que, no en-
saio de resisténcia a compressao, os corpos de prova de (2x4)
cm apresentaram maior variagao de resultados e uma resisténcia
média mais elevada, comparado aos corpos de prova de (5x10)
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cm, embora suas resisténcias médias sejam bem proximas. Tal
comportamento esta compativel com os resultados obtidos por
diversos estudos sobre a influéncia da variagdo dimensional em
corpos de prova.

O percentual de porosidade, calculado a partir dos valores de den-
sidade obtidos pelos ensaios de picnometria de hélio e mercurio,
apresentou-se um pouco menor para o corpo de prova de (2x4)
cm. Uma vez que a resisténcia a compressao é afetada pela poro-
sidade do material, em uma relagéo inversamente proporcional, a
maior resisténcia média a compressao apresentada por este cor-
po de prova é condizente.

O estudo mostrou que a comparagao de resultados de porosida-
de obtidos a partir das técnicas de picnometria e microtomogra-
fia pode ser viavel [2, 23], contudo, o processo de preparagao da
amostra deve ser reavaliado, especialmente no que concerne a
utilizacdo de temperatura para secagem do material em idades
mais precoces, uma vez que o procedimento foi viavel para a ida-
de de 28 dias, mas influenciou os resultados aos 7 dias.

O grande numero de pesquisas abordando a microestrutura de
poros de materiais cimenticios, e, principalmente a utilizagéo da
u-CT, ressalta a necessidade de elaborar um procedimento para
confeccao de corpos de prova com dimensdes reduzidas. Embo-
ra nao haja a obrigatoriedade de se seguir normas técnicas em
pesquisas, e cada pesquisador tenha a liberdade de definir os
procedimentos a ser seguidos, tentar criar um padrao dimensio-
nal de referéncia para estudos de microtomografia pode ajudar a
comunidade cientifica a alcancar maiores avangos, uma vez que
o efeito escala, preparagédo de amostras e técnica de amostragem
tém correlagdo direta na resisténcia a compresséao e na estrutura
de poros do material, o que pode criar grandes dificuldades na
comparagao dos resultados.
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Abstract
E——

The structural design under seismic loading has been for many years based on force methods to consider the effects of energy dissipation and
elastoplastic behavior. Currently, displacement-based methods are being developed to take into account elastoplastic behavior. These methods
use moment-curvature relationships to determine the ductility capacity of a structural element, which is the deformation capacity of the element
before its collapse. The greater the plastic displacement or rotation a structural member can achieve before it collapses, the more energy it is
capable of dissipating. This plastic displacement or rotation capacity of a member is known as the member ductility, which for reinforced concrete
members is directly related to efficient concrete confinement. This study investigates at which extents transverse reinforcement detailing influ-
ences reinforced concrete column ductility. For this, a bridge located in Ecuador is modeled and analyzed, and its ductility evaluated considering
several cases of axial loading and concrete confinement levels. After the performed displacement-based analyses, it is verified whether the re-
sponse modification factor defined by AASHTO is adequate in the analyzed case.

Keywords: seismic resistant structures, reinforced concrete seismic detailing, ductility capacity, plastic dissipation, seismic design of bridges,
ductility, displacement-based design.

Resumo
[

O projeto estrutural para cargas sismicas tem sido por muitos anos baseado em métodos de avaliagdo de forgas para considerar os efeitos de
dissipagéo de energia e comportamento elastoplastico. Presentemente métodos baseados em deslocamentos estdo em desenvolvimento para
a consideragéo do comportamento elastoplastico. Estes métodos usam relagdes momento-curvatura para determinar a ductilidade disponivel de
um elemento estrutural, que é a capacidade de deformacédo do elemento antes de seu colapso. Neste artigo € apresentada a analise e a ava-
liagdo do comportamento de pontes usando métodos baseados em deslocamentos. Para isso, uma ponte localizada no Equador € modelada e
analisada e sua ductilidade disponivel é verificada considerando-se diversos casos de carga axial e de situagbes de confinamento do concreto.
Uma analise “push-over” é também realizada e os resultados obtidos sdo comparados.
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1. Introduction

EE

Brazil is located in the center of the South American tectonic plate
and, therefore, in a stable geological region with respect to earth-
quake activity. Nevertheless, earthquakes can also occur within
tectonic plates, due to the propagation of waves generated at
plate’s edges. Seismic stations distributed throughout the Brazilian
territory have recently recorded earthquakes of small to medium
magnitude. Depending on where is the focus of these earthquakes,
and depending on the geotechnical conditions, the seismic waves
may present large amplifications, for which the large majority of
structures in Brazil are not designed to resist. NBR15421 [1] is
the only Brazilian Standard for seismic design and it is specific for
buildings. It is then necessary to develop specific criteria for the
seismic design of bridges in Brazil.

To design a structure to resist seismic loading considering elastic
behavior is clearly uneconomical. For many years the effects of
energy dissipation and elastoplastic behavior has been consid-
ered based on force methods. These methods use coefficients to
reduce the stresses and strains obtained after an elastic seismic
analysis. Nowadays, methods based on displacement capacity are
being developed and used, and the displacement-based methods
fall into this category. In these methods, moment-curvature rela-
tionships are used to determine the ductility capacity of structural
members. The ductility capacity can be defined as the structural
plastic deformation capacity before its collapse. Another way to
find a structural member ductility capacity is to perform an approxi-
mate non-linear static pushover analysis. Concrete confinement
plays an important part in reinforced concrete ductility, there goes
the importance of coming up with the appropriate detailing when
designing seismic resistant structures, having in mind that appro-
priate detailing involves the correct distribution, in addition to the
correct amount of transverse reinforcement.

2. Elastoplastic systems

EE

The accelerations that an earthquake imposes to a structure can
be of great intensity, causing significant stresses and strains. Thus,
designing a structure to support elastically seismic loads is imprac-
tical and uneconomical. The damage must be predicted, which
means that the points of plastic hinges formation must be such that
it would be possible to perform repairs and avoid global collapse.
The equation of motion for elastoplastic systems of a one-degree-
of-freedom system is presented in the form of Equation 1, where
U is the acceleration, ¢ is the damping ratio, w is the circular fre-
quency; B is the velocity, u, is the yield displacement, f (u) is the
inelastic resisting force, fy is the yield strength, and ﬁg (t) is the
ground acceleration.

f W

u+2(a)u+w2uysf—y=—ug(t) (])
For a given ground acceleration, it is necessary to evaluate the
maximum displacement of the elastoplastic system and compare
it with the peak displacement u, caused by the same ground ac-
celeration on the corresponding linear elastic system. This system
has the same stiffness of the elastoplastic system. Both systems
have the same mass and damping and the fundamental frequency

of the linear elastic system is the same of the elastoplastic system
when subjected to small vibrations (Chopra, [2]).
The normalized yielding strength of the elastoplastic system can
be expressed by Equation 2, where f and u, are the force and de-
formation peak values due to ground motion on the corresponding
elastic system.
_f,
f)’ - fO - Ug (2)
Alternatively, fy can be related to f, by the Ry coefficient, as dis-
played in Equation 3. If a system presents Ry greater than unity this
means that the yielding force is inferior to the minimum required
strength for the system remaining in elastic behavior during the
ground motion.

fo Uy
b= (3)
The absolute peak elastoplastic displacement u_, obtained for
a certain ground acceleration, can be normalized regarding the
yielding displacement u, This dimensionless ratio is called ductility
factor (u) and it is defined on Equation 4. For systems that deform
inelastically, this factor is greater than unity. This factor is the ductil-
ity demand imposed on an elastoplastic system by a given ground
acceleration. It is a design requirement that the ductile capacity
(the ability to deform beyond the elastic limit) must exceed the dis-
placement demand imposed by the earthquake (Chopra, [2]).

Um

- @

Equation 5 shows the relationship between peak deformation u_
and the peak deformation of the correspondent linear system u,,.

Un _ K

"R (5)

In terms of spectral behavior, for periods greater than the displace-
ment sensitive spectral region, the deformation u_ from an elas-
toplastic system is practically independent from factor Ry and is
essentially equal to the linear elastic corresponding displacement
u,. This happens since, for a fixed mass, this system is consider-
ably flexible and the mass stays almost stationary while the base
moves. Therefore, the peak deformation is equal to the base dis-
placement, for any value of Ry. For systems on the velocity or ac-
celeration sensitive spectral regions, u_ can be greater or smaller
than u,, so the ductility demand u can be greater or smaller than
R, (Chopra [2]).

2.1 Concrete confinement

In the seismic design of bridge piers, there are regions where plastic
hinges should be designed for performing with enough ductility in
order to prevent total collapse. Adequate member ductility is also re-
quired to allow redistribution of forces and energy dissipation. There-
fore, it is required that the columns be designed to have enough
transverse reinforcement to confine the compressed concrete and
to prevent buckling of the longitudinal bars or shear failure. Many
studies have shown that efficient concrete confinement results in
an increase in strength and ductility. In Mander and Priestley [3], a
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method for determining specific strain limits is proposed. The soft-
ware CAPIBA, developed by Souza Jr. [4], is based on this method
for determining moment-curvature and stress-strain diagrams taking
into account concrete confinement; this program was used in this
study to find moment-curvature diagrams of the central bridge pier.

3. Displacement-based seismic

design methods
EE
The displacement-based seismic design methods are based on
finding the point of maximum inelastic displacement, in evaluating
the energy absorbed during seismic activity, and evaluating the
representative total damping in the structure. The displacements
are limited in accordance with the intended performance for each
structural member. This design method is based on performance
concepts. There are some gaps left by force-based design methods
which displacement-based methods are able to fill. For instance, the
hypothesis that ductile members may reach yielding stress simulta-
neously considered in force-based methods is better considered in
displacement-based methods. Another issue in force-based design
methods is that they do not take into account the complexity associ-
ated with the calculation of the global ductility of structures.

3.1 CALTRANS [5]

CALTRANS [5] recommends a displacement-based procedure. It
considers the elastoplastic behavior by introducing a parameter
called ductility demand for each type of structural element. The
ductility demand is compared to the ductility capacity values of
each element of the bridge; then the performance of the bridge can
be evaluated. To determine the displacement demand, the analysis
must be carried out considering the effective stiffness, taking into
account the non-linearity of the material and the cracking effects.
The displacement capacity of a structural element is obtained by
calculating its rotation capacity, based on the corresponding mo-
ment-curvature diagrams. These diagrams should be corrected to
an idealized diagram with balanced areas, as shown in Figure 1.

O oo -

Oo,r

CURVATURE

Figure 1
I[dealized moment-curvature diagram, CALTRANS [5]

For cantilever columns with fixed base, Equations 6 to 10 can be
used to determine the rotation capacity. Equation 11 provides the
equivalent analytical plastic hinge length, where L is the distance
from the point of maximum moment to the inflection point, Lp is the
equivalent analytical plastic hinge length as defined by Equation 11
(length in mm, stress in MPa). A, is the idealized plastic displace-
ment capacity due to rotation of the plastic hinge; A ' is ideal-
ized yield displacement of the column at the location of the plastic
hinge; @, is the idealized yield curvature defined by an elastic-per-
fectly-plastic representation of the cross section M-@ curve; @ 5 is
the idealized plastic curvature capacity; @, is the curvature capac-
ity at the Ultimate Limit State; and Gp is the plastic rotation capacity.

A=A+ 4, (6
A= 17/3 x @y (7

)
)
Ap=0, x (L —L,/2) (8)
6, =1L, x0, 9)
)
)

8, =0,-0y

(10
(11

The local displacement ductility capacity y, for a particular member
is then defined by Equation 12 and the ductility demand u,, is de-
termined by Equation 13, where A is the maximum displacement
in an element due to ground motion.

Ly = 0.08L + 0.022f @, > 0.044 f @,

K= (12)
o=y o (13)

3.2 Nonlinear static pushover analysis

As stated by Sucuoglu & Akkar [6], the concept of seismic perfor-
mance changes the way in which structures subjected to seismic
loading are designed. Instead of increasing the strength, which
does not necessarily leads to increased safety, understanding and
improving the response of the structure under seismic action is
the key. Understanding the distribution of seismic forces along a
structure becomes more critical than acknowledging its full value.
A good seismic performance is assured when the structure has the
ability to form plastic hinges in regions that do not compromise its
global stability, dissipating energy before collapsing completely (as
stated by Sucuoglu & Akkar, [6]).

Through a nonlinear static pushover analysis it is possible to cal-
culate the ductility capacity of structural members considering their
elastoplastic behavior. The analysis is performed by subjecting
the structure to forces that increase in small amounts up to a cer-
tain limit of displacement, the peak response. The analysis must
be nonlinear so that it takes into account the elastoplastic effects
throughout the process. Sucuoglu & Akkar [6] states that the non-
linear structural model allows ductile members to the formation of

1044 —
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plastic hinges. After the definition of the hinges location and prop-
erties, incremental loading static analysis can be performed.

4. Results and discussions

EE—

In the Case Study, modeling, analysis, and design of a hypothetical
bridge located in Ecuador has been performed. The initial design
of the pier followed AASHTO [10] provisions. The ductility capac-
ity and demand calculations were performed following the provi-
sions of CALTRANS [5]. SAP2000 [7] FEM program was chosen
to model and analyze the bridge. The moment-curvature diagrams
were obtained in CAPIBA (Souza Jr., [4]). The ductility capacity
and demand were calculated considering three confinement con-
siderations: unconfined; considering transverse reinforcement as
prescribed in NBR 6118 [8], referred to as usual detailing; and
considering transverse reinforcement as prescribed in ACI-318
[9], referred to as special detailing. Ten cases of compressive forc-
es acting on the pier were considered: maximum and minimum
compressive service loads: 9915kN and 15700kN, and compres-
sive forces of 20000kN, 35000kN, 50000kN, 65000kN, 80000kN,
95000kN, 115000kN and 130000kN, arbitrarily defined. These
levels of loads were chosen in order to investigate how the pro-
gressive increase in the levels of compressive forces affects the
member ductility.

In addition, a nonlinear static pushover analysis was performed.
Pushover analysis was undertaken for four cases of modeling:
three-dimensional model with springs simulating the soil-interac-
tion between the piles and the soil; three-dimensional model and
fixed piles; two-dimensional model with springs simulating the soil-
interaction between the piles and the soil; and two-dimensional
model and fixed piles.

4.1 Bridge description and additional information
The bridge presented on this Case Study is hypothetically located

in Ecuador. The bridge has two spans with 35.2m each. The deck
has 13.38m in width and it is supported by prestressed concrete

|
5 & ———————
z |_

= e
Figure 2

Plan view of the case study bridge

0z 23,20 35,20
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Figure 3
Longitudinal view of the case study bridge

girders that are connected to the slabs. Each end of the bridge
presents a reinforced concrete abutment wall. The reinforced con-
crete central pier wall has 8m in width and 80cm in depth. Figures
2, 3 and 4 respectively show a plan view, a longitudinal view of the
bridge and a sectional view showing the central pier wall.

4.2 Finite element modeling

A three-dimensional modeling of the bridge and its seismic analy-
sis were performed with the finite element program SAP2000 [7].
The abutment and the slabs were represented by shell elements
and the girders, center pier and piles by frame elements. Springs
arranged along the piles represent the soil-structure interaction;
the elastic constants of the springs were determined according to
the characteristics of the foundation soil, following the criteria pro-
posed by Terzaghi [11].

Following the prescriptions of AASHTO [10], the analysis per-
formed in order to design the pier was the multimodal elastic, since
the bridge presents geometric, mass distribution and stiffness
regularity, and it is located on seismic zone 2 (Peak Ground Ac-
celeration equal to 0.3g). The modes to be included in the anal-
ysis shall be at least equal to three times the number of bridge
spans and also it shall be checked that at least 90% of the total
structure mass was mobilized in each of the three translational di-
rections. Displacements and forces were obtained by combining
the response of each mode through the CQC method (Complete
Quadratic Combination). The earthquake load combination in each
direction (transversal and longitudinal) was made taking 30% of
the transversal earthquake combined to 100% of the longitudinal
earthquake, then 100% of the transversal earthquake combined to
30% of the longitudinal one. The purpose of this multimodal analy-
sis has been to obtain the forces for designing the reinforcement of
the bridge, to be checked in the subsequent steps of the analysis.

-

00
=
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Figure 4
Sectional view showing the central pier wall of the
case study bridge
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Table 1
Pier reinforcement summary

80cm x 800cm transverse section

Longitudinal
reinforcement

® 25mm each 15cm
both sides

Transverse reinforcement
NBR6118 - usual detailing

® 6,3mm each 20cm
8 legged stirrup

Transverse reinforcement
ACI-318 - special detailing

® 10mm each 12.5cm
10 legged stirrup
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Figure 5
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The definition of the considered design spectrum followed the prescrip-
tions of AASHTO [10]. This will result in a bridge designed with low
probability of collapse, and that can experience significant damage and
discontinuity of operation when subject to earthquakes with 1000 years
of return period. As can be verified in Ecuador local seismic maps, the
values to be considered for Ss (acceleration coefficient for period of
0.2s) and S, (acceleration coefficient for period of 1.0s) and PGA (peak
ground acceleration) are, respectively, Ss = 0.725, S, = 0.255 and PGA
=0.3g. Based on the available site soil information, it was classified as
site Class D, stiff soil. The F, F, and FPGA values obtained from AAS-
HTO [10] tables are, respectively F,=1.22,F =1.89 and FPGA=1.20.
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Moment-curvature diagrams given by CAPIBA (Souza Jr. [4]). No concrete confinement taken into account
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Moment-curvature diagrams given by CAPIBA (Souza Jr.[4]), NBR6118 [8] transverse reinforcement, concrete

confinement considered
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Moment-curvature diagrams provided by CAPIBA (Souza Jr. [4]), ACI-318 [?] transverse reinforcement,

concretfe confinement considered

To consider the elastoplastic behavior, AASHTO [10] recommends re-
ducing the effects of seismic forces by a response modification factor,
since AASHTO is a force-based code. For critical operating class bridg-
es pier walls AASHTO [10] considers a response modification factor of
1.5. Initially the bridge pier was designed following AASHTO [10] provi-
sions, and since this is a force-based code, the response modification
factor was applied to reduce the elastic seismic stresses obtained after
this analysis. After the pier wall was designed based on this assump-
tion, its ductility capacity was evaluated based on CALTRANS [5] provi-
sions and also by performing a pushover analysis.

4.3 Design of central pier wall

Table 1 presents the pier reinforcement summary. The transverse

Table 2

Ductility capacity, no concrete confinement taken
info account

reinforcement was determined by two criteria, corresponding to
two levels of detailing and consequent concrete confinement,
that influence in ductility capacity. The first criterion is according
Brazilian Standard NBR6118 [8] referred to as usual detailing.
The second one is according ACI-318 [9] referred to as special
transverse detailing.

4.4 Pier wall ductility assessment according
to CALTRANS [5]

The moment-curvature diagrams obtained in CAPIBA Program
(inSouzaJr.[4])areshowninFigures5to 7. Tables 2to4 showthe
ductility capacity p_ for all the cases previously defined. Figure
8 shows the relationships between dimensionless compression

Table 3
Ductility capacity, NBR6118 [8] transverse
reinforcement concrete confinement

N, (kN) Ny He N, (kN) Ny M,
-130000 -0.813 1.24 -130000 -0.813 1.56
-115000 0.719 1.24 © -115000 0.719 1.62
-95000 -0.594 1.32 5 -95000 -0.594 1.83

e -80000 -0.500 1.43 5 -80000 -0.500 2.01
£ -65000 -0.406 1.63 7 -65000 -0.406 2.42
3 -50000 0.313 1.97 5 -50000 -0.313 2.96
5 -35000 -0.219 2.37 = -35000 -0.219 3.49
-20000 0.125 3.45 5 -20000 -0.125 4.08
-15700 -0.098 1.92 © -15700 -0.098 2.00
9415 -0.059 1.90 9415 -0.059 2.00
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Table 4
Ductility capacity ACI-318 [9], fransverse
reinforcement, concrete confinement

N, (kN) Ny He
-130000 0.813 1.50
115000 0.719 1.62
E -95000 -0.594 1.89
Q -80000 -0.500 2.16
< 65000 -0.406 2.69
5 -50000 0.313 3.23
fé -35000 0.219 3.84
§ -20000 0125 4.66
-15700 0.098 2.11
9415 -0.059 2.07

forces (obtained by Equation 14) versus ductility capacity.
_ Ny
"= fonry (14)

4.5 Nonlinear static pushover analysis

Four types of models where created in order to perform the nonlin-
ear static pushover analysis: three-dimensional model and springs
simulating the soil-interaction between the piles and the soil; three-
dimensional model and fixed piles; two-dimensional model and
springs simulating the soil-interaction between the piles and the
soil; and two-dimensional and fixed piles. The displacements and
ductility capacity are given in Table 5.

4.6 Results discussion

Analyzing the moment-curvature diagrams and the ductility ca-

500 r
450 F
4.00 -
3.50
3.00
250
2.00 F
1.50
1.00
050 f

0.00
0.000

Ductility Capacity

-0.200 -0.400 -0.600 -0.800 -1.000

Unconfined Na
s+ssssses Confined Asw NBR 6118
= = =Confined Asw ACI 318

Figure 8

pacity values obtained for unconfined concrete, confined con-
crete according NBR6118 [8] transverse reinforcement detailing,
and confined concrete according ACI-318 [9] transverse rein-
forcement detailing, it is clear that as the compression on the
column increases from 0 < n <-0.13, ductility capacity increases
as well. From certain compressive force values (n < -0.13), duc-
tility get smaller. For compressive strength values close to rupture
(n £-0.6), ductility becomes very low. It is also noticeable that for
-0.1 2 n 2 0.5, there is a considerable enhancement in ductility if
the effects of concrete confinement are taken into account. The
more confined is the concrete, greater is its ductility. But for n <
-0.5, increasing the transverse reinforcement does not result in
greater ductility capacity.

After performing nonlinear static pushover analyses, it can be
seen that for the 4 types of models for which the analysis was
performed, ductility capacity increases as the transverse reinforce-
ment increases as well. It is noticeable that two-dimensional mod-
els provided results that were very close to results obtained with
three-dimensional models. Representing piles by their real length
and springs for simulating the soil-structure interaction provides
higher ductility values than fixing the piles in the model.

5. Conclusions

EE

This study aimed to investigate the influence of reinforcement
detailing in ductility of reinforced concrete bridge central pier for
different levels of detailing. For this purpose, different sets of rein-
forced concrete levels of detailing were considered as design and
detailing guidelines, based on ACI 318 [9], intermediate, and spe-
cial detailing, and NBR 6118 [8]- ordinary detailing.

Member moment-curvature relationships were then obtained for
each level of detailing, based on Mander’s [3] confinement model
relations. Once the member moment-curvature diagrams were ob-
tained, member ductility was found by the CALTRANS [5] approxi-
mate method and by performing a non-linear pushover analysis.
As expected, member ductility reduces as the level of axial
compressive forces increases. From the moment-curvature

500 r
4.50 -
4.00 -
3.50 ¢
3.00
250 r
200 +
1.50 +
1.00 +
0.50

0.00 T T T T
0.000 -0.200 -0.400 -0.600 -0.800

Ductility Capacity

-1.000

Unconfined N4
seeee Confined Asw NBR 6118
— = = Confmned Asw ACI 318

Ductility capacity versus dimension less compressive forces
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Table 5

Ductility capacity after nonlinear pushover analysis on SAP2000 (2014)

| Three-dimensional model. Flexible base

Two-dimensional model. Flexible base

N, (kN) Ny M, N, (kN) Ny Mo

, -15700 -0.098 2.72 , -15700 -0.098 2.70
Unconfined Unconfined

9415 -0.059 2.31 9415 -0.059 2.30

Conﬁned -1 5700 -0098 299 Conﬁned -1 5700 -0098 296

A, NBR6118 9415 -0.059 2.77 A, NBR6118 9415 -0.059 2.74

Conﬁned -1 5700 -0098 335 Conﬁned -1 5700 -0098 338

A, ACI-318 9415 -0.059 2.91 A, ACI-318 9415 -0.059 2.88

Three-dimensional model. Fixed base

Two-dimensional model. Fixed base

N, (kN) Ny M, Ny (kN) Ng Mo

, -15700 -0.098 2.49 _ 15700 -0.098 242
Unconfined Unconfined

9415 -0.059 2.12 9415 -0.059 2.06

Confined -15700 -0.098 2.72 Confined 15700 -0.098 2.65

A,,NBR 6118 9415 -0.059 2.54 A,,NBR 6118 9415 -0.059 245

Confined -15700 -0.098 3.09 Confined -15700 -0.098 2.99

A, ACI-318 9415 -0.059 2.66 A, ACI-318 9415 -0.059 259

relationships it can be noticed that for certain compression val-
ues (-0.1 =2 n =- 0.5), as long as the concrete is sufficiently con-
fined, the strength drop is not abrupt. This can be valuable infor-
mation when designing a bridge subjected to seismic actions. It
is possible to assure a good bridge performance by regulating
the compression rate to which the pier is subjected to. As long
as the pier compression is in its optimal range, effective con-
finement assures enough ductility. As long as the pier presents
enough plastic deformation capacity, fragile rupture is avoided.
It can also be concluded that determining ductility capacity by
applying a response modification factor may be too conserva-
tive and uneconomical. A pier can achieve greater levels of duc-
tility by adopting special detailing and therefore, at least a dif-
ferent set of response modification factors could be provided by
bridge codes, accounting for the level of detailing adopted in the
design. Summarizing, concrete piers can achieve ductility levels
rather superior than the corresponding to the factors proposed
by AASHTO [10], so the response modification values could be
revisited, and to different levels of detailing different response
modification factors could be defined.

After performing the nonlinear static pushover analysis, it can
be seen, as expected, that for the 4 types of models where the
analysis was performed, ductility capacity is greater as long as
the transverse reinforcement increases. It is noticeable that two-
dimensional models provided results that were very close to those
obtained by three-dimensional models. It can be concluded that
the two-dimensional models can present satisfactory results, and
the simplified two-dimensional nonlinear static pushover analysis
can be adopted to find a member ductility capacity. Representing
piles by their real length and springs to simulate the soil-structure
interaction results in greater ductility values than the obtained by

fixed piles, which is expected, since the base is more flexible and
allows the structure to move more freely. Therefore, it is noticeable
that obtaining member displacement capacity by equivalent length
fixed piles provides conservative results.
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Abstract
E——

This study aims the possibility of using the pull-out test results — bond tests steel-concrete, that has been successfully carried out by the research
group APULOT since 2008 [1]. This research demonstrates that the correlation between bond stress and concrete compressive strength allows
estimate concrete compressive strength. However to obtain adequate answers testing of bond steel-concrete is necessary to control the settings
test. This paper aims to correlate the results of bond tests of type pull-out with its variables by using Artificial Neural Networks (ANN). Though an
ANN is possible to correlate the known input data (age rupture, anchorage length, covering and compressive strength of concrete) with control
parameters (bond stress steel-concrete). To generate the model it is necessary to train the neural network using a database with known input and
output parameters. This allows estimating the correlation between the neurons in each layer. This paper shows the modeling of an ANN capable
of performing a nonlinear approach to estimate the concrete compressive strength using the results of steel-concrete bond tests.

Keywords: bond steel-concrete, artificial neural networks, pull-out test, concrete strength, APULOT test.

Resumo
[

O estudo visa avaliar a possibilidade de se usar os resultados do ensaio de arrancamento “pull-out test” — ensaio de aderéncia ago-concreto para
estimativa da resisténcia a compressao do concreto, este método vem sendo utilizado com sucesso pelo grupo de pesquisa APULOT, desde
2008 [1]. A pesquisa ora realizada evidencia a existéncia da correlagdo entre essas duas variaveis, aderéncia e resisténcia a compressao do
concreto, o que permite determinar estimativas apropriadas da resisténcia a compresséo do concreto, melhorando deste modo a capacidade do
controle tecnoldgico “in situ” do concreto. Entretanto para se obter respostas adequadas dos ensaios de aderéncia ago-concreto é necessario
controlar as configuracdes de ensaio, dado que existem diversos formatos de corpos de prova para estes tipos de ensaios na literatura. Deste
modo, este trabalho tem por objetivo correlacionar os resultados obtidos em ensaios de aderéncia do tipo pull-out a suas variaveis por meio da
utilizagéo de Redes Neurais Artificiais (RNA). Com a utilizacdo de uma RNA, pode-se correlacionar, de forma néo linear, dados de entrada conhe-
cidos (idade de ruptura, comprimento de ancoragem, cobrimento e resisténcia a compressédo) com parametros de controle (tensdo de aderéncia
acgo-concreto). Para gerar o modelo neural € necessario treinar a rede, expondo-a a uma série de dados com parametros de entrada e de saida
conhecidos. Isto permite estimar os coeficientes de correlagéo entre os neurdnios de cada camada. O presente trabalho apresenta a modelagem
de uma RNA capaz de realizar uma aproximagao nao linear, visando estimar a resisténcia a compresséao do concreto a partir dos resultados de
ensaios de aderéncia ago-concreto.

Palavras-chave: aderéncia ago-concreto, redes neuriais artificiais, ensaio pull-out, resisténcia a compressao do concreto, ensaio APULOT.
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1. Introducgao

[

The use of Atrtificial Intelligence (Al), which enables the develop-
ment of templates to aid in the diagnosis and decision-making.
There are several modeling techniques of data and production of
information that seek to simulate human intelligence, fundamental
strategy to enable them to solve complex problems, such as Hy-
pothesis Testing, Nebula Logic, Expert Systems, Artificial Neural
Networks, among others. One of the most promising techniques of
Al uses Artificial Neural Networks (ANNs). It is a suggested meth-
od to solve complex problems, based on the construction of a com-
putational template made of circuits that simulate the functioning of
the human brain. This is the case of the interpretation of results of
a pull-out steel-concrete bond test, which demands special knowl-
edge and can be simulated using these tools.

Throughout the use of ANNSs, it is possible to correlate, in a non-
linear way, known input parameters, such as age, length of an-
choring, spreading and compressive strength with desired control
parameters, as the tension of steel-concrete bond, as an output to
neural model.

The ANNs can be generated using multiple layers’ perceptron
(MLP) and trained with an error back propagation algorithm, for
example, the ones that are submitted to a big number of input and
output data, allowing it to make an appropriate estimate of the cor-
relation coefficients in each layer.

The research group LEME (Structural Models and Testing Laborato-
ry) has sought in recent years to implement features to improve the
analysis of reinforced concrete structures. The work developed by

Inputs <

Synaptic
Weights

Figure 1
Model of non-linear neuron [6]

LORENZI (2009) [2] showed that the ANNs can be used to generate
numerical methods possibly applicable for estimation of compres-
sive strength from tests of propagation of ultrasonic pulse velocity
(UPV). The research group APULOT has been working hard in stud-
ies to check the possibility of using the results of the testing of bond
steel-concrete for estimating compressive strength of concrete. The
authors Silva (2010) [3]; Lorrain et al. (2011) [4] show that the cor-
relation between these variables is valid and it is possible to make
appropriate estimates of compressive strength. However, to get ap-
propriate responses of steel-concrete bond tests it is necessary to
control the settings, considering, among other parameters, the exis-
tence of various shapes of specimens for these types of tests.
Processing various data can be a complex task and demand a lot
of time. Among the existing numerical methods of data process-
ing, the ANNs, which bills itself as a proposed numerical method
to solve problems, determines the correlation between the com-
pressive strength of concrete and bond stress of steel-concrete on
certain tests.

In this work, the results of some studies developed by the group of
researchers LEME/APULOT are presented. They are aimed to the
modeling of an ANN if it is efficient to represent the non-linear rela-
tion between a dataset of compressive strength and steel-concrete
bond stress.

In this way, the aim of this study is to evaluate the potential of ANNs
for interpretation of data to present the modeling of an ANN able to
perform a non-linear approach. It focuses to estimate compressive
strength of concrete from the results of the testing of steel-concrete
bond and to demonstrate the accuracy of the estimate of the ANNs
in front of multiple regression statistical models.
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2. Artificial Neural Networks

EE

How SRIRAM (1997) [5] explains, the ANNs are computational
techniques that generate models inspired by the neural structure
of intelligent organisms and acquire knowledge through analysis
of previous experiences. In its most general form, ANN is a struc-
ture designed to work similarly to how the brain performs a certain
task of interest. To achieve a good performance, the ANNs adopt a
strategy of massive interconnection of simple computational cells,
called neurons, or processing units (HAYKIN, 2001) [6].

ANNSs are a different computer system from the conventional para-
digm, which is based on a central processor element controlling
the system. The neural paradigm processing is done through dis-
tributed artificial neurons. The elements of the ANNs processors
operate in a parallel way, interacting with each other. The network
learns to solve a task that is assigned through a training algorithm.
The operation of the model depends on the dynamics of neurons
and how they are connected, which will determine the type of task
that will be performed over the network. As networks are based on
an analogy of functioning of the brain, next item discusses, briefly,
some aspects related to the way it operates. (CORREA, 2004 [7]).
The functioning of ANNs is based on the relation established be-
tween stimuli input and output of a system, and have the advan-
tage that, for this purpose, it is not necessary to establish a previ-
ous mathematical model that defines the forms of these relations.
The networks learn these relations of the data themselves, from a
training process, similar to the learning of the human brain.

Enter signals <

Input Layers Hidden Layers

Figure 2
Representation of an ANN with two hidden layers [6]
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The network structure resembles the brain in two aspects: the
knowledge is acquired by the network from records of the entry
and exit conditions of any proceedings, through a learning pro-
cess, which can be driven or stand-alone. Synaptic weights, which
represent the connection strengths between neurons that form the
network, are used to store learned knowledge.

A typical network consists of an input layer, composed of as many
neurons as it is necessary to encode the information; one or more
hidden layers, which allow the transformation of information ac-
cording to a structure of weights that was established when the
network was trained; and an output layer, which records the result
of the processing performed. Each unit or neuron saves only one
value that changes depending on the stimuli received from all neu-
rons that precede and are linked.

Figure 1 illustrates the basic operation of a neuron. As shown in
the figure, the neuron receives a series of input signals or stimuli,
each activated with a specific weight. The stimuli are combined
through an additive function, which can be influenced by a trend (or
bias) introduced in the system. The result is filtered by an activation
function. This generates an output signal with a certain intensity,
which will serve as a stimulus for the next neuron.

The relation between neurons are called connections and are charac-
terized by having different intensities. These intensities are represent-
ed by the synaptic weights, which are existing correlation coefficients
between neurons. An ANN works through the dissemination of stimuli
between its layers, while the array of synaptic weights modifies these
stimuli, generating different responses to different stimuli.

(Output Signals)

Output Layers
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To implement ANN, it is used networks of neurons that are struc-
tures able to represent more complex surfaces. The use of a set of
well-articulated neurons allows the network “reason,” establishing
a non-linear relation between stimulus and result. This structure
allows the known multilayer perceptron (MLP). Figure 2 shows a
schematic model of a perceptron of 4 layers, which contains two
hidden intermediate layers.

According to Haykin (2001) [6], the training is supervised us-
ing an Error Back Propagation algorithm - EBP. This algorithm
is based on the use of interaction, changing synaptic weights,
backward, seeking to reduce the error at the end of the train-
ing. The same involves two steps: the propagation and back-
propagation. During propagation, a vector of input is applied to
sensory network nodes and its effect is multiplied through the
network, to produce a set of stimuli, output that characterize
the response from the network.

Comparing the response generated with the expected, it's checked
if it is necessary to adjust the synaptic weights. This occurs during
back-propagation, in which synaptic weights are adjusted according
to a rule of error correction. The synaptic weight adjustment causes
the actual response of the network moves closer to the desired re-
sponse, in a statistical sense.

One of the most important properties of ANNs is the ability to
simulate the learning, that is, to use new data to adjust the
model and improve performance. Learning is a process by
which the free parameters of ANN are adjusted, through a
process of stimulation, the environment in which it is insert-
ed. Depending on the way the modification of parameters oc-
curs it is determined which is the learning strategy (HAYKIN,
2001) [6].

Concrete

Free pre-length

Support :
Plate
EEEEREEEL
Steel Bar P
€3
v
Figure 3

Scheme of pullout fest showing ANN control variables

3. Estimation of the bond stress
steel-concrete from pull-out tests
EE
The bond between steel and concrete is a determinant factor for
the good behavior of reinforced concrete structural. The FIB (2000)
[8] stresses that the knowledge of the behavior of the bond is es-
sential for the correct understanding of the rules to calculate the
length of anchoring and amendments by armor bars crossover, for
the calculation of displacements considering the stiffening effect by
traction control, cracking and the minimum amount of armor. There
are several factors that influence in adherence steel-concrete. ACI
408R/2003 [9] emphasizes the following: type of ribbed bar con-
figuration, the diameter of the bar, the situation of the bar’s surface
(deterioration), the layout of the bar at the time of the launch of
concrete (horizontal or vertical), the water-cement ratio (w/c), the
mechanical strength of concrete, mineral additions, as well as the
pozzolanic materials, the physicochemical characteristics of mate-
rials used in concrete, the density and age, among others.
There are several test methods described in the literature (FIB, 2000)
[8], to measure the steel-concrete bond. The most used are the pull-
out test (pull-out test) suggested by the technical recommendation of
RILEM CEB/FIP/83 [10]. With the completion of the test, which schema
is shown in Figure 3, it is possible to get the intensities of the forces in
kilonewtons in function of the offset. With this value of force divided by
the area of the bar anchoring the bond stress (1b), as shown in Equation
1. In this equation «F» is the force of pullout, «@» is the diameter of the
steel bar, «lex is the anchoring length of the test and «c» is the concrete
coverings. It is noteworthy that the maximum bond stress (b, max) is
calculated based on the maximum pullout force obtained in the tests.

= (1)

Many variables, as described above affects the results of maximum
bond stress. To improve the efficiency of the method it is necessary
to develop more sophisticated models, which is the subject of on-
going research. Given the synergy effects and lack of knowledge
about each one of them, it is possible to say that this is a problem
that requires a non-linear modeling of unstructured knowledge,
which justifies the use of modeling technique via ANNs.

4. Model

EE

To achieve the objective proposed for this work, it is used ANN with
four layers, implemented with the use of the software MATLAB 6.0,
suitable for interpretation of data from tests of steel-concrete bond,
to produce estimates of concrete compressive strength.
It was settled the number of layers in 4 because of the initial num-
ber of samples of this database at the beginning. For the database
used (562 samples) it is considered that this amount of correlations
allows us to provide a good flexibility and interpretation capacity
to the network, as preliminary studies conducted by the research
group LEME [11], [12], [13] and [14]. In these studies, it is con-
cluded that this type of network can produce an adequate simula-
tion and consistent with the objective of the research. The input
data were normalized using for this purpose the function premnmx,
which pre-processes the network training through the normaliza-
tion of entries and targets within the range [-1 1].
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To analyze how the structure of the network affects the accuracy
of performance, the characteristics of the network standard were
modified, being varied the number of neurons and the control pa-
rameters, to find out how these changes affected the result.

The source data used in this study to train and test the ANNs en-
compassed results of tests of steel-concrete bond of pull-out tests,
in three different searches. Table 1 shows the data removed and

its authors.

The data used in this study to train and test the ANNs encom-
passed results of pull-out tests, with the maximum bond stress be-
tween values of 4.0 to 50.2 MPa. Figure 4 shows the distribution
of the data used (steel bar diameter @ x compressive strength “fc”
x bond stress “1b”). Figure 5 shows the number of observations in
each maximum bond stress range for the results used to form ANN.

Table 1
Experimental data

18
16 -

14 .

Diameter - mm

12

Strength - MPa

Figure 4

++

-

+

fra
H
gt
v S
et

Bond - MPa

Distribution of bond tests data pull-out,
used to compose ANNvariables

1%}

le

Cc

Age

Concrete compressive

References strength
(mm) (mm) (mm) (days) f._ (MPa)
Castro (2000) [16] 16 80 52/92 | 15/18 83,04 / 86,14
Fernandes (2000) [17] 10/20 | 50/100 45 / 90 28 27.47 / 27,99
Barbosa (2002) [18] 16/20 | 80/100 52 /90 90 33,63/54,77/63,31/
Franca (2004) [19] 16 80 92 28 / 90 32,97 / 35,21
Almeida Filho (2006) [20] | 10/16 50 / 80 45/ 72 7/14 30 / 60
Graeff (2007) [21] 8/12,5 40/62,5 36/56,2 21 25
Caetano (2008) [15] 125 62,5 61,8 63 25 / 45 / 65
- 6,3/8/10/ | 18.9/24/30/ | 96,9/96/95/ 40/35,9/41,4/34/37,4/39.4
Simplicio (2008)[22] 12.5/16 | 37.5/48 93,8/92 %0 /40/39,6/28/29,1/29.3
Reis (2009)[23] 10/16 50/80 45/72 28 23,6/ 37.2
Siva (2010) [31: 8/10 /12,5 | 40/50/62,5 | 96/95/93,7 | 3/7/28 |16,7/21,1/28/33.1/40,5/49,9
Silva ef al. (2013) [24] : ' ' 7121, 1/40,5/49,
Lorrain et al. (2010) [25] 12,5 62,5 56,2 28 20
Lorrain et al. (2011) [4] 8 80/135 36 3/7/14 | OB/8NIS0T/28.54126.75]
Ferreira ef al. (2011)[26] | 6,3/8/10 | 31,5/40/50 46 7 38,2/45,3
Tojal (2011)[27] 10/16 50/ 80 45/ 72 28 345
Silva Filho et al. (2012) [28] 125 62,5 56,2 28 27.4
Franca (2012)[29] 6,3/8/10 | 31,5/40/50 | 96,9/96/95 | 21 25/40
Baiochi et al. (2013) [30]
Tomines ot 5 013 a1 10 63 46 7/28 49,56/59,63
Godoy et al. 2012)[32]
sty s 8 110 46 14/ 28 23,54/38,27/43,27
Lovera e Frutos (2013)[34]
et of o1 0141551 8 91/80/70/63 46 3/5/7/28 20/25/30/35
Silva (2010) [31]; 80/100/125/
Sivar o1 ol (20141 36] 810125 | 0 0 2! | 467454375 | 3/7/28 | 16.7/21,1/28/33,1/405/49.9
Martins et al. (2014)[37] 8 95/47/39,6 45 7 23,15/45,40/50,61
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N=562 tests; Mean=18,61 MPa; 5.0.=7,99 MPa;
Min=4,2 MPa; Max= 50,2 MPa
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Maximum bond stress (MPa)

Figure 5
Distribution of the results of maximum lbond stress
used in ANN

Figure 6 shows the direct relation between compressive strength
and maximum bond stress, evidencing an R? equal to 0.5821.
The relation between the data was estimated using multiple con-
figurations of an ANN, trained with an error back propagation al-
gorithm. It was controlled the estimation error and the number of
training moments (steps of interaction), and registered the com-
putational time spent to proceed with this train. To accomplish the
approach it was used the format suggested by Caetano (2008)
[15], shown in equation 2 :

1
Tomix = 1034 X 55 X Ner’? x fc2® x
0

1 1 03+ GC, (2)

f 0,5 X f 0,5 1,4
Te S g fe 0,3 + GC;

Thmax = 0,3297f:+ 6,2936 (R?=0,5821)
60

50

40

30

Maximum Bond Stress - 1, ;. (MPa)

0 20 40 60 80 100 120
Compressive Strength - f, (MPa)

Figure 6

Relation between compressive strength and

maximum adherence of pull-out fests used to

compose the ANN

Where:
Tomax = Maximum bond stress in MPa. En = type of test (0.5 for
simple pullout; 1,5 for eccentric pullout). Ner = type of rib (0.5 for

‘N’ type; 1.5 for ‘n’ type). fcc = encoded concrete’s compressive

fc
strength, in MPa; fe, = % . Tec = encoded exposure temperature,

in °C; Te, =1, for Te<350°C. &, = steel bar diameter,

16 ; GCC = degree of corrosion, encoded in
GC

percentage; GC, = 5

in mm. 9.

5. Results and discussions
E——

All the data taken from the literature were with En = 0.5; NER = 0.5,
room temperature, in other words, without high temperatures and
no degree of corrosion.

Figure 7 illustrates the Neural Network Matlab Training Toolbox
that was used to carry out the simulations through the software
Matlab R2012.

Figures 8, 9 and 10 illustrate three of training simulations used
for modeling the results obtained experimentally, to estimate the

4\ Neural Network Training (nntraintool) - X

Neural Network

SR Jai s JgEs In

Algorithms

Training:
Performance: Mean Squared Error (mse)

Levenberg-Marquardt (trainim)

Derivative: Default (defaultderiv)
Progress
Epoch: o [ 1497 iterations 10000
Time: 0:00:20
Performance: 0723 | ES6es12R | 0.00
Gradient: 373 9.98e-08 | 1.00e-07
Mu: 0.0100 1.00e-08 1.00e+10
Validation Checks: 0 0 6
Plots
erforance (plotperform)
Training State (plottrainstate)
Regression (plotregression)
Plot Interval: ' 10 epochs
v Minimum gradient reached.
@ Stop Training @ Cancel

Figure 7
Matlab Neural Network Training Toollbox
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Best Training Performance is 8.9571e-12 at epoch 1497

- Ilif\-é
.1

Kean Squared Error (mse)

0" 1 L I ] 1 I 1
1497 Epochs

Figure 8
Evolution of Arfificial Neural Network training - ANN 20x40x40x1

Best Training Performance Is 2.1997e-11 at epoch 800

Mean Squared Error (mse)

10* —

100 200 300 400 500 600 00
800 Epochs

Figure 9
Evolution of Artificial Neural Network fraining - ANN 10x30x30x1
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Best Tralning Performance is 3.9546e-12 at epoch 1320
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compressive strength of concrete from the results of the testing of
steel-concrete bond using ANNs. The line in blue represents the
calculated error at each step of the network. By seeking the maxi-
mum training as possible, the allowable value for error average
established for the network was zero.

Figures 11, 12 and 13 illustrate the results of three of ANNs that
were tested in this study. Both simulations generated similar re-
sults. As it can be seen in those figures, the obtained results in-
dicate that the power estimated from ANNs is effective. In those
figures, the original data of 200 cases (red diamond), an estimate
based on traditional statistical processes (blue cross) and the re-
sults of ANN (green circle) are represented.

Figure 11 shows the result obtained with the best perceptron stud-
ied, which had 20 neurons in the second layer, 40 in the third layer,
40 in the fourth and 1 in the output layer. In the first, the function
of transfer used was the hyperbolic tangent sigmoid, while in the
output layer the function adopted was linear.

Figure 12 shows the result obtained with the best perceptron stud-
ied, which had ten neurons in the second layer, 30 in the third layer,
30 in the fourth and 1 in the output layer. In the first, the function
of transfer used was the hyperbolic tangent sigmoid, while in the
output layer the function adopted was linear.

Figure 13 shows the result obtained with the perceptron studied,
which had ten neurons in the second layer, 80 in the third layer, 80
in the fourth and one layer in the output layer. In the first, the func-
tion of transfer used was the hyperbolic tangent sigmoid, while in
the output layer the function adopted was linear.

Although this study database is still small, it can be observed that,
throughout the use of ANNSs, the data obtained in experiments in
relation to traditional statistical templates can be better adjusted.

B0

Based on these first experiments, the permanence of this search
will focus on increasing the database used in the simulation and
use other training algorithms to performe this simulation.

6. Conclusions

EE

This work sought to evaluate the possibility of using the steel-con-
crete bond tests to estimate the compressive strength of concrete
(fc), a complicated initiative given the fact that the concrete is a
very heterogeneous material and that changed through time.

The results show that it is possible to perform a non-linear mapping
of the relation between the compressive strength of concrete x bond
stress steel/concrete, considering parameters such as the length
of the diameter of the bar anchoring, the age of rupture and the
spreading of concrete around the steel bar (confinement). The news
consisted in the employment of neural templates. Given the synergy
of effects and lack of knowledge about each of the parameters that
affect the estimation of the “fc,” it can be concluded that the problem
requires a non-linear modeling of unstructured knowledge.

The modeling technique using ANNs presented itself as an ef-
fective tool for the treatment of the data proposed, given the
ability of learning and generalization of acquired knowledge of
ANN. However, it must be used a database that contains a sig-
nificant amount of previous results, with a good variation of the
parameters considered important for the assessment of the per-
formance of the structure.

From the analysis of the results obtained, it can be inferred that
the use of ANNs has the potential to produce robust and flexible
numerical methods for interpretation of the testing of bond stress
steel/concrete.
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Artificial Neural Network modeling - ANN T0x30x30x1
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Artificial Neural Network modeling - ANN 10x40x80x1

These tests reinforce the idea that the use of the trial could be
useful in the analysis of structures, confirming the idea that this
test has great potential for use in the case of inspection of struc-
tures. The templates generated can be considered as dynamic as
the networks can be improved when new data are collected. The
results obtained indicate that ANNs has the potential to be used
to obtain estimates of the compressive strength from data of bond
stress steel/concrete, for inspection of structures.
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Abstract
E——

This study aims the possibility of using the pull-out test results — bond tests steel-concrete, that has been successfully carried out by the research
group APULOT since 2008 [1]. This research demonstrates that the correlation between bond stress and concrete compressive strength allows
estimate concrete compressive strength. However to obtain adequate answers testing of bond steel-concrete is necessary to control the settings
test. This paper aims to correlate the results of bond tests of type pull-out with its variables by using Artificial Neural Networks (ANN). Though an
ANN is possible to correlate the known input data (age rupture, anchorage length, covering and compressive strength of concrete) with control
parameters (bond stress steel-concrete). To generate the model it is necessary to train the neural network using a database with known input and
output parameters. This allows estimating the correlation between the neurons in each layer. This paper shows the modeling of an ANN capable
of performing a nonlinear approach to estimate the concrete compressive strength using the results of steel-concrete bond tests.

Keywords: bond steel-concrete, artificial neural networks, pull-out test, concrete strength, APULOT test.

Resumo
[

O estudo visa avaliar a possibilidade de se usar os resultados do ensaio de arrancamento “pull-out test” — ensaio de aderéncia ago-concreto para
estimativa da resisténcia a compressao do concreto, este método vem sendo utilizado com sucesso pelo grupo de pesquisa APULOT, desde
2008 [1]. A pesquisa ora realizada evidencia a existéncia da correlagdo entre essas duas variaveis, aderéncia e resisténcia a compressao do
concreto, o que permite determinar estimativas apropriadas da resisténcia a compresséo do concreto, melhorando deste modo a capacidade do
controle tecnoldgico “in situ” do concreto. Entretanto para se obter respostas adequadas dos ensaios de aderéncia ago-concreto é necessario
controlar as configuracdes de ensaio, dado que existem diversos formatos de corpos de prova para estes tipos de ensaios na literatura. Deste
modo, este trabalho tem por objetivo correlacionar os resultados obtidos em ensaios de aderéncia do tipo pull-out a suas variaveis por meio da
utilizagéo de Redes Neurais Artificiais (RNA). Com a utilizacdo de uma RNA, pode-se correlacionar, de forma néo linear, dados de entrada conhe-
cidos (idade de ruptura, comprimento de ancoragem, cobrimento e resisténcia a compressédo) com parametros de controle (tensdo de aderéncia
acgo-concreto). Para gerar o modelo neural € necessario treinar a rede, expondo-a a uma série de dados com parametros de entrada e de saida
conhecidos. Isto permite estimar os coeficientes de correlagéo entre os neurdnios de cada camada. O presente trabalho apresenta a modelagem
de uma RNA capaz de realizar uma aproximagao nao linear, visando estimar a resisténcia a compresséao do concreto a partir dos resultados de
ensaios de aderéncia ago-concreto.

Palavras-chave: aderéncia ago-concreto, redes neuriais artificiais, ensaio pull-out, resisténcia a compressao do concreto, ensaio APULOT.
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1. Introducgao

[

A utilizagao de ferramentas de Inteligéncia Artificial (IA), que pos-
sibilitam o desenvolvimento de modelos capazes de auxiliar no
diagnodstico e na tomada de decisdo. Existem diversas técnicas
de modelagem de dados e produgédo de informagdes que buscam
simular a inteligéncia humana, estratégia fundamental para habi-
lita-las a resolver problemas complexos, tais como: Testes de Hi-
poteses, Logica Nebulosa, Sistemas Especialistas, Redes Neurais
Artificiais, entre outras. Uma das técnicas de |A mais promissora é
a que utiliza as Redes Neurais Atrtificiais (RNAs), método proposto
para solucionar problemas complexos, baseado na construgéo de
um modelo computacional composto de circuitos que simulam o
funcionamento do cérebro humano. Este é o caso da interpretagéo
de resultados do ensaio de arranchamento pull-out — ensaio de
aderéncia ago-concreto, que demanda conhecimento especializa-
do e pode ser simulado utilizando estas ferramentas.

Através da utilizagdo das RNAs é possivel correlacionar, de forma
nao linear, parametros de entrada conhecidos, como idade de ruptu-
ra, comprimento de ancoragem, cobrimento e resisténcia a compres-
s@o com parametros de controle desejados, como a tensao de ade-
réncia ago-concreto, como uma resposta de saida do modelo neural.
As RNAs podem ser geradas utilizando-se como base perceptrons
de multiplascamadas (MLP) e treinadas com um algoritmo de re-
tropropagacdo de erro, por exemplo, que as submetem a uma
grande série de dados de entrada e saida conhecidos, permitindo
que a mesma faga uma adequada estimava dos coeficientes de
correlagédo em cada camada.

[ xi

X2

Sinais de <

entrada

Xom
s
Pesos
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Figura 1

Modelo ndo linear de um neurdénio [6]

O Grupo de Pesquisa LEME (Laboratério de Ensaios e Modelos
Estruturais) tem buscado, nos ultimos anos, implementar recur-
sos para melhorar a analise de estruturas de concreto armado.
O trabalho desenvolvido por LORENZI (2009)[2] mostrou que as
RNAs podem ser utilizadas para gerar métodos numéricos possi-
velmente aplicaveis para estimativa da resisténcia a compressao
a partir de ensaios de velocidade de propagacéao do pulso ultra-
-sonico (VPU)._O grupo de pesquisa APULOT vem trabalhando
com afincoum estudo que visaavaliar a possibilidade de usar os
resultados de ensaios de aderéncia ago-concreto para estimar a
resisténcia a compressao do concreto.Os autores Silva (2010)[3];
Lorrain et al. (2011)[4] evidenciaram que a correlagéo entre essas
variaveis é valida e que é possivel fazer estimativas apropriadas
da resisténcia a compressao. Entretanto para se obter respostas
adequadas dos ensaios de aderéncia ago-concreto € necessario
controlar as configuragbesdos mesmos tendo em vista, entre ou-
tros parametros, a existéncia de diversos formatos de corpos de
prova para estes tipos de ensaios.

Deste modo, processar inUmeros dados pode ser uma tarefa
complexa e demandar muito tempo. Entre os métodos numéricos
existentes de processamento de dados, tem-se as RNAs, que se
apresenta como um método numérico proposto para solucionar
problemas, entre ele, de engenharia e, nesse caso, para deter-
minar a correlagao entre a resisténcia a compressao do concreto
e a tensdo de aderéncia ago-concreto em determinados ensaios.
Neste trabalho apresenta-se o resultado de alguns estudos desen-
volvidos pelo Grupo de Pesquisa LEME/APULOT. Os mesmos séo
voltados para a modelagem de uma RNA que se mostre eficiente
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para representar a relagéo ndo linear existente entre um conjunto
de dados de resisténcia a compressao e de tensdo de aderéncia
aco-concreto.

Desta forma, o objetivo deste trabalho é avaliar o potencial das
RNAs para interpretacao de dados com vistas a apresentar a mo-
delagem de uma RNA capaz de realizar uma aproximagéo nao
linear, visando estimar a resisténcia a compressao do concreto
a partir dos resultados de ensaios de aderéncia ago-concreto, e
demonstrar a precisdo da estimativa das RNAs frente a modelos
estatisticos de regressao multiplas tradicionais.

2. Redes neurais artificias

EE

Como explica SRIRAM (1997)[5], as RNAs sao técnicas compu-
tacionais que geram modelos inspirados na estrutura neural de
organismos inteligentes, e que adquirem conhecimento através da
analise de experiéncias prévias. Em sua forma mais geral, uma
RNA é uma estrutura projetada para funcionar de maneira similar
a forma como o cérebro realiza uma determinada tarefa de inte-
resse. Objetivando atingir um bom desempenho, as RNAs adotam
uma estratégia de interligacdo macica de células computacionais
simples, denominadas neurdnios ou unidades de processamento
(HAYKIN, 2001)[6].

As RNAs constituem um paradigma computacional diferente do
convencional, que tem por base um elemento processador cen-

Sinais de ,
entrada
(estimulo) A Y.
Camada de Primeira
Entrada Camada
QOculta
Figura 2

X
WK

tral controlando o sistema. No paradigma neural o processamento
é feito de forma distribuida, através dos neurbnios artificiais. Os
elementos processadores das RNAs operam de maneira parale-
la, interagindo-se entre si. A rede aprende a resolver uma tarefa
que lhe é atribuida através de um algoritmo de treinamento. O
funcionamento do modelo depende da dindmica dos neurdnios e
da forma como eles sdo conectados, o que ira determinar o tipo
de tarefa que sera realizado pela rede. Como as redes sao basea-
das numa analogia do funcionamento do cérebro, no préximo item
aborda-se, sumariamente, alguns aspectos relacionados a forma
de operagao do mesmo (CORREA, 2004[7]).

O funcionamento das RNAs se baseia no estabelecimento de rela-
¢oes entre estimulos de entrada e de saida de um sistema, e apre-
sentam a vantagem de que, para este fim, ndo é necessario esta-
belecer um modelo matematico prévio que defina a forma destas
relagbes. As redes aprendem estas relagdes dos proprios dados,
a partir de um processo de treinamento, de forma semelhante ao
aprendizado do cérebro humano.

A arquitetura das redes se assemelha a do cérebro em dois as-
pectos: O conhecimento é adquirido pela rede a partir de registros
das condigbes de entrada e saida de um processo qualquer, por
meio de um processo de aprendizagem, que pode ser dirigido ou
autdbnomo.Pesos sinapticos, que representam as forgas de cone-
xao entre os neurdnios que formam a rede, sao utilizadas para
armazenar o conhecimento adquirido.

Sinais de
saida
(resposta)

Segunda Camada
Camada de Saida
Oculta

Representacdo de um RNA com duas camadas ocultas [6]
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Uma rede tipica é constituida por uma camada de entrada (input
layer), composta de tantos neurdnios quanto seja necessario para
codificar as informagdes conhecidas; de uma ou mais camadas
intermediarias (hidden layers), que permitem a transformacao da
informacao de acordo com uma estrutura de pesos que foi estabe-
lecida quando a rede foi treinada; e de uma camada de saida (ou-
tput layer), que registra o resultado do processamento realizado.
Cada unidade da rede, ou neurdnio, guarda apenas um valor de
estado, que se modifica dependendo dos estimulos recebidos de
todos os neurdnios que o antecedem e estéo ligados ao mesmo.
A Figura 1 ilustra o funcionamento basico de um neurénio. Como
representado na figura, o neurdnio recebe uma série de sinais
de entrada, ou estimulos, cada qual ativado com um determina-
do peso. Os estimulos sdao combinados através de uma fungao
aditiva, que pode ser influenciada por uma tendéncia (ou bias)
introduzida no sistema. O resultado é filtrado por uma funcéo de
ativacdo. Esta gera um sinal de saida, com uma certa intensidade,
que servira de estimulo para o préximo neurdnio.

As ligacdes entre os neurbnios sdo denominadas conexdes e se
caracterizam por terem intensidades diferentes. Estas intensida-
des sao representadas pelos pesos sinapticos, que sao coeficien-
tes de correlagéo existentes entre os neurdnios. Em esséncia,
uma RNA funciona através da disseminacgdo de estimulos entre
suas camadas, sendo que a matriz de pesos sinapticos vai modi-
ficando estes estimulos, gerando respostas diferentes para esti-
mulos diferentes.

Para implementar uma RNA utilizam-se redes de neurdnios, estru-
turas capazes de representar superficies de decisdo mais comple-
xas. O uso de um conjunto de neurdnios bem articulado permite a
rede “raciocinar”, estabelecendo relagées nao-lineares entre esti-

Concreto .
.
—
Zona nio ;
Aderente "7 e
Placa de -
Apoio

PA1Y

Figura 3
Esquema do ensaio pull-out mostrando as
varidveis de controle da RNA

mulo e resultado. Esta arquitetura resulta nos denominados per-
ceptrons de multiplas camadas, ou MLPs (multilayer perceptrons).
A Figura 2 mostra um modelo esquematico de um perceptron de 4
camadas, que contém duas camadas intermediarias ocultas.
Conforme Haykin (2001)[6], o treinamento € normalmente realiza-
do de forma supervisionada, com o emprego do algoritmo deno-
minado como Retropropagacéo de Erro(Error Back Propagation
— EBP). Este algoritmo se baseia na realizacédo de iteragdes du-
rante as quais vao sendo modificados os pesos sinapticos, de tras
para frente, buscando reduzir o erro no final de seu treinamento. O
mesmo envolve dois passos: a propagacao e a retro-propagagao.
Na propagagéo, um vetor de entrada é aplicado aos nds senso-
riais da rede e seu efeito é propagado através da rede, de forma
a produzir um conjunto de estimulos de saida, que caracterizam a
resposta da rede.

Comparando a resposta gerada com a esperada verifica-se se &
necessario fazer ajustes nos pesos sinapticos. Isto ocorre durante
a retro-propagacao, na qual os pesos sinapticos sao ajustados de
acordo com uma regra de correcédo de erro. O ajuste dos pesos
sinapticos faz com que a resposta real da rede se mova para mais
perto da resposta desejada, em um sentido estatistico.

Uma das propriedades mais importantes das RNAs ¢ a habilidade
de simular o aprendizado, isto €, utilizar novos dados para ajustar
o modelo e melhorar o desempenho. A aprendizagem é um pro-
cesso pelo qual os parametros livres de uma RNA sao adaptados,
através de um processo de estimulagéo, ao ambiente na qual a
rede esta inserida. Em fungdo da maneira pela qual a modificagdo
dos parametros ocorre se determina qual a estratégia de aprendi-
zagem (HAYKIN, 2001)[6].

3. Estimativa da aderéncia ago-concreto
a partir de ensaios pull-out
EE
A aderéncia entre o ago e o concreto € um fator determinante para
0 bom comportamento estrutural do concreto armado. O FIB (2000)
[8] enfatiza que o conhecimento do comportamento da aderéncia
€ imprescindivel para a correta compreensao das regras de calcu-
lo do comprimento de ancoragem e emendas por traspasse das
barras de armaduras, para o calculo dos deslocamentos, conside-
rando o efeito de enrijecimento por tragao, o controle de fissuragao
e a quantidade minima de armadura. Existem diversos fatores que
influenciam na aderéncia ago-concreto, o ACI 408R/2003[9] enfa-
tiza os seguintes: tipo de configuragdo das nervuras da barra, o
didametro da barra, o estado em que se encontra a superficie da
barra (deterioragéo), a disposi¢cao da barra na hora do langamento
do concreto (horizontal ou vertical), a relagédo agua cimento (a/c),
as resisténcias mecanicas do concreto, as adigbes minerais, bem
como os materiais pozolanicos, as caracteristicas fisico-quimicas
dos materiais empregados no concreto, o adensamento e a idade
de ruptura, dentre outros.
Existem diversos métodos de ensaios, descritos na literatura (FIB,
2000)[8], para mensurar a aderéncia ago-concreto. O mais utili-
zado é o ensaio de arrancamento simples (pull-outtest) proposto
pela recomendagéo técnica da RILEM CEB/FIP/83[10]. Com a re-
alizacdo do ensaio, cujo esquema esta ilustrado na Figura 3,épos-
sivel obter as intensidades das forgas em quilonewtons em fungao
do deslocamento. Com este valor de forga dividido pela area de
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ancoragem da barra, calcula-se a tensdo de aderéncia (1b), como
mostra a Equagéao 1. Nesta equagéo “F” é a forga de arrancamen-
to, “@” é o diametro da barra de ago,”le” € o comprimento de anco-
ragem do ensaio e “c” & o cobrimento de concreto. Vale ressaltar
que a tensdo maxima de aderéncia (Th,max) é calculada com base
na forga maxima de arrancamento obtida no ensaio.

F

= m@le

™M

Um grande numero de variaveis, como descrito anteriormente afe-
ta os resultados de tensdo maxima de aderéncia. Para melhorar
a eficiéncia do método é necessario desenvolver modelos mais
sofisticados, tema que é objeto de interesse da pesquisa em anda-
mento. Dada a sinergia de efeitos e falta de conhecimento sobre

Table 1
Experimental data

Resistencia - MPa

Figura 4

Distribuicdo dos dados de ensaios de aderéncia
tipo pull-out, utilizados para compor a RNA

1%}

le

Cc

Age

Concrete compressive

References strength
(mm) (mm) (mm) (days) fc (MPa)
Castro (2000) [16] 16 80 52 /92 15/ 18 83,04 / 86,14
Fernandes (2000) [17] 10/ 20 50 /100 45 / 90 28 27,47 / 27,99
Barbosa (2002) [18] 16 /20 80/ 100 52 /90 90 33.63/54.77/63.31/
Franca (2004) [19] 16 80 92 28 /90 32,97 / 35,21
Almeida Filho (2006) [20] | 10716 50 / 80 45/ 72 7/14 30/ 60
Graeff (2007) [21] 8/12,5 40/62.5 36/56,2 21 25
Caefano (2008) [15] 12,5 62,5 61.8 63 25 / 45 / 65
- 6.3/8/10/ | 18.9/24/30/ | 96,.9/96/95/ 40/35,9/41,4/34/37,4/39,4
Simpilicio (2008)([22] 12,5/16 37,5/48 93,8/92 20 /40/39,6/28/29.1/29.3
Reis (2009)[23] 10/16 50/80 45/72 28 23,6/ 37,2
Silva (2010) [31]; 8/10 /12,5 | 40/50/62,5 | 96/95/93.7 | 3/7/28 | 16,7/21,1/28/33.1/40,5/49,9
Silva et al. (2013) [24] ' : : 121, 1/40,5/49,
Lorrain et al. (2010) [25] 12,5 62,5 56,2 28 20
Lorrain et al. (2011) [4] 8 80/135 36 3714 | OBI811507/25:54/26.75]
Ferreira et al. (2011)[26] | 6,3/8/10 | 31,5/40/50 16 7 38,2/45,3
Tojal (2011)[27] 10/16 50/ 80 45/ 72 28 345
Silva Filho et al. (2012) [28] 12,5 62.5 56,2 28 27.4
Franca (2012)[29] 6.3/8/10 | 31.5/40/50 | 96.9/96/95 21 25/40
Baiochi et al. (2013) [30]
Jotiine ot o201 Ry a1 10 63 46 7/28 49,56/59,63
Godoy et al. 2012)[32]
o ot a0 28] 8 110 46 14/ 28 23,54/38,27/43,27
Lovera e Frutos (2013)[34]
St ot o 0141551 8 91/80/70/63 46 3/5/7/28 20/25/30/35
Silva (2010) [3]; 80/100/125/
Sivar o1 ol (201451 36] 810125 | O 0 >l | 46/45143.75 | 3/7/28 | 16,7/21,1/28/33,1/40,5/49.9
Martins ef al. (2014)[37] 8 95/47/39.6 45 7 23,15/45,40/50,61
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N=562 ensaios; Média=18,61 MPa; D.P.=7,99 MPa;
Mn=4,2 MPa; Max= 50,2 MPa

o
o

LS

Numero de observagdes
8 & 8 8 3 8 8
N

Nl
1]

42 88

. : . L=
134 180 226 272 38 B4 410 456 502
Tensdo méxima de aderéncia (MPa)

Figura 5
Distribuicdo dos resultados de tensdo mdéxima
de aderéncia utilizados na RNA

cada um deles, pode-se dizer que este € um problema que exige
uma modelagem nao-linear de um conhecimento pouco estrutura-
do, o que justifica 0 emprego da técnica de modelagem via RNAs.

4. Formulagao do modelo

B

De forma a atingir o objetivo proposto por este trabalho, utilizou-se
uma RNA com 4 camadas, implementada com a utilizagéo do pro-
grama computacional MATLAB 6.0, apropriada para interpretacéo
dos dados de ensaios de aderéncia ACO-CONCRETO, com vias
a produzir estimativas de resisténcia.

Fixou-se o nimero de camadas em 4 em fungao do numero inicial
de amostras desta base de dados. Para a base de dados utilizada
(562 amostras) considera-se que esta quantidade de correlagdes
permite que se fornega uma boa flexibilidade e capacidade de in-

Ty o = 0,3297f + 6,2936 (R?=0,5821)

60

Tens&o maxima de aderéncia - T, . (MPa)

0 20 40 60 80 100 120
Resisténcia & compresséo - f. (MPa)
Figura 6
Relacdo entre a resisténcia & compressdo e a fensdo
maxima de aderéncia dos ensaios tipo pull-out
utilizados para compor a RNA

terpretagéo a rede, conforme estudos preliminares realizados pelo
Grupo de Pesquisa LEME [11], [12], [13] e [14]. Nestes estudos
chegou-se a conclusédo de que esta tipologia de rede sera capaz
de produzir uma simulagdo adequada e coerente com o objetivo
da pesquisa. Os dados de entrada foram normalizados utilizando-
-se para esta finalidade a fungéo premnmx, que pré-processa o
treinamento da rede através da normalizagao das entradas e me-
tas dentro do intervalo [ -1,1].

Para analisar como a estrutura da rede afetava a sua precisdo de
desempenho, foram entdo modificadas as caracteristicas da rede
padréo, sendo variados o numero de neurénios e 0s parametros
de controle, com o intuito de averiguar como estas mudancgas afe-
tavam o resultado.

Os dados de origem utilizados no presente estudo para treinar e
testar as RNAs englobavam resultados de ensaios de aderéncia
aco-concreto tipo pull-out de trés diferentes pesquisas. A tabela 1
mostra quais foram os dados retirados e os respectivos autores.
Os dados de origem utilizados no presente estudo para treinar e
testar as RNAs englobavam resultados de ensaios aderéncia do
tipo pull-out, sendo que a tensdo maxima de aderéncia dos mes-
mos variava entre valores de 4,0 a 50,2 MPa. A Figura 4 mostra
a distribuicdo dos dados utilizados (Diametro da barra de ago “@”

4\ Neural Network Training (nntraintool) - X

Neural Network

g T Jail igrs In

Algorithms

Training:
Performance: Mean Squared Error (mse)

Levenberg-Marquardt (trainim)

Derivative: Default (defaultderiv)
Progress
Epoch: 0 |: 1497 iterations 10000
Time: 0:00:20
Performance: 0723 [N 806120 | 0.00
Gradient: 373 9.98e-08 1.00e-07
Mu: 0.0100 1.00e-08 1.00e+10
Validation Checks: 0 0 6
Plots
(plotperform)
Training State (plottrainstate)
Regression (plotregression)
Plot Interval: ' 10 epochs
v Minimum gradient reached.
@ Stop Training @ cancel

Figura 7
Matlab Neural Network Training Toollbox
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Best Training Performance is 8.9571e-12 at epoch 1497

- Ilif\-é
.1

Kean Squared Error (mse)
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Figura 8
Evolucdo do treinamento da Rede Neural Artificial - RNA 20x40x40x1

Best Training Performance Is 2.1997e-11 at epoch 800

Mean Squared Error (mse)
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800 Epochs

Figura 9
Evolucdo do treinamento da Rede Neural Artificial - RNA 10x30x30x]1
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Best Tralning Performance is 3.9546e-12 at epoch 1320
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Modelagem da Rede Neural Artificial - RNA 20x40x40x1

1070  — IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



A.LORENZI | B. V. SILVA | M. P. BARBOSA | L. C. P. SILVAFILHO

x Resisténcia a compressao’fc” x Resisténcia de aderéncia “1b”).
A Figura 5 mostra o nimero de observagdes em cada faixa de
tensdo maxima de aderéncia para os resultados utilizados para
compor a RNA. Ja a Figura 6 mostra a relagao direta entre a re-
sisténcia a compressao e a tensao maxima de aderencia, eviden-
ciando um R? igual a 0,5821.

As relagdes entre os dados foram estimadas utilizando varias con-
figuragbes de uma RNA, treinada com um algoritmo de retropropa-
gacao de erro, sendo controlados o erro da estimativa e o numero
de épocas de treinamento (etapas de iteragéo), e registrado o tem-
po computacional gasto para proceder com este treinamentoPara
realizar a aproximagao adotou-se o formato proposto por Caetano
(2008)[15], indicado na equagao 2:

2

= 10,34 " % Ner®% x £c2°
Tpmax = 10, Eno's er X fcg™ X

1 1 ( 0,3 + GC, ) (2)

X

X
Tefe™ g e T \03+GC*
Onde:
T = Resisténcia maxima de aderéncia, em MPa. En = Tipo de

b,max

ensaio (0,5 para arrancamento simples; 1,5 para arrancamento
excéntrico). Ner = Tipo de nervura (0,5 para tipo “N”; 1,5 para tipo
“n”). fcc = resisténcia a compress&o do concreto codificada, em

MPa; fc :E . Tec = Temperatura de exposi¢cdo codificada,
‘30

em °C; Te, =1, para Te <350°C. @ = Didmetro da barra de ago

10}
codificada, em mm. @, = 6 ; GCc = Grau de corroséao codificado,

5. Resultados e discussoes

EE

Em todos os dados retirados da literatura foram com En = 0,5;
Ner = 0,5, temperatura ambiente, ou seja, sem altas temperaturas
e sem grau de corrosdo.

A figura 7 ilustra o Matlab Neural Network Training Toolbox que
foi utilizado para realizagado das simulagdes através do programa
computacional Matlab R2012.

As figuras 8, 9 e 10 ilustram o treinamento de trés das simulagdes
utilizadas para a modelagem dos resultados obtidos experimental-
mente, visando estimar a resisténcia a compressao do concreto a
partir dos resultados de ensaios de aderéncia ago-concreto atra-
vés da utilizagdo das RNAs.A linha em azul representa o erro cal-
culado em cada passo da rede. Em virtude de se buscar o maximo
treinamento possivel, o valor do erro médio admissivel estabeleci-
do para a rede foi de zero.

As figuras 11,12 e 13 ilustram os resultados de trésdas RNAs que
foram testadas no presente trabalho. Ambas simulagdes geraram
resultados muito parecidos. Como pode ser observado nas figu-
ras, os resultados obtidos indicam que o poder de estimagao das
RNAs ¢ eficaz. Nas figuras estédo representados os dados origi-
nais dos 200 casos (losango vermelho), uma estimativa baseada
em processos estatisticos tradicionais (cruz azul) e os resultados
da RNA (circulo verde).

A figura 11 mostra o resultado obtido com o melhor perceptron es-
tudado, que tinha 20 neurdnios na segunda camada, 40 na terceira
camada, 40 na quarta camada e 1 na camada de saida. Nas primei-
ras a fungdo de transferéncia utilizada foi a tangente sigmoide hiper-
bdlica, enquanto na camada de saida a fun¢édo adotada foi a linear.
Afigura 12 demonstra o resultado obtido com um perceptron estu-
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Modelagem da Rede Neural Artificial - RNA 10x30x30x1
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camada, 30 na quarta camada e 1 na camada de saida. Nas
primeiras a fungédo de transferéncia utilizada foi a tangente
sigmoide hiperbdlica, enquanto na camada de saida a fungao
adotada foi a linear.

Ja a figura 13 demonstra o resultado obtido com um percep-
tron estudado, que tinha 10 neurénios na segunda camada,
80 na terceira camada, 80 na quarta camada e 1 na camada
de saida. Nas primeiras a fungédo de transferéncia utilizada
foi a tangente sigmodide hiperbdlica, enquanto na camada de
saida a fungdo adotada foi a linear.

Apesar do banco de dados deste estudo ainda ser pequeno,
pode-se observar que, através da utilizagao das RNAs, pode-
-se ajustar melhor os dados obtidos nos experimentos em
relagdo aos modelos estatisticos tradicionais.

Com base nestes primeiros experimentos, a continuidade
destapesquisa ira focar-se em aumentar a base de dados
utilizada na simulagao e utilizar outros algoritmos de treina-
mento para realizar esta simulagéo.

6. Conclusoes
E—

Este trabalho buscou, em particular, avaliar a possibilidade
de se utilizar o ensaio de aderéncia ago/concreto para a es-
timativa da resisténcia do concreto (fc), uma iniciativa com-
plicada dado o fato de o concreto ser um material bastante
heterogéneo e que se modifica no tempo.

Os resultados demonstram que é possivel realizar um ma-
peamento nao linear da relagao resisténcia do concreto x
aderéncia ago/concreto, levando em consideragdo parame-
tros como o comprimento de ancoragem, o diametro da bar-

ra, a idade de ruptura e o cobrimento de concreto ao redor
da barra de aco (confinamento). A novidade consistiu no
emprego dos modelos neurais. Dada a sinergia de efeitos
e falta de conhecimento sobre cada um dos parametros que
afetam a estimativa da fc, pode-se concluir que o problema
exige uma modelagem n&o-linear de um conhecimento pouco
estruturado.

A técnica de modelagem utilizando RNAs, apresentou-se
como uma ferramenta eficaz para o tratamento dos dados
propostos, dada capacidade de aprendizagem e de generali-
zagao do conhecimento adquirido da RNA. Todavia é preciso
utilizar uma base de dados que contenha uma quantidade
significativa de resultados prévios, com uma boa variagdo
dos parametros considerados importantes para a avaliagdo
do comportamento da estrutura.

A partir da analise dos resultados obtidos, pode-se inferir que
a utilizagcdo das RNAs tem potencial para produzir métodos
numeéricos robustos e flexiveis para interpretagdo de ensaios
de tensao de aderéncia ago/concreto (Retirar esse trecho).
Os testes realizados reforgam a idéia de que a utilizagdo do
ensaio pode ser Util para a analise de estruturas, confirman-
do a idéia de que este ensaio tem grande potencial de uti-
lizagdo nos casos de inspecao de estruturas. Os modelos
gerados podem ser considerados como dinamicos, visto que
as redes podem ir sendo aperfeicoadas na medida em que
se coletam novos dados. Os resultados obtidos indicam que
as RNAs tem potencial para serem utilizadas para obtencéo
de estimativas da resisténcia a compressao a partir de da-
dos do ensaio de aderéncia ago/concreto, para inspegao de
estruturas.
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Abstract
E——

The aim of this work is to evaluate the behavior and strength of composite slabs considering the influence of the friction at the sheeting-concrete
interface in the region of the support. Results from tests conducted in the Structural Engineering Department of Federal University of Minas Gerais
(UFMG) were used. A Steel Deck 60 system was considered, which consists of a trapezoidal profile with “V” shaped embossments. Deflections,
end slips and strains of the steel decks were measured, allowing for the analysis of the behavior of the composite slab system and for the deter-
mination of its failure mode. The influence of friction of the region of support in the longitudinal shear resistance was evaluated through the partial
shear connection method, which also allowed for establishing criteria and determination of analytical expressions for calculating the ultimate load.
Comparative analyses reveal that the influence of the friction of the region of support in the shear-bond resistance is more significant in composite
slabs with short shear spans. Design expressions which incorporate friction will also be presented. Their application have demonstrated the ef-
ficiency of the method for evaluating the longitudinal shear resistance.

Keywords: composite slabs, partial shear connection, friction at the support.

Resumo

O objetivo deste trabalho é avaliar o comportamento e a resisténcia de um sistema de lajes mistas de ago e concreto, considerando a influéncia
do atrito na interface da forma de ago com o concreto na regido dos apoios. Para isso foram utilizados os resultados de ensaios realizados no
Departamento de Engenharia de Estruturas da Universidade Federal de Minas Gerais (UFMG). O sistema misto Steel Deck 60 foi considerado, o
qual consiste em um perfil trapezoidal com mossas em forma de "V". As flechas, os deslizamentos de extremidades e as deformagdes das formas
de ago foram medidos, permitindo a analise do comportamento do sistema de laje mista e a determinagéo do seu modo de falha. A influéncia do
atrito da regido dos apoios na resisténcia longitudinal ao cisalhamento foi avaliada através do método da interacéo parcial, que também permitiu
estabelecer critérios visando a determinacao de expressdes analiticas para o calculo da carga ultima. As analises comparativas revelaram que a
influéncia do atrito da regido dos apoios na resisténcia ao cisalhamento longitudinal € mais significativa em lajes mistas com pequenos vaos de
cisalhamento. S&o apresentadas expressdes de calculo incorporando o atrito, cujas aplicacdes em um exemplo permitiram mostrar a eficiéncia
do método no célculo da resisténcia ao cisalhamento longitudinal.

Palavras-chave: laje mista de ago e concreto, método da interacéo parcial, atrito nos apoios.
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Experimental study of the influence of friction at the supports on longitudinal shear resistance

of composite slabs

1. Introduction

EE

The use of a system of composite slabs of concrete and steel in metal
construction began in the 1930s, according to Veljkovic[1]. In these
systems, the slabs have steel sheeting with very thin thickness, usually
between 0.80 mm and 1.25 mm, embedded in the system that work as
permanent steel sheeting, supporting the concrete before curing and
construction loads. After curing, the concrete and the steel sheeting be-
come bonded, forming a single structural composite element. The steel
deck works as positive reinforcement for the composite slab.

Currently, composite slab systems have become a widely used method
for the construction of slabs in buildings in steel structures. From the
structural behavior standpoint, the profiled steel sheeting is capable of
transmitting the longitudinal shear at the interface between the steel
sheeting and the concrete. Composite behavior between profiled
sheeting and concrete is ensured by the mechanical interlock provided
by deformations in the profile (indentations or embossments), by the
frictional interlock for profiles shaped in a re-entrant form, by the end
anchorage provided by welded studs or another type of local connec-

119.1

tion between the concrete and the steel sheet, by the end anchorage
from the deformation of the ribs at the end of the sheeting and by the
friction in the region of the support. If there is no mechanical link or an
attachment by friction between the sheeting and concrete, it will not be
able to transmit longitudinal shear, and thus, the composite slab action
will not be effective.

The main objective of this study is to analyze, after curing the concrete,
the influence of friction of the region of support in the longitudinal shear
resistance of the composite slab system Deck- 60, using the partial
shear connection method.

2. Characteristics of the test specimens
EE

To conduct the analysis using the partial shear connection method and
considering the friction at the supports, a series of twelve specimens
of simply supported composite slabs were tested in bending. Figure 1
shows a typical cross-section profile of the Deck-60 with the “V-shape”
embossments that were pressed onto the webs and its nominal dimen-
sions in millimeters.

,,,,,, - -\
/60 \
A f PP N e AP
|
119.1 119.1
) 860 X
Figure 1
Cross-section of the steel deck
Table 1
Geometrical characteristics of test specimens
Specimens 1 b L h, L,
(mm) (mm) (mm) (mm) (mm)
OTA 0.80 860 2500 110 800
01B 0.80 860 2500 110 800
01C 0.80 860 2500 110 800
02A 0.80 860 2500 140 450
028B 0.80 860 2500 140 450
02C 0.80 860 2500 140 450
03A 0.95 860 2500 110 800
03B 0.95 860 2500 110 800
03C 0.95 860 2500 110 800
04A 0.95 860 2500 140 450
04B 0.95 860 2500 140 450
04C 0.95 860 2500 140 450
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P
ELEVATION

Figure 2
Typical test set-up

Table 1 shows the geometrical properties of the specimens that
were divided into two groups: six specimens with a nominal thick-
ness of the steel profile t equal to 0.80 mm and six with thickness
t of 0.95 mm, with a nominal width of the profile b equal to 860 mm
and length L equal to 2500 mm. In each group, three specimens
were built with depth h, of 110 mm and a span shear L_of 800 mm,
and the other three were built with depth h, of 140 mm and span
shear L_ of 450 mm.

The steel decking with thickness t equal to 0.80 mm was made
with ZAR 280 steel with yield strength (fy) equal to 340 MPa and
ultimate tensile strength (f)) equal to 450 MPa. The steel decking
with thickness equal to 0.95 mm was made with ZAR 345 steel
with fyequal to 390 MPa and f equal to 490 MPa. The modulus of
elasticity of structural steel, E_, was taken equal to 200 GPa, and
the 28-day compressive strength of concrete, f, was 20 MPa.

3. Test procedure

[

Each specimen was subjected to four points bending test, as shown
in Figure 2. This system of load application is similar to those in-
dicated by Schuster [2], ANSI / ASCE 3 [3], EUROCODE 4 [4],
CSSBI S2 [5] and Johnson and Shepherd [6].

Vertical deflections at midspan were measured by two displace-
ment transducers (DT) with a maximum range of 100 mm, sym-
metrically arranged at approximately 20 cm from the edge of the
slab. The end-slip between the steel decking and the concrete was
recorded through two digital dial gauges (DG) attached at the ends
of each specimen, two on each side.

Two electrical resistance strain gauges (EER) were applied to all
specimens to measure steel strain. These EER were installed in
the midspan, using cyanoacrylate adhesive, one on the lower fi-
ber and another on the upper fiber of the steel decking, as shown
in Figure 3.

Loads were monotonically applied in steps of 1.8 kN and strains,

EER upper i
EER lower

.\. '-"
\ j \ \-
e B
\ ! - N

Figure 3
Location of strain gauges (EER) on the steel deck

deflections and end-slips were measured at each load level. Crack-
ing patterns, end-slip and the ultimate load of each specimen were
recorded.

3.1 Testresults and analysis

The analysis of the test results and a general description of behavior
of the composite slabs are studied through load versus end-slip,
load versus midspan deflection and load versus steel strain relation-
ships. The specimen 01A was chosen as representative of all tests,
to illustrate the following comments.

Figure 4 shows the load versus end-slip curves of the specimen
01A. Initially the horizontal slip is almost absent, indicating a full
shear connection between the sheeting and the concrete. After the
first cracks, the chemical bond between the sheeting and the con-
crete is broken, causing end-slip, indicating partial connection.

35 4

Load (kN)

—&—Hinged
=& Pinned
== End Slip

0.0 0.5 1.0 1.5 2.0 25 3.0 35
end-slip (mm)

Figure 4
Load versus end-slip of the specimen OTA
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of composite slabs

Table 2
End-slip loads and maximum loads of tests
Specimens (:i’) ';ﬁe)s P,/P,.

01A 32170 16200 1.99
01B 33710 16230 2.08
01C 32720 16750 1.95
02A 57170 43950 1.30
02B 56290 34480 1.63
02C 63450 28420 2.23
03A 39621 20490 1.93
03B 39837 21810 1.83
03C 36701 20830 1.76
04A 68443 32060 2.14
04B 71354 30250 2.36
04C 77508 28810 2.69

According to EUROCODE 4 [4], the initial end-slip load (P, ) is
defined as the load that causes an end-slip of 0.5 mm between
the sheeting and the concrete. The longitudinal shear behavior is
considered ductile if the failure load (P,) exceeds the initial end-slip
load (P, ) by more than 10%. Table 2 shows end-slip and failure
loads for all specimens.

Figure 5 shows the load versus midspan deflection curve of the
specimen 01A. Two stages in the load-deflection behavior were
identified: uncracked and cracked stages.

In the first stage, no visible cracking was observed anywhere on
the specimen, hence, the entire section remained fully compos-
ite up to the initial cracks. The cracked stage was identified by
the first significant change in initial stiffness of each specimen
that occurred with the appearance of the initial cracks (the load-
deflection curve ceases to be linearly proportional). Without the
presence of shear transfer devices (embossments and friction),

35 4
30

25 4

=
F 15 —&—Specimen (14
3 —— Uncracked Stage
10 | ====Cracked stage
5 4
(.2 T 1 I
o 5 10 15 20 25 30 35 40 45
Deflection (mm)
Figure 5

Load versus midspan deflection of the specimen 0TA

35

30
25

20

g

15 %

3
— Upper fiber 10

===Lower fiber

5
! ! + + ; N 0
-3000 -2500 -2000 -1500 -1000 -500 0 500

Strain of the steel (pe)
Figure 6
Load versus steel strain curves for specimen 01A

the specimen would not be able to support any additional load
beyond this load stage.

Figure 6 shows the load versus steel strains curve for specimen 01A,
where negative values indicate tensile strains. During the uncracked
stage, a linearly proportional increase of the tensile strains occurs in
the sheeting in both the lower and higher fibers, indicating the exis-
tence of a single neutral axis in the concrete. The tensile strains in the
top fiber of the sheeting decrease after the initial crackings, indicating
the presence of two neutral axes in the composite section, indicating
partial shear connection between the steel sheeting and the concrete.
Based on the experimental results of this investigation, only one
mode of failure was experienced by the composite slab system,
namely, longitudinal shear. This ultimate limit state is characterized
by the shear failure of the connection between the embossments of
steel sheeting and the concrete, in the region of the shear span, L,
where the concrete looses the composite action with the steel sheet-
ing. This failure is indicated by an end-slip between the steel sheet-
ing and the concrete, as shown in Figure 7. This behavior has been
observed by Schuster [2], Wright et al. [7], Tenhovuori and Leskela
[8], Melo [9], Marimuthu et al. [10], Cifuentes [11] and other authors.

Figure 7
End-slip between the steel sheeting and the concrete
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Figure 8

Normal stress distribution for sagging bending, considering the partial interaction

4. Partial shear connection method
EE

According to EUROCODE 4 [4], two methods are used in the de-
sign of composite slabs: the “m- k” method and the Partial Shear
Connection (PSC) method. Both methods are based on experi-
mental results with full-scale specimens. Depending on the test
results, the behavior of a slab might be classified as brittle or
ductile. The “m-k” method can be used for all profiles, whereas
the PSC method can be used only for ductile profiles. In addition,
according to Johnson [12], the PSC method evaluates, theoreti-
cally, the contribution of the end anchorage and of the friction of
support in the longitudinal shear strength.

4.1 Analytical model

The PSC method is based on an analytical model with a physical
background, and it basic concepts are illustrated in Figure 8. The
model can be better understood by examining the typical module
of the composite slab cross section, as shown in Figure 8(a). The
normal stress distribution considering the partial interaction has
two neutral-plastic axis: one in the concrete (PNA ) and other in
the steel sheeting (PNA,), as shown in Figure 8(b). This distri-
bution can be decomposed, by simplification, from the diagrams
shown in the Figures 8(c) and 8(d).

Figure 8(a) shows that h, is the overall depth of the slab; e is the
distance from the centroidal axis of profiled steel sheeting to bot-
tom of the steel deck; d., is the distance from the centroidal axis
of the profiled steel sheeting to the top of the composite slab; e,
is the distance from the neutral-plastic axis of the profiled steel
sheeting to the bottom of the steel deck; t is the thickness of
the concrete above the flat surface of the top of ribs of the steel
sheeting.

As shown in Figure 8(b), f is the nominal value of the yield
strength of the structural steel, where for the nominal thicknesses
of 0.80 mm and 0.95 mm, fy equal to 340 MPa and 390 MPa,
respectively f_is the mean value of the compressive strength
of the concrete; a is the depth of the concrete block in compres-
sion; N, is the tensile normal force in the steel sheeting; N_ is
the compressive normal force in the concrete flange; N__is the
compressive normal force in the steel sheeting. In Figure 8(c), y
is the lever arm in the typical module of the composite slab; N, is

the difference between N_ and N, corresponding to a portion of
the tensile normal force in the steel sheeting.
The bending resistance, M, , is given by the following equation:

Mpy = Ney + My, (1)

where Mpr is the reduced plastic resistance moment of the profiled
steel sheeting (see Figure 8(d)), as given by Eq. (2). This reduction
is due to the presence of the tensile normal force in the steel sheet-

ing, N, equalto N_.
N,
) < ®

where M__ is the design value of the plastic resistance moment of
the effective cross-section of the profiled steel sheeting, and A_,is
the effective cross-sectional area of the profiled steel sheeting.
The depth of the concrete block in compression, a, is given by:

M,, = 1.25M,, (1 -

NC
“Thr, st 3)
The lever arm, y, may be determined with the following expression:
y=ht—0.5a—ep+(ep—e) Ne (4)
AF,ef fy

4.2 Determination of longitudinal shear resistance
considering the friction at the supports

Studies conducted by Veljcovic’ [13], Tenhovuori [14], Calixto and
Lavall [15], Melo [9] and Souza Neto [16] have demonstrated that in
models with shear span relatively short, the influence of the friction
at the supports is relevant in the determination of the longitudinal
shear resistance, whereas for models with long shear span, that
effect is reduced.
The friction force, F, is caused by the vertical reaction at the sup-
port and appears concentrated at the interface of the steel sheeting
with the concrete, as illustrated in Figure 9. This effect may be con-
sidered, according to Bode and Minas [17] and other researchers,
proportional to the reaction of support, V.

(3)

Ff = #Vut

where p is the friction coefficient.
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section A-A

—» A

N

4

S

Ve

Lo,

Figure 9

Friction force in the region of support at the interface of composite slab

4.3 Degree of shear connection

To determine the longitudinal shear strength, the partial interac-
tion diagram of each specimen, as illustrated in Figure 10, show-
ing relationship between the resistance to bending moment and
the degree of shear connection of the composite slab, should be

determined using the measured dimensions and strengths of the
concrete and the steel sheet.

From the maximum applied loads, the bending moment (M,__), at the
cross-section under the point load, due to the applied load, dead
weight of the slab and spreader beams, should be determined and

then divided by the bending moment resistance of the slab consider-

‘MRP/MR
-{;‘)‘H
F’M-ﬁ
00y — 0 == |
|
| £
|
Mfesr/MR I
|
1 |
|
|
- i
M’JH/MR ' I
| |
. |
| | —
C I 1 =N./ N
T T T T T T T ] i
0 0.20 7., 040 .60 0.80 1.00
Figure 10

Determination of the degree of shear connection from M fest
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ing the full connection, M,,. The path A= B => C in Figure 10 gives
the degree of shear connection, .., given by the ratio between N,
and N_ for each specimen, where N_ is the value of the compres-
sive normal force in the concrete with full shear connection.
After determining the value of 1., the compressive normal force in
the concrete, N, is given by the following equation:

(6)

NC = ntestNCf

On the other hand, the degree of shear connection (n) can be de-
termined analytically by equating the M, given by Eq. (7), with the
nominal moment resistance (M, ) given by Eq. (1). Thus, we obtain
the following equation:

2
ppslab LS

2 ()
(8)

The parameters N, y and M, are given by the Eq. (6), (4) and (2),
respectively. With the aid of Eq. (3) and replacements into Eq. (8),
we obtain the following equation:

Miese = TIch [ht - TC
cm

n ch)
1.25Mp, (1 ———
pa< Npa

Miese = ViLs —

Mo = MRp = Ncy+Mpr

N
—e+ (ep - e) an:f] +

©)

Developing Eq. (9) in the context of the two equations derived from
Eq. (2) and knowing that N, equal to N__ [Eq. (10)], we obtain Eq.
(11):

Npa =AF,effy (]0)
For n=0.20,
e,—e 0.5
Myest = n2N§f< ivpa - bf )
cm

1.25M,,, (] ])

NN\ he—ep———— |+ 1.25M,
pa

Eq. (11) is a quadratic equation, having the degree of shear con-
nection (n) as unknown. This equation can be written as follows:

m+jn+k=0 (]2)
where
=y (-5 (13)

k= 1.25Mp — Myogt

For n <0.20,
e,—e 0.5
M =n21v2<” ——)+n1v he—e,)+M
test cf Npa b fcm Cf( t P) pa (] 6)

Eq. (16) is also a quadratic equation in n. Thus, Eq. (12) is used
again where the constants are:

j = ch(ht - ep)

1.00 +

0,50

a1
0.60

M, /M

0,40 —Specimen 01A

-3¢ Degree of shear connection

0.20

o

0.00

0.00 0.I20 0.40 0.60 O.ISD 1..6'0 1.I20
5 =N Ner

Figure 11

Partial inferaction diagram and degree of shear

connection n test

k= Mpa_Mtest

(18)
The constant i is calculated by Eq. (13).
The positive root of n, smaller than 1.0, which satisfies Eq. (12),
is the searched value of the degree of shear connection (1,,).
This value should be calculated for each specimen of composite
slab. Figure 11 shows the partial interaction diagram and the
degree of shear connection (n,,) for the specimen 01A, using
the analytical expressions.

4.4 Longitudinal shear strength

The value of the longitudinal shear strength of a composite slab, 7,
considering the friction of support for each specimen is assumed
uniform along the length (L +L ), and its value is determined using
the width of slab (b), using the following equation:

(19)

_ Ne—uVy,
" b(Ls + Lo)

where V., is the support reaction under the ultimate load test, and

L, is the length of overhang (L,= 50 mm).

The characteristic value of longitudinal shear strength, 7, .., should

be calculated as the 5% fractile using an appropriate statistical mod-

el, in accordance with EUROCODE 0 [18], Annex D. In this work

t-distribution was adopted:
(20)

where 7, is the mean value of the longitudinal shear strength of
a composite slab determined from testing; ¢ is the reliability coeffi-
cient of t-distribution; s is the standard deviation of the longitudinal
shear strength.

In Table 3, the characteristic values of the longitudinal shear strength
(1, ) are determined according to Eq. (20).

In this table, the following are shown: the degree of shear connec-
tion of each specimen tested (n,.); the value of the compressive
normal force in the concrete (N,), given by Eq. (6), where the val-
ues of N were calculated by the Eq. (10); the friction coefficient y

Ty

TuRk = Tum — ts
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Table 3
Determination of the characteristic value of longitudinal shear strength (t.R,)
. N, vV, T, Tym T,
Specimens Miest (N) W (N) (MPa) (MPa) s (MPa)
01A 0.592 183474 20109 0.2383
01B 0.619 191904 20873 0.2503
01C 0.604 187237 20385 0.2430
0.2407 0.0177 0.2050
02A 0.357 110716 33405 0.2179
02B 0.344 106713 32959 0.2100
02C 0.396 122687 0.50 36534 0.2434
03A 0.528 224689 ' 23864 0.2910
03B 0.488 207877 23975 0.2677
03C 0.456 194042 22399 0.2507
0.2696 0.0214 0.2265
04A 0.298 126809 39066 0.2485
04B 0.322 137110 40511 0.2715
04C 0.355 151122 43586 0.3015

equal to 0.50, adopted in accordance with EUROCODE 4 [4]; 4.5 Partial factor design shear resistance

the support reactions (V) obtained in the tests; the longitudi-

nal shear strength (r,) for each specimen given by Eq. (19); 7, The EUROCODE 4 [4] recommends that the initial slip load (V) in
for each thickness of the decking and the standard deviation  tests should be greater than 1.2 times the design service load (V),
(s). A reliability coefficient of t-distribution ¢ . equal to 2.015  as shown in Eq. (22).

was adopted.

The desiZn value of the longitudinal shear strength of a compos- Vaes 2 1.2V (22>

ite slab, 71, ., is given by the following equation:

Ty,Rk 2 The design service load can be calculated by the following equation:
TuRd =
Ysi ( 1 ) Vo> Vir (23>
s =
ysl yc

where v, is the partial factor for design shear resistance of a
composite slab. where V. is the nominal value of the resistance to shear, and y, is
the partial factor for concrete taken as equal to 1.4.

0.85fL4
Mgy
ﬂ i M:f

Mgq)

Figure 12
Design partial interaction diagram
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Substituting Eq. (23) in Eq. (22) we obtain the following equation:
1.2V
L (24)

T Ve Vies
The value of y,, determined for this composite slabs system, con-
sidering influence of friction at the supports, was equal to 1.60.

4.6 Verification of the longitudinal shear resistance

The verification of the longitudinal shear resistance is conducted
through the partial interaction diagram, as shown in Figure 12.
After the determination of the design value of longitudinal shear
strength and the support reaction for each specimen, the force
transferred to the concrete, N, in any section distant (L ) from the
end can be determined by Eq. (25).

(25)

Substituting the value of N_in Egs. (1) to (4) and using design val-
ues, determine the design partial interaction diagram, M,,, versus
L, where M_, is the design value of the resistance moment of a
composite section.

The length L is given by the following equation:

Ly = e — KV (26)

b Tu,Rd

N.= b Tu,Rde +u Vl,Rd

The verification procedure is illustrated in Figure 13 for two slabs
with different types of loading and spans.

For L = L_, the shear connection is full, so the bending resistance
(flexural failure) is critical. If L, < L_, the shear connection is partial,
so the longitudinal shear resistance is critical. At any cross-section,
the design bending moment M, should not exceed the design re-
sistance M.

4.7 Comparative analysis

Figures 14 and 15 show the results of the nominal shear resis-
tance obtained in the tests and the characteristic shear resistance
obtained by the PSC method with friction and without friction, as
studied by Costa [19].

Analyzing Figures 14 and 15, it can be observed that the results
obtained for the resistances by the PSC method, with and without
friction, are below the test values. For the thickness of 0.8 mm, in
both cases a maximum reduction of 9% occurred in relation to the
test results. For the thickness of 0.95 mm, maximum reductions of
5% and 13% occurred, respectively, with and without friction. These
results indicate safe values and consistent with the statistical model
presented in section 4.4.

It can also be observed that, for short shear spans, the results of the
PSC method, which explicitly consider the influence of friction, pre-
sented values of 5.7% and 10.5% higher than the results obtained
without friction, for thicknesses of 0.80 mm and 0.95mm, respec-
tively, indicating the importance of this influence. For long shear
spans, the results obtained with and without friction were practically
the same for both thicknesses, indicating the small influence of the
friction. Therefore, it can be concluded that the influence of the fric-
tion is significant for determining the longitudinal shear strength of
composite slabs.

5. Example
EE
Using the steel sheeting Deck-60 for a composite slab with width
(b) of one meter, it will be determine the characteristic value of
the maximum superimposed load that can be applied on the

M‘s‘g@ ﬂf}mf

Mg

L,
Ly
Figure 13
Verification procedure
.40
@
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)
=
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.00 1
0.0010 L0015 L0020 .0025 0.0030
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Figure 14
Characteristic shear resistance of specimens of
the groups 01 and 02 (t = 0.80 mm)
0.50
<
0.40
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&
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J D20
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Characteristic shear resistance of specimens of
the groups 03 and 04 (t = 0.95 mm)
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composite slab considering the longitudinal shear strength, both
with friction and without friction, from Eq. (1). Three distinct cases
of loading as shown in Figures 16, 17 and 18, will be analysed:

P-;‘;J (}U st b) IJS;)

VL I
LA T C ) B\
l Vir i i i Vir |

L ! !
— ! ! :
i L ! ! L, i
Figure 16
Two concentrated loads
(Wspt PPsiab)

/ A‘r E" : 3 — : B A
Vir i Vir
VL !
— L !

Figure 17
Uniformly distributed load

‘Psp G’pslab)

N Pyl
A Ci VAN

l Vie E Vir I

L : !

. L, E |

: L i
Figure 18

One concentrated load

Table 4
Results obtained by the PSC method

a) two concentrated loads (P,,) applied in line equidistant from the
supports, with the shear span L = 450 mm;

b) uniformly distributed load (w,,);

c) one concentrated load (Psp) applied in line in the mid-span.

where w,, is the characteristic value of the maximum superimposed

distributed load. Psp is the characteristic value of the maximum su-

perimposed concentrated load. V,, is the characteristic value of

the longitudinal shear resistance, and pp... is the dead load of the

composite slab.

The following are the data of the composite slab (see Figures 2

and 8):

B Length of the slab, L = 2500 mm;

B Width of the slab, b = 1000 mm;

® Nominal thickness of the sheet, t =0.80 mm;

B Depth of the sheet, h. = 60 mm;

|

|

slab

Effective area of the sheet, AEef =1060.47 mm?/m;
Nominal value of the yield strength of structural steel, f =280
N/mm?;
B Modulus of elasticity of steel, £, = 200000 N/mm?;
B Overall depth of the slab, h, = 140 mm;
B Distance from the centroidal axis of profiled steel sheeting to
top of composite slab, d. =110 mm;
B Distance from centroidal axis of profiled steel sheeting to bot-
tom of steel deck; e = 30 mm;
Distance from neutral-plastic axis of the profiled steel sheeting
to bottom of steel deck, e,= 30 mm;
Dead load of composite slab, pp,,, =0.00276 N/mm?,
Characteristic compressive strength of concrete, f, =20 N/mm?;
Modulus of elasticity of concrete, E, = 21287 N/mm?
Characteristic value of longitudinal shear strength of a compos-
ite slab, 7, ., (without friction) = 0.2283 N/mm?, 1, _(friction) =
0.2050 N/mm?. ’
Table 4 presents the results of the characteristic maximum su-
perimposed loads obtained by PSC method, with friction and
without friction.
The case (a) of two applied concentrated loads corresponds to
the test conditions of specimen 02A, according to Table 1, whose
maximum test load is equal to 32.67 kN for L equal to 1000 mm.
The result with friction presented in Table 4 for this case is below
the test value in 12.5%, indicating the consistency of the method,
as shown in Figure 14.
In all cases shown in Table 4 an increase in longitudinal shear
resistance was observed when considering the influence of the

Method Comparison
Load cases Maximum loads (PSC** - PSC¥)
PSC* PSC** PSC**
(%)
Two concentrated loads P (kN) 24.34 28.57 14.80
Distributed load w, (KN/m?) 25.35 27.19 6.77
One concentrated load P (kN) 39.44 41.00 3.80

“ Without friction - " Friction.
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friction, as expected. It is also verified that this increase is greater
the smaller the shear span (L ) considered, indicating the consis-
tency of the PSC method.

Figure 19 shows the nominal resistance moment curve (M,) ob-
tained through the partial interaction diagram according to the proce-
dure presented in section 4.6 and the applied nominal bending mo-
ment curve (M,) for two concentrated loads. These curves illustrate
the procedure for checking the shear strength of a composite slab.
In this case the applied bending moment curve, M, is tangential
to the nominal resistance moment curve, MR, indicating a safe so-
lution, where Mg < M,. The point at which My and M, are equal
correspond to the value of the shear span, L, that is smaller than
the length L . The length L, defines the value from which the shear
connection is complete and the failure occurs by bending. There-
fore, it was concluded that, in this case, the shear connection is
partial, indicating that the longitudinal shear resistance is critical.

6. Conclusion

EE

The partial shear connection method (PSC) is an alternative for the “m-
k” method for checking the longitudinal shear resistance, allowing the
theoretical evaluation of the contribution of the friction of the region at
the support and of end anchorage in the longitudinal shear resistance.
Tests were conducted at the Structural Engineering Laboratory
of Federal University of Minas Gerais (UFMG) on 12 specimens
of composite slabs varying shear spans and thickness of decking
with embossments in a “V” shape. Deflections, end slips and steel
strains were measured, allowing the analysis of the behavior of the
composite slab system and the determination of its failure mode
by shear bond.

These analyses were evaluated through the PSC method, taking
into account the influence of the friction of the region of support in
the longitudinal shear resistance, according to EUROCODE 4 [4].
The EUROCODE 4 [4] recommends a partial factor for design
shear resistance (y,) equal to 1.25 for both methods, “m-k” and
PSC. However, it is recommended that for the calculation of the
deflections, generally no account need be taken of end slip if the
initial slip load in tests exceeds 1.2 times the design service load.
Therefore, the value of y_ obtained for this composite slab system,
considering influence of friction at the supports, was determined to
be equal to 1.60 through the PSC method.

The analysis showed that the PSC method, considering the influ-
ence of the friction in the support, leads to consistent results in re-
lation to the tests and in the determination of the longitudinal shear
resistance. It was also concluded that the influence of the friction
in the support is significant for the determination of the longitudinal
shear strength of composite slabs, the smaller the shear span, L.
The example presented using the expressions and calculations from
the PSC method, incorporating the friction demonstrated the efficien-
cy of the method in the evaluation of the longitudinal shear resistance.
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Curves of nominal resistance moment, M,
and of applied nominal bending moment, M,,
for the verification of the longitudinal shear
resistance of two concentrated loads
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Abstract
E——

This work deals with numerical modeling of mechanical behavior in quasi-brittle materials, such as concrete. For this propose, a two-dimensional
meso-scale model based on RVE existence is presented. The material is considered as a three-phase material consisting of interface zone (ITZ),
matrix and inclusions — each constituent modeled by an independent constitutive model. The Representative Volume Element (RVE) consists
of inclusions idealized as circular shapes symmetrically and non-symmetrically placed into the specimen. The interface zone is modeled by
means of cohesive contact finite elements. The inclusion is modeled as linear elastic and matrix region is considered as elastoplastic material.
Our main goal here is to show a computational homogenization-based approach as an alternative to complex macroscopic constitutive models
for the mechanical behavior of the brittle materials using a finite element procedure within a purely kinematical multi-scale framework. Besides,
the fundamental importance of the representing dissipative phenomena in the interface zone to model the complex microstructural responses of
materials like concrete is focused in this work. A set of numerical examples, involving the microcracking processes, is provided in order to illustrate
the performance of the proposed modeling.

Keywords: homogenization, quasi-brittle materials, cohesive contact finite element, concrete, plasticity.

Resumo
[

Este trabalho trata da modelagem numérica do comportamento mecanico em materiais quase-frageis, tal como o concreto. Para este fim, um
modelo 2D de escala mesoscopica baseado no conceito de Elemento de Volume Representativo (EVR) é apresentado. O material é considerado
como composto por trés fases consistindo de zona de interface, matriz e inclusdes, onde cada constituinte € modelado independentemente. O
EVR consiste de inclusdes idealizadas como de forma circular dispostas de maneira simétrica e ndo simétrica. A zona de interface € modelada
por meio de elementos finitos coesivos de contato. A inclusédo € modelada como sendo um material elastico linear, ja a matriz € considerada como
material elastoplastico. Nosso principal objetivo € mostrar que uma formulagéo baseada na homogeneizagdo computacional é uma alternativa
aos modelos constitutivos macroscopicos complexos para o comportamento mecanico de matérias frageis usando um procedimento baseado no
Método dos Elementos Finitos no ambito de uma teoria multi-escala. Além disso, o trabalho foca na fundamental importancia em representar os
fendbmenos dissipativos na Zona de Transigéo para obter uma resposta microestrutural de um material complexo como o concreto. Uma série de
exemplos envolvendo processos de microfissuragdo é apresentada de modo a ilustrar o desempenho da modelagem proposta.

Palavras-chave: homogeneizagao, materiais quase-frageis, elemento finito coesivo, concreto, plasticidade
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1. Introduction

EE

Recently, different composite materials have been used in Structural
Engineering, as example the concrete. These materials are made by
two or more different materials in order to create new materials or to
improve the mechanical behavior of well known materials.

In general, as the concrete is a composite material, it presents
a very complex mechanical behavior, which is very difficult to be
modeled (see Pituba and Fernandes [1], Brancherie and Ibrahim-
begovic [2], Zhu et al. [3] and others). Initially, the constitutive the-
ories called as phenomenological could represent satisfactorily
the mechanical behavior of such materials, as example the Con-
tinuous Damage Mechanics that can provide sophisticated con-
stitutive models to simulate the mechanical behavior of heteroge-
neous materials, as the concrete, presenting satisfactory results
(see Pituba et al. [4], Pereira Jr at el. [5], Pituba [6]). But in order
to better represent the mechanical behavior of such complex ma-
terials, these kind of constitutive models require a sophisticated
formulation as well as a great number of parameters, sometimes
difficult to identify. Then, in the last decades, theories that analyze
the structure in different scales have been proposed, where the
constitutive response of the material is obtained by analyzing the
structure in different lengths and/or time. Therefore, the mechani-
cal behavior of the material at micro-scale is connected to the
structural behavior at macro-scale, leading to a more accurate
behavior of the continuum, Péric et al. [7] and Miehe and Koch
[8]. In this context, some works had been developed to model the
mechanical behavior of the concrete (see Gitman [9], Wriggers
and Moftah [10] and Lépez et al. [11])

In summary, the elastic macroscopic response is modeled by a
multi-scale constitutive theory based on homogenization tech-
niques, where the stress and strain vectors for a particular point
of the macro-continuum are defined as the volumetric average of
their respective microscopic fields at the RVE (Representative Vol-
ume Element) related to that point of the macro- continuum. In this
model, the micro-structure elastic response depends on the choice
of kinematical restrictions imposed to the cinematically admissible
displacements field of the RVE.

One of the main advantages of multi-scale modeling is that the
physical phenomena can be better evaluated, as the properties of
each material of the microstructure can be considered as well as
the imperfections and voids and then take these informations to a
bigger scale of observation. If the analysis is performed at macro
level, the concrete behaves as a continuum material, but its micro-
structure is composed by several materials, presenting different
mechanical behaviors.

The phenomena treated by conventional theories, in fact is a mac-
roscopic reflection of what happens at microstructure level. Thus,
when analyzing heterogeneous materials, specially the concrete,
more efficient constitutive models can be obtained if its microstruc-
ture is observed and a multi-scale modeling considered, where
adopting simple constitutive models at the microstructure, complex
phenomena can be reproduced at the macrostructure, Pituba and
Souza Neto [12].

In this work only the mechanical behavior of the concrete at mi-
crostructure level is considered in order to validate qualitatively
the proposed model. The presented formulation is proposed in

the context of the multi-scale analysis, where the RVE must be
defined as well as homogenization techniques, according to the
multi-scale formulation developed in Fernandes et al. [13] e Fer-
nandes et al. [14] in which the Finite Element Method is used
in the RVE modeling. In the proposed model the Fracture Me-
chanics as well as the Plasticity Theory have been considered to
model the dissipative phenomena in the interface zone as well as
inside the matrix taking into account the geometry and properties
of the materials defined at the concrete microstructure. The pro-
posed model is an alternative to the complex phenomenological
constitutive models used to represent the behavior of heteroge-
neous quasi-brittle materials. In future work the proposed model
will be coupled to a macro-continuum formulation in order to per-
form a full coupled multi-scale analysis.

In what follows a brief description of the proposed model for the
concrete is presented in section 2, where the homogenization tech-
niques, the constitutive models based on the Contact and Frac-
ture Mechanics, the Mohr-Coulomb model adopted to represent
the matrix behavior, as well as a contact-cohesive finite element
used to model the interface zone have been discussed. In section
3 numerical examples are analyzed to show the potentialities and
limitations of the proposed model. Finally, in section 4, final consid-
erations have been discussed.

2. Proposed model for the concrete
EE

The proposed formulation represents the mechanical behavior of
a particular point of the macro-continuum, which can be an inte-
gration point of a finite element defined at the macro-structure,
as example. By solving the macrostructure problem, this point is
subjected to a strain vector which is imposed to its microstructure
and then the stresses and constitutive tensor related to that point
of the macro-continuum can be computed after solving the micro-
structure problem. For that, the material microstructure is defined
as RVE, whose dimensions are not important, but the distribution
and proportionality of the materials composing the microstructure
affect its behavior. Adopting concepts of volumetric average and
of energy equivalence between the macro and micro-continuum,
different values for the homogenized stresses and constitutive ten-
sor can be obtained according to the multi-scale model adopted,
which depends on the boundary conditions adopted for the RVE.
Note that in this work, the material microstructure is analyzed in the
context of multi-scale analysis, where different RVEs subjected to
a strain vector have been analyzed, but a full coupled multi-scale
analysis of a structure is not presented.

Therefore, to simulate the concrete mechanical behavior, a RVE
is used to represent the meso-scale, whose discretization by the
Finite Element Method is shown in Figure 1. The aggregates are
considered approximately circular, where elastic triangular finite el-
ements are defined, while the matrix can present elastoplastic be-
havior governed by the Mohr-Coulomb model. Besides, cohesive-
contact elements are used to model the interface zone in order to
simulate the opening and/or closure of fractures that occur mainly
in this region leading to dissipative phenomena during the fracture
process of the concrete microstructure. Therefore, in what follows
the proposed model is used to simulate the mechanical behavior of
the conventional concretes.

1088 mss—

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



D.C. BORGES | W. M. G. QUARESMA | G. R. FERNANDES | J. J.C. PITUBA

Representative Volume
Element (RVE)

Q5

AT AT

Q O1T— Matrix
\

Agregate

Finite Elements
Modeling

Figure 1
Multi-scale analysis scheme

2.1 Proposed formulation for meso-scale

The RVE is considered as a continuum medium, so that the stress
concept is valid at micro-scale.. The macroscopic quantities for
strain €(x,t) and stress o(x,t) at a point x of the macro-continuum
are defined as the volumetric average of their respective field
7€, (y,t) or 0,=0, (y,t) over the RVE, considering all points y of
the RVE related to the point x. Thus, for an arbitrary instant t the
following expressions are defined:

(M

2

Equations (1) and (2) represent the macroscopic or homogenized
values for strain and stress, as a microscopic filed have been
transformed into a macroscopic quantity by means of a homogeni-
zation technique. Besides, the microscopic stress can be written in
terms of the microscopic strain, as follows:

3)

0,(y,0) = f (.3, 1))

where fy is the constitutive functional, defined in this work by the
Mohr-Coulomb model. Moreover, the microscopic strain g, can
be written in terms of the microscopic displacement filed u, of the
RVE, as follows:

£,(y,t) = Vu,(v,0)

where V° is the symmetric gradient operator of the displacement field u.
Without loss of generality, the microscopic displacement filed u,
can be defined as the sum of three parts:

w, (¥, t) = ulx, t) + w,(y, t) +, (y,t)

1
e t) = f £y, DAV
nla,

1
a(x,t) = V—f o,(y,t)dv
nla,

~, Plastic Triangular Finite
Elements (Matrix)

\_ Elastic Triangular Finite
Elements (Agregate)

Cohesive Contact
Finite Elements

being the first one constant representing a rigid body motion coin-
cident to the macroscopic displacement u (x, {) related to the point
X, the second one is obtained from the macroscopic strain € as

follows:
(6)

which varies linearly with the coordinate y, and a displacement fluc-
tuation field 4, (y, t). Thus, Equation (5) can be written as:

In Equation (7) the part ey varies linearly with y resulting from the
multiplication of the macroscopic strain € of the EVR, which is
constant, by the coordinates of the point y. In the case of having
uniform microscopic displacement ¢, the displacement fluctuation
G, is null. In the RVE the following relation~s for the microscopic strain
€, and the microscopic strain fluctuation £, have to be satisfied:
(8)

©)

Considering Equations (7) to (9) the microscopic strain can also

be written as:
(10)

g,(,t) = e(x, t) +&, (v, 1)

After some manipulations (Fernandes et al. [13]), Equation (10)
can be written in terms of velocity, where a microscopic strain ve-
locity is cinematically admissible if:

where v, is the space of cinematically admissible displacements of
the RVE. More details can be found in Fernandes et al. [13].

u,(y,t) = e(x, )y

w,(y,t) = e(x, )y +8, (v, t)

&= Vsu,,(y, t)

&, = Vu,(,t)

£,(n,0) = Vou, = &(x, t) + £,(y,t) Vi, E v,
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As already mentioned, the microscale is represented by the RVE,
being the FEM the numerical method used to solve the RVE equi-
librium problem. The RVE characteristics as its dimensions, elastic
properties and constitutive models adopted for the materials are
the same for all RVEs defined at macroscale. The RVE solution is
obtained, i.e., the computation of displacements, internal forces,
stress and constitutive tensors, for all finite elements, are obtained
when the convergence of the equilibrium problem is achieved ac-
cording to the adopted tolerance. But in order to solve the RVE
equilibrium problem boundary conditions in terms of displacement
fluctuations must be imposed to the RVE Then, the numerical re-
sponse can varies according to the boundary condition adopted.
Thus, in what follows, the following topics will be discussed: RVE
equilibrium problem, Hill-Mandel Principle, Stress homogenization,
Boundary conditions imposed to the RVE, Homogenized Constitu-
tive Tangent Tensor.

To simplify the model the inclusions domain Qﬁ, and the ma-
trix domain Q' will be considered together as the solid do-
main Qi. Neglecting the inertia forces and that the RVE is sub-
jected to the body force b = b (y, t) and to surface force field
te=t* (y, t) acting along the boundary, the Principle of Virtual Dis-
placements establishes that the RVE is in equilibrium if, and only if,
the stress field o, overQ satisfies the classic variational equation of
the elasticity:

f o, (. £): VSndV — f b(y,t).ndV + f o, (y, £):VSndV —
i i i (12)
Jaz b, 0 maV = [y, £ (0).mdA =0

The works of Hill and Mandel (Giusti et al. [15]) have established
the Macro Homogeneity Principle which defines that the macro-
scopic stress power in a arbitrary point of the macrocontinuum
must be equal to the volumetric average of the microscopic stress
power over the RVE related to that point for any movement cin-
ematically admissible of the RVE. (Giusti et al. [15]). Considering
Equation (11), assuming ﬁ” = n and considering that the voids
are in equilibrium, after some manipulations (see details in Fer-
nandes et al. [13] and Fernandes et al. [14]), we can conclude
that the Hill-Mandel principle is valid if, and only if, the following
integrals are nulls:

n € vy

f t¢(y,0.4,dA=0 Vi, €v,

9,

(13)
(14)

Considering Equations (8) and (10) and writing 0,0, as 0= fy (su),
where f is the constitutive functional, the following Equation in
terms of displacement fluctuation can be obtained to represent the
equilibrium problem of the solid part of the RVE:

(15)

f f,(e(x0) + 7Ty, £):V¥ndV =0 Vnew,
%

Finally the formulation is completed by the appropriated choice of
the space vy, with the choice of the kinematical restrictions to be
imposed to the RVE. Thus, the microscopic equilibrium problem

f b (y,0).%,dV =0
005

Vi, € v,

consists of, given the macroscopic strain tensor g, finding the field
ﬁu € V|, such that for each instant t, the Equation (15) is satisfied.
As 1 is an arbitrary field n, after the RVE domain discretization
into finite elements, whose domain is referred as Qﬁ , the following
incremental microscopic equilibrium equation must hold for a load
increment in time At, = t,+; — t, and a domain discretization h,
finding the displacement fluctuation Tun+1) = Uu) + Al :

(16)

where B is the global matrix relating strain and displacement,
Qﬁ is the RVE discretized domain. If the load increment is non-
linear, Equation (16) is solved by applying the Newton-Raphson
Method which consists of finding the fluctuation correction Sﬁ;l“
for iteration i+1, such that:

(17)

F'+K'6u, ' =0

where F is the force vector and K the tangent rigidity matrix of
the RVE. After computing the correction b‘ﬁ;;“ defined in Equation
(17), the next step is to obtain the displacement fluctuation field to
be considered at iteration i+1 given by: @' =% +8.

The homogenized stress is computed from Equation (2), consider-
ing that the RVE is composed by voids and a solid part (matrix and
agregates) , = 0 U Q7 resulting into:

G = [ BTF, et + BV = 0
Q

n

1 1
o=o(xt) = V_u f au(y,t)dV+V— f o,(y,t)dv

(18)

The RVE equilibrium problem is completed with the choice of the
kinematical restrictions to be imposed to the RVE, leading to dif-
ferent classes of multi-scale models and consequently to different
numerical results (Peric et al. [7]). In this work only periodic dis-
placement fluctuations is considered. For that, each RVE side Fl-+
whose normal direction is ni+, must correspond to an equal side
I'; with normal direction n;, being n}* = —n; . Similarly, for each
point y* defined on '}’ must exist a point y~ on the side I'; .To
have periodic displacement fluctuation on the boundary, for every
pair of points (y+,y‘) the following relation must be verified:

(19)

S
Qu

00" =070 vy'y }eoq,

2.2 Cohesive fracture model and plasticity

Pituba et al. [12] have proposed an extension of a cohesive frac-
ture law presented in Cirak et al. [16] in order to deal with dam-
age process leading to the complete failure of microstructures in
ductile media. In general way, this model has been developed to
represent the cracking process where traction is still possible to be
transmitted between fracture lips. The proposed model describes
the finite-deformation irreversible cohesive law. The cohesive free

energy is given by:
(20)

P = q)(an' 651 Q)
Where, 6n is the normal opening displacement due to mode /; 3s
is the sliding opening displacement due to mode I/ and q is the

1090 m——
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internal variable that describes the inelastic processes related
to decohesion.
Itis possible to assume that the deformation due to sliding opening
process is a scalar value independent of the direction of sliding on
the cohesive surface, thus 8s = |3s|, therefore the behavior has an
isotropic characteristic and the cohesive law is written introducing
an effective opening displacement expressed by:

(21)

5= /,826§ +62

The parameter 3 assumes different values (from 0 to 7) to the slid-
ing and normal opening displacements given a weight ratio be-
tween the sliding and normal directions. On the other hand, the
¢ free energy potential depends of 8, and the cohesive law is ex-

pressed as:
(22)

t= < (§285 +6,m)

Where, nis the unit normal to the cohesive surface; ds is the sliding
opening vector located on the cohesive surface, t is the cohesive
traction on the crack; t is a scalar effective traction.

On the other hand, the released cohesive energy in the microstruc-
ture of the material proposed in this work (Equation (20)) is given by:

P =eo. 6, [1 - el_(H‘%)” (23)

Where the law for the scalar effective traction for the loading cases
is obtained from Equation (23) as:

a
t= ¢

i o %% if §= 6, and §=0

(24)

For the scalar effective traction for the unloading cases is proposed
a law considering an elastic behavior, i. e., without residual effec-
tive opening displacement as follows:

tzg’ﬂs if 8 < Sy OF 6§<0 (25)
t/oc i
1.0]
-\-.\\.\
Ge o __
05 1.0 15 5/50
Figure 2

Where e is the e-number, ¢ is the maximum tension cohesive nor-
mal traction and 6c is a characteristic opening displacement that
indicates a critical opening. Thus, B, o, and §_ are parameters of
the cohesive model. Besides, & is the opening displacement rate.
The effective stress versus effective opening displacement cohe-
sive laws for loading and unloading cases are presented in Figure
2a and Figure 2b, respectively.

Accordingly to Ortiz and Pandolfi [17], there is a relation between
the cohesive law and the critical energy released rate (G,) for
crack propagation in the microstructure in our case. Assuming the
direction 7 as the direction on the fracture surface and towards to
the its propagation, G, can be written as:

R

Gc = f t. 6_1dx1
0

(26)

Where R is the cohesive zone length. The Equation (26) can also

be defined as:

GC = f t. 6‘1dx1 = ¢oo
0

(27)

For the cohesive law presented in this work, using Equation (24),
the critcial energy released rate is given by:

Obviously, the G, for conventional modeling is developed with
phenomenological constitutive models applied on the homog-
enized macrocontinuum. In the present work, the concept of
fracture energy is closely related to that which occurs in the ITZ
of the microstructure at mesoscale level. When there are nucle-
ation and growth processes of the microcracks, it may generate
a localization process leading to a nucleation of fracture on the
macrocontinuum. This process leads to a relation between frac-
ture energies on macrocontinuum (homogenized material) and

G.=eo b,

t/oc ;.

1.0}

N *.

dmax “3/5¢

8]

Cohesive law written in ferms of effective stress versus effective opening displacement:

a) Loading case; b) Unloading case
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on mesoscale of the material, as described in Oliver et al. [18].
Before the nucleation process, it is assumed the existence of stiff-
ness between the lips of the future fracture situated between trian-
gule finite elements. This stiffness is simulated by another param-
eter of the proposed model called penalty factor (xp). In a practical
view, high values for this parameter are adopted in order to obtain
a accurate approach. This procedure ensures that the future frac-
ture be kept closed until the separation criterion is reached and, at
the same time, guarantees the physical admissibility of the entire
process. The penalty factor is, therefore, a stiffness imposed to the
closuring of the crack.

In general way, that strategy intends to create stiffness between
the nodes of the embedded cohesive contact finite elements in the
matrix zone in order not to allow penetration of the surfaces of the
fracture. On the other hand, in tension regimes, this penalty factor
effectively replaces the initial rigid part of the cohesive law for a
linear response given by Equation (26). In order to detect the co-
hesive contact phenomenon, the concept of the opening displace-
ment gap between the Gauss points of the cohesive contact finite

element is adopted.
(29)

t=40 if QZo<o,

The finite elements used in this work are composed of two surfaces
which are coincident in the undeformed configuration of the RVE.
The cohesive contact finite element is defined as an element with
four nodes and its geometry is compatible with the two triangule
finite elements used to model the matrix and aggregate zones. The
formulation of the cohesive contact finite element is presented in
Pituba and Souza Neto [12] and Pituba et al. [19].

On the other hand, to deal with plastic strains presented on the mac-
rostructure of the concrete when the material is subjected mainly to
compression stress, the well-know Mohr-Coulomb model is used to
represent the mechanical behavior of the cement matrix. Therefore,
this is another dissipative process to be modeled in the microstruc-
ture of the material together the possible microcracking nucleation
that occurs mainly in the ITZ. In case of predominant tension regime,
the proposed modeling evidences the microcracking process in the
ITZ as the most important dissipative phenomenon, mainly in the ini-

Figure 3
Representative volume element with 4 inclusions

tial loading stages. This phenomenon is simulated by the cohesive
contact finite elements placed in the ITZ. Obviously, the microcrack-
ing process in the matrix zone that occurs in the softening regime of
the macrostructure of the material is also important leading to the
need of the insertion of cohesive contact finite elements in the matrix
zone. However, this embedded finite elements can generates nu-
merical instabilities, mainly in the peak stress regime. On the other
hand, in predominant compression regimes, the yielding process of
the matrix is understood as principal phenomenon in conjunction
with the microcracking process in the ITZ.

The modeling of the microcracking process in the ITZ is fundamental
to estimate the collapse of the concrete microstructure, mainly in pre-
dominant tension regimes. This assertion is based on results obtained
by Pituba and Souza Neto [12], even considering elastic behavior for
the matrix and aggregates, the fracture process in the ITZ modeled
by cohesive contact finite elements together with the geometry of the
aggregates have allowed the simulation of homogenized plastic mac-
roscopic strains in unloading and reversal loadings situations, leading
to the capture of the unilateral effect of the concrete.

The Mohr-Coulomb model as well as the contact and cohesive
fracture model has been implemented on the computational code
developed to analyze RVEs of heterogeneous materials submitted
to a state of macroscopic strain. The macroscopic strain is divided
in increments and imposed to the RVE and the stresses are cor-
rected by the constitutive models. In case of Mohr-Coulomb model,
with the stress values it is possible to update the yielding surface
of the constitutive model. More details can be obtained in Souza
Neto et al. [20].

On the other hand, the equations proposed are valid to the three-
dimensional cases. For plane stress cases, Souza Neto et al. [20]
suggests a strategy to approach to the stress plane case using
constitutive equations of the plane stress state restraining the
stresses in Gauss points of the finite element. As the stresses o,
and o,, are nulls, it is added o,,in the computational implementa-
tion, where its value has to be zero, considering the direction 3
normal to the middle surface of the finite element. However, o,
is related to the strain ¢,, that depends of others stresses on the
plane of the finite element. Thus, for a given initial elastic strain

Figure 4
Representative volume element with 8 inclusions
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Figure 5

Tension normal homogenized stress in the x-direction
versus elongation macroscopic strain imposed in the
x-direction of the RVE with 4 inclusions

(€.);, an algorithm for the axisymmetric case of stresses is ap-
plied in order to obtain the value for o,,. If the convergence of the
process is achieved (|o,,|<e ), the updating of the stress is valid,
otherwise it is necessary to update the strain (¢ ),,. The correction
procedure is performed using the Newton-Raphson algorithm and
a self-consistent linearization of the problem leading to a conver-
gence with quadratic rate for the numerical solution. This is a very
interesting aspect because in multi-scale analyses the computa-
tional cost has a high value.

3. Results and discussions

EE

In order to evaluate the application of the proposed formulation
in quasi-brittle materials as concrete, some numerical simulations
based on mechanical behavior of the microstructure of the con-
crete are performed. Initially, RVEs with dimensions / x / and thick-
ness /10 containing inclusions placed into a matrix are generated.
Obviously, the inclusions (aggregates) and matrix have different
mechanical properties evidencing the heterogeneous characteris-
tic of the medium submitted to plane stress states. For the matrix
zone, an elastopplastic behavior is assumed following the Mohr-
Coulomb criterion with the parameter values given by, Assad et
al. [21]: Young’s modulus E is 20 GPa and Poisson ration v is 0.2,
friction angle and dilatation angle are ¢ = 5°and W = 10%, respec-
tively. The aggregates are considered elastic media with E = 35
GPa and v = 0.26, Mehta and Monteiro [22].

For the ITZ, in the situations where the fracture process has been
evaluated, cohesive contact finite elements have been used. The
parameters for the cohesive law are given by: Ap = 200000 N/mm?,
B =0.7, 5¢=0.09 MPa and dc¢ = 0.02mm, Ortiz e Pandolfi [17], Oli-
ver et al. [18], Pituba e Souza Neto [12].

3.1 Influence of the fracture process in the ITZ

In this section, RVEs containing 4 and 8 inclusions with circular

T T T T v
1r — ]
e
_osf .
=
-5
-
— c 6 = -
2
z
9 o4l _
o /
/ Without fracture
With fracture
0 1 1 1 T
0 02 04 0.6 08 1 12
1 -4
Strain x10

Figure 6

Tension normal homogenized stress in the x-direction
versus elongation macroscopic strain imposed in the
x-direction of the RVE with 8 inclusions

shape placed in the matrix zone are analyzed. Figure 3 presents
the RVE with 4 inclusions that represent 72% of volume fraction.
For the RVE discretization, 798 triangule finite elements and 64 co-
hesive contact finite elements are used when included in the anal-
yses. Besides, Figure 4 presents the RVE with 8 inclusions that
represent 14% of volume fraction. For the RVE discretization, 17184
triangule finite elements and 728 cohesive contact finite elements
are used when included in the analyses. In other analysis, perfect
bonding between aggregates and matrix has been considered.
The RVEs have been submitted to a total macroscopic strain ¢, =
0,0001 e €= -0,00001 divided in 20 increments. The distortional
strain has been considered null. The homogenized stresses ob-
tained in the analyses for x-direction versus the macroscopic strain
in the same direction are plotted in Figures 5 and 6. Note that the
numerical responses considering perfect bonding or fracture pro-
cess in the ITZ are the same in the initial steps of loading. Never-
theless, when the dissipative processes take place those numeri-
cal responses diverge. The consideration of fracture process in the
ITZ evidences an important contribution in the non-linear behavior
of the material at microscale level. Therefore, the cohesive fracture
model decreases the stiffness of the RVE beyond the yielding limit.
The numerical responses for both RVEs are quite similar due to the
very close values for the volumetric fractions of inclusions.

In order to visualize the stress distribution in the x-direction inside
the RVE, Figures 7 and 8 illustrate the impact on the numerical
response when considering the fracture process in the ITZ. Fig-
ure 7 shows the stress distribution for the RVE containing 4 inclu-
sions considering perfect bonding between inclusions and matrix
whereas Figure 8 represents the RVE considering the fracture
process in the ITZ. Note in Figure 7 that the stresses are perfectly
transmitted submitting high levels of stresses at the inclusions.
Therefore, as the aggregates present stiffness values higher than
the cimenticious matrix, they increase the homogenized stiffness
of the material, see Figure 5.

On the other hand, the stress values in the aggregates presented
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in Figure 8 are smaller when compared to the Figure 7 due tothe 3.2 Influence of the boundary conditions

dissipative processes presented in the cohesive contact finite ele-

ments. Thus, the impact of the aggregates in the homogenized  On the Multi-scale formulation, the homogenized response is influ-
stiffness of the material is smaller, as shown in Figure 5. enced by the boundary conditions as presented in section 2.1. For

ox (MPa)

Figure 7
Normal stress distribution in the x-direction inside the RVE with 4 inclusions without considering the

fracturing process in the [TZ

ox (MPa)

Figure 8
Normal stress distribution in the x-direction inside the RVE with 4 inclusions considering fracturing process

inthe IT
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Figure 9
Representative volume elements proposed
by Nguyen et al. [23]

the numerical analysis presented here, a new RVE model proposed
by Nguyen et al. [23] is used. This RVE presents a randomly distri-
bution of aggregates with various dimensions, as shown in Figure 9.
The use of this RVE is due to no existence of symmetry in any axes.
This property will be important in the analyses of the section 3.3.
The volume fraction of inclusions in this RVE is 35.6%. For the RVE
discretization, 520 triangule finite elements and 95 cohesive contact
finite elements are used when included in the analyses.

Figure 70 shows the homogenized responses of stress in x-direc-
tion when using linear and periodic boundary conditions on the
RVE with 4 inclusions presented in Figure 4. Figure 171 presents
the homogenized responses for the RVE shown in Figure 9. Both
analyses consider the fracture process in the ITZ.

The use of linear and periodic boundary conditions did not influence
the responses presented in Figure 70 due to the symmetric disposi-
tion of aggregates in the RVE. But, when the RVE does not present
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Figure 10

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the x-direction of RVE with 4 inclusions
considering different boundary conditions
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Figure 11

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the x-direction of the RVE presented
in Nguyen et al. [23] considering different
boundary conditions

symmetry, as shown in Figure 9, the homogenized response is influ-
enced by the fracture process in the ITZ. This influence has not sig-
nificance at the microscopic level. Nevertheless, this influence has
to be very important when performing multi-scale analysis.

3.3 Anisotropic behaviour

In order to check how the proposed modeling is capable to obtain

1F I .
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=
s
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0 02 04 06 08 1 12
Strain x'w-‘
Figure 12

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the RVE with 4 inclusions
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Figure 13

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the RVE with 8 inclusions

complex responses on the macrostructure, as the anisotropic be-
havior, as instance, a set of analyses has been performed using
the RVEs described in Figures 3 and 4. Initially, the macro strains
g, =0.0001 and g = - 0.00007 have been imposed. Soon after, g, =
0.0001 e €= - 0.000071 have been applied. The numerical results
are presented in Figures 12 and 13 expressed by homogenized
stress versus macro strains. In Figure 712 is presented the numeri-
cal results for RVE with 4 inclusions and Figure 73 presents the
numerical results for RVE with 8 inclusions.

Figure 72 shows that the mechanical behavior in different direc-
tions has been the same. This happens because the RVE has
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Figure 14

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the x-direction of the EVR of Nguyen on
the tension predominant regime

symmetry related to the axes x and y. But in Figure 13, the me-
chanical behavior in different directions presents significative dif-
ferences when the fracture nucleation in the ITZ takes place. In this
last case, the non-symmetric distribution of the inclusions in the
RVE is responsible for this phenomenon. Therefore, the geometry
of the inclusions and the consideration of the fracture process in
the ITZ lead to simulate a complex macroscopic phenomenon us-
ing simple constitutive models at mesoscale of the material.

3.4 Homogenized responses in tension
and compression regimes

In this section is evaluated the fracture process in the ITZ for RVEs
in predominant tension and compression regimes. The RVE pre-
sented in Figure 9 is used. The first analysis consists in the appli-
cation of the macro strain simulating a predominant tension regime
given by: ¢ =0.0007 and €, =- 0.00001, where yxyis approximately
null. After that, a predominant compression regime has been con-
sidered with the same magnitude before. Therefore, the macro
strains are: ¢, = - 0.0007 and ¢, = 0.00007. The Figures 74 and
15 present results of the homogenized stress in x-direction versus
imposed macro strain in x-direction.

Figure 14 shows the important contribution of the fracture process
in predominant tension regime leading to a decreasing of the ho-
mogenized stiffness and strength of the material. Figure 15 shows
that the fracture process is not so important in predominant com-
pression regimes. This assertion is based on the mechanical be-
havior of the cohesive contact finite elements placed in the ITZ.
The stress transmission lost between the surfaces of the fracture
is evident when the value of the cohesive traction increases, but
this is not happen in many cohesive contact finite elements in RVE
submitted to predominant compression regime. Therefore, many
cohesive contact finite elements are submitted to compression
loading conditions, where the contact law is activated. For the vi-
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Figure 15

Compression normal homogenized stress in the
x-direction versus compression macroscopic strain
imposed in the x-direction of the EVR of Nguyen on
the compression predominant regime
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Figure 16
ITZ modeled by a triangular finite element band

sualization proposes, Figure 15 presents positive signals for com-
pressive homogenized stress and macro strains.

3.5 Alternative modeling of the ITZ

Some authors consider the ITZ as a low resistance zone surround-
ing the aggregates with mechanical properties less stiffened than
the mechanical properties of the matrix. For instance, Ramesh [24]
and Yang [25] consider a average value for the Young modulus of
the ITZ as a percentage value of the Young modulus for the ma-
trix. In this section, a RVE containing one inclusion placed on the
central region is analyzed, see Figure 15. The volume fraction of
inclusions is 19.6%. For the RVE considering the ITZ modeled by
cohesive contact finite elements, 612 triangule finite elements and
36 cohesive contact finite elements have been used in the analy-
sis. For the RVE considering a band for the ITZ, 612 triangule finite
elements have been used.

The homogenized results for both proposed modeling have been
compared. For the thickness of the band zone, a value of 40 ym
has been adopted following Mehta and Monteiro [22]. The authors
suggest values between 20 and 50 pm.

The same values used in the last sections for the parameters of
the constitutive models are used here. The macroscopic strain im-
posed to the RVE is given by: €, = 0.0007 and ¢, = - 0.00007, where
Y,, is approximately null. For the green region of the Figure 16 a
Young modulus with 50% of the value given to matrix has been
used. Figure 17 presents the homogenized stress in x-direction
versus macroscopic strain imposed in the x-direction.

Note that model containing a band for the ITZ initially presents
a lower homogenized stiffness when compared to the model with
ITZ modeled by cohesive contact finite elements. However, when
the loading increases, after yielding and fracture processes have
begun, the EVR with cohesive elements presents a lower homoge-
nized stiffness. This is due to the consideration of cohesive contact
finite elements which plays a important role in collapse regimes.

4. Conclusions
|

In this work a model to simulate the concrete mechanic behavior, in
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Figure 17

Tension normal homogenized stress in the
x-direction versus elongation macroscopic strain
imposed in the x-direction of RVE with 1 inclusion

the context of multiscale modeling, has been proposed, being the
numerical analyses restricted to the material mesostructure. Using
simple constitutive models and defining accordingly the geometry
of the different phases of the RVE, some important macroscopic
phenomena have been represented.

By considering cohesive-contat finite elements at the concrete
transition zone, the loss of rigidity in the homogenized response
could be evidenced without presenting total loss of the stress
propagation, as expected. As this kind of element does not influ-
ence the homogenized response while the element opening is not
activated, this model proved to be viable, if compared to others
strategies to simulate the effect of the concrete transition zone,
as the definition of less rigid finite elements around the agregates.
On the other hand, the consideration of the plasticity model in the
multi-scale analysis proved to be satisfactory to overcome the
problem of having rigid responses for predominant compression
regime, as discussed in Pituba and Souza Neto [12]. But consid-
ering only the plasticity model for the mortar without defining the
cohesive-contact finite element is not satisfactory, because as the
aggregates are assumed to have elastic behavior, they present
bigger rigidity modifying the homogenized response. Therefore, in
this work is shown the importance of considering the dissipative
phenomena at Transition Zone for better represent the concrete
mechanical behavior. On the other hand, a limitation of the pro-
posed model is not being able to reproduce the softening behavior
for predominant tension regimes when occurs the microcracking
process inside the mortar. Besides, the definition of cohesive-con-
tact elements in the matrix can lead to instabilities of the numeri-
cal response for predominant tension regimes. To overcome these
difficulties, in a future work these cohesive-contact elements could
be replaced for the high aspect ratio elements developed by Ro-
drigues et al. [26]. But for concrete structures, in service regimes,
the proposed model has shown to be a viable tool to perform multi-
scale analysis of structures. The authors believe that this strategy
will be able to represent the softening behavior for tension regimes.
Although the proposed model presents some limitations, in the
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numerical examples analyzed in this work, it has represented very
well the concrete mechanical behavior, as it has captured complex
phenomena by adopting simple constitutive models, what encour-
age us to proceed with this research. The proposed model will be
considered for identification of quantitative responses for the con-
crete, as well as for full coupled multi-scale analyses of concrete
structures, based on the works developed in Fernandes et al. [13]
and Fernandes et al. [14]. Moreover, it is important the develop-
ment of a formulation considering the local damage phenomena at
microstructure, what can lead to a fracture at macrostructure, as
discussed in Sanchéz et al. [27].
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Abstract
E——

This work deals with numerical modeling of mechanical behavior in quasi-brittle materials, such as concrete. For this propose, a two-dimensional
meso-scale model based on RVE existence is presented. The material is considered as a three-phase material consisting of interface zone (ITZ),
matrix and inclusions — each constituent modeled by an independent constitutive model. The Representative Volume Element (RVE) consists
of inclusions idealized as circular shapes symmetrically and non-symmetrically placed into the specimen. The interface zone is modeled by
means of cohesive contact finite elements. The inclusion is modeled as linear elastic and matrix region is considered as elastoplastic material.
Our main goal here is to show a computational homogenization-based approach as an alternative to complex macroscopic constitutive models
for the mechanical behavior of the brittle materials using a finite element procedure within a purely kinematical multi-scale framework. Besides,
the fundamental importance of the representing dissipative phenomena in the interface zone to model the complex microstructural responses of
materials like concrete is focused in this work. A set of numerical examples, involving the microcracking processes, is provided in order to illustrate
the performance of the proposed modeling.

Keywords: homogenization, quasi-brittle materials, cohesive contact finite element, concrete, plasticity.

Resumo
[

Este trabalho trata da modelagem numérica do comportamento mecanico em materiais quase-frageis, tal como o concreto. Para este fim, um
modelo 2D de escala mesoscopica baseado no conceito de Elemento de Volume Representativo (EVR) é apresentado. O material é considerado
como composto por trés fases consistindo de zona de interface, matriz e inclusdes, onde cada constituinte € modelado independentemente. O
EVR consiste de inclusdes idealizadas como de forma circular dispostas de maneira simétrica e ndo simétrica. A zona de interface € modelada
por meio de elementos finitos coesivos de contato. A inclusédo € modelada como sendo um material elastico linear, ja a matriz € considerada como
material elastoplastico. Nosso principal objetivo € mostrar que uma formulagéo baseada na homogeneizagdo computacional é uma alternativa
aos modelos constitutivos macroscopicos complexos para o comportamento mecanico de matérias frageis usando um procedimento baseado no
Método dos Elementos Finitos no ambito de uma teoria multi-escala. Além disso, o trabalho foca na fundamental importancia em representar os
fendbmenos dissipativos na Zona de Transigéo para obter uma resposta microestrutural de um material complexo como o concreto. Uma série de
exemplos envolvendo processos de microfissuragdo é apresentada de modo a ilustrar o desempenho da modelagem proposta.
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1. Introducgao

EE

Atualmente, a engenharia tem usado diversos materiais compo-
sitos, em especial com aplicagbes estruturais. Os materiais com-
positos, por definicdo sdo formados pela combinagao de dois ou
mais materiais que apresentam comportamentos fisicos distintos
e tem seu uso ja consolidado, desde a criagdo de novos materiais
quanto no aperfeicoamento de materiais ja existentes. Um dos
materiais mais importantes e também utilizados no mundo que
pertencente a esse grupo é o concreto.

Contudo, em geral, é bastante dificil de encontrar uma lei cons-
titutiva que reproduza o comportamento do concreto em fungao
de um tipo qualquer de solicitagdo devido a sua complexidade de
comportamento, por se tratar de um material compdsito, Pituba e
Fernandes [1], Brancherie e Ibrahimbegovic [2], Zhu et al. [3] e ou-
tros. Inicialmente, as chamadas teorias constitutivas fenomenolé-
gicas foram capazes de responder a demanda de modelagem dos
materiais de forma satisfatéria. Dentro desse contexto, merece
destaque modelos baseados na Mecanica do Dano no Continuo,
cuja aplicagdo de modelos sofisticados para simular o comporta-
mento de materiais heterogéneos, como o concreto, apresentam
bons resultados, Pituba et al. [4], Pituba e Pereira Jr [5], Pituba [6].
Porém, essas teorias vém alcangando seu esgotamento na captu-
ra de fendmenos dissipativos complexos exigindo cada vez mais
um esforgo de formulagéo e de identificagdo de par@metros cada
vez maior. Contudo, nas ultimas décadas, teorias baseadas na re-
feréncia em varias escalas de observagao vém ganhando forga no
meio cientifico, onde a resposta constitutiva do material é obtida
a partir da andlise em diferentes comprimentos e/ou tempo. Logo,
€ possivel ter uma integracdo do comportamento que acontece
numa pequena escala até o nivel macroscopico, obtendo assim,
uma resposta mais precisa do comportamento do meio, Péric et
al. [7] e Miehe e Koch [8]. Dentro desse contexto, alguns trabalhos
foram desenvolvidos com foco na modelagem do comportamento
mecanico do concreto (Gitman [9], Wriggers and Moftah [10] e L6-
pez et al. [11])

Em breves palavras, a resposta elastica macroscoépica € estimada
por meio de uma teoria constitutiva multi-escala baseada na técnica
de homogeneizagao para o problema de elasticidade, onde os ten-
sores tensao e deformagédo macroscopicos em cada ponto do macro
continuo estao definidos como as médias volumétricas das contra-
partes microcospicas sobre o EVR (elemento de Volume representa-
tivo) do material associado com aquele ponto. Assim, a resposta elas-
tica efetiva estimada para uma determinada microestrutura depende
da escolha das restricdes cinematicas impostas sobre os campos de
deslocamentos cinematicamente admissiveis no EVR.

Uma das principais vantagens da abordagem Multiescala é que os
fendmenos fisicos podem ser melhor avaliados. Observado numa
escala menor, € possivel considerar as caracteristicas de cada
material constituinte do material heterogéneo, imperfeicdes, va-
zios, e assim, transportando essas informagdes para uma escala
maior de observagéo. Analisado em nivel macro, o concreto com-
porta-se como um material continuo. Mas, a sua microestrutura
é composta por varios materiais, apresentando comportamentos
distintos entre si.

Os fendbmenos abordados por teorias convencionais, na realidade
é um reflexo macroscopico do que acontece na sua microestru-

tura. Dado a esse motivo, a analise de materiais heterogéneos,
especialmente o concreto, observando sua microestrutura e uti-
lizando uma abordagem Multiescala possibilita a formulagédo de
modelos constitutivos eficientes, ou seja, utilizagdo de modelos
constitutivos simples na microestrutura que possibilitem a repro-
ducao de fendbmenos complexos observados na macroestrutura,
Pituba e Souza Neto [12].

Este trabalho limita-se ao estudo do comportamento do concreto
em sua microestrutura de modo a validar qualitativamente a mo-
delagem proposta aqui. Nesse sentido, adota-se uma abordagem
com a definicdo de EVR e técnicas de homogeneizagéo baseada
numa formulagdo multiescala cinematicamente admissivel (Fer-
nandes et al. [13] e Fernandes et al. [14]). Aliado a essa formula-
¢ao, o Método dos Elementos Finitos permite a discretizagdo de
um EVR, possibilitando utilizar a Mecanica da Fratura e Teoria da
Plasticidade para representar os fendmenos dissipativos na zona
de interface e na matriz levando em conta variaveis como as geo-
metrias dos materiais constituintes e suas propriedades. A mode-
lagem proposta pode ser vista como uma alternativa aos modelos
constitutivos fenomenoldgicos complexos para o comportamento
de materiais heterogéneos quase-frageis. Vale ainda ressaltar que
no contexto de uma analise multi-escala, a proposta de modela-
gem da microestrutura do material apresentada aqui € um impor-
tante passo inicial para se fazer uma analise totalmente acoplada
em varias escalas.

Em suma, no item 2, este artigo apresenta uma breve descri¢cao
da modelagem proposta para o concreto englobando o processo
de homogeneizagéo e os modelos constitutivos baseados na Me-
canica da Fratura e Contato utilizado em conjunto com um elmen-
to de fratura e contato desenvolvido para a modelagem da zona
de transic¢ao, além do modelo de Mohr-Coulomb implementado no
ambito da modelagem 2D da matriz cimenticia considerando esta-
do plano de tensao. No tem 3 s&o apresentados alguns resultados
obtidos de modo a demonstrar as potencialidades e limitagbes da
modelagem proposta. Por fim, algumas consideragdes sao descri-
tas no item 4.

2. Modelagem proposta para o concreto
——

A formulagdo empregada neste trabalho descreve o compor-
tamento de um ponto qualquer do macrocontinuo (pode ser um
ponto de integragéo de um elemento finito da macroestrutura, por
exemplo). Esse ponto, ao ser excitado por um campo de deforma-
¢Oes advinda da analise da macroestrutura, necessita voltar como
resposta um estado de tensao e propriedades constitutivas atuali-
zadas. Isso é realizado com o emprego do conceito de EVR, onde
as dimensdes nao sao importantes e sim, a distribuicao e propor-
cionalidade entre seus constituintes. Esse EVR, ao ser excitado
pelo estado de deformagdo macroscopica apresenta respostas
em termos de tenséao e tensor constitutivo dependendo das condi-
¢oes de contorno do modelo multi-escala empregado, além de uti-
lizar conceitos de média volumétrica e de equivaléncia de energia
entre 0 macro e micro. Em suma, os resultados apresentados séo
de EVRs excitados por um estado de deformagéo macroscopica
dentro de uma analise multi-escala, porém neste trabalho, a for-
mulagédo é empregada de maneira desacoplada, onde o interesse
é no EVR.
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Figura 1
Esquema da andlise multi-escala

Portanto, para simular o comportamento mecéanico do concreto, a
meso-escala é estudada através da definicdo de um EVR, onde
sua discretizagdo em elementos finitos é dada na Figura 1. Os
agregados sao considerados de forma aproximadamente circular
contendo elementos finitos triangulares elasticos. Ja a matriz do
composito € considerada como um meio elastoplastico seguindo
a evolugéo dada pelo modelo de Mohr-Coulomb. A Zona de tran-
sicao ou zona de interface é discretizada por elementos finitos de
fratura coesiva de modo a simular a abertura e/ou fechamento de
fraturas naquela regido, onde a mesma € a responsavel pelo prin-
cipais fendmenos dissipativos durante o processo de fraturamento
na microestrutura do concreto. Portanto, neste trabalho, procura-
-se simular o comportamento micromecanico de concretos ditos
convencionais.

2.1 Formulagdo do modelo na meso-escala

O EVR é descrito como continuo de modo que o conceito de ten-
sdo permanega valido na microescala. Considerando um tensor
de deformacgao g(x,t), bem como o(x,t) tensor de tensdo em um
ponto x da macroestrutura, sédo obtidos como a média volumétrica
de todos os pontos y do EVR sobre o respectivo campo microsco-
pico g, = ¢, (yt) ou 0, =0, (y,t) através de um EVR associado a x.
Isto em um instante t arbitrario, temos entao:

M

2

As Equagdes (1) e (2) apresentam a deformagdo macroscépica
ou homogeneizada e a tensdo macroscopica ou homogeneizada,
processo resultante da transformagéo de uma quantidade micros-

1
g(x,t) = V—f g, (y, t)dv
rJQ,

1
o(x,t) = V—f o,(y,t)dv
nla,

— Elem_ento Finito Triangular
Plastico (Matriz)

&\\‘ Elemento Finito Triangular

Elastico (Agregado)

Elementos de Contato e
Fratura Coesiva.

coépica em uma quantidade macroscoépica por meio de um proces-
so de homogeneizacéo. Além disso, os campos podem ser escri-
tos em relagéo a tensdo microscopica a seguir:

o,(y,t) = f (.3, 1))

Sendo f,o funcional constitutivo, definido neste trabalho pelo mo-
delo de Mohr-Coulomb. Além disso, a deformag&o microscopica €,
pode ser escrita em termos de campo de deslocamento microsco-
pico u, do EVR conforme a seguir:

£,(,t) = Vu, (1)

ondeo V5 éo operador gradiente simétrico do campo de deslo-
camento u.

Ja o campo de deslocamento microscopico u,, sem perda de ge-
neralidade, € composto pelas seguintes contribuicoes:

u,(y, £) = ulx, t) + u,(y, t) +i, (v, t)
sendo a primeira parcela um deslocamento constante de corpo
rigido coincidente com o deslocamento macroscépico u(x,t) as-
sociado ao ponto x, a segunda parcela varia linearmente com a
coordenada y e é obtida a partir do campo de deformag&o macros-
cépica € como definido a seguir:

(6)

e a terceira parcela é definida como campo de flutuagéo de des-
locamento @, (y, t). Reescrevendo de forma simplificada a relagéo
acima detalhada:

Na Equagéo (7) a parte gy varia linearmente em y e isto resulta
na multiplicagdo macroscopica de deformacgéo ¢ do EVR, que é
constante para as coordenadas do ponto y. No caso de desloca-
mento microscopico uniforme ¢, a flutuagdo de deslocamentos

u, (v, t) = (x, t)y

u, (v, ) = &(x, )y +7, (v, t)
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G, € nula. Também no EVR s&o satisfeitas as seguintes relages
para deformagao microscopica €, € flutuagao de deformagao mi-
croscopica €,:

©)

Considerando a Equacéo (7) e as relagbes acima, de forma analo-
ga, a deformagao microscopica pode ser escrita da seguinte forma:

£u(,0) = £(x,0) +8, (0, 0) (10

Apos algumas manipulagdes (Fernandes et al. [13]), pode-se
reescrever a Equagao (10) em forma de velocidade, onde uma
velocidade de deformagao microscépica é dita cinematicamente
admissivel se:

(1n

Onde v, € 0 espago de deslocamentos cinematicamente admis-
siveis do EVR. Maiores detalhes podem ser encontrados em Fer-
nandes et al. [13].

Como ja descrito anteriormente, a microescala é representada
pelo EVR e a formulagdo do MEF ¢ a ferramenta que resolve o
problema de equilibrio do mesmo. As variaveis do EVR, como por
exemplo, dimensdes e constantes elasticas, sao distintas do ma-
terial no macrocontinuo e essas caracteristicas sdo definidas para
um EVR padréo e ele sera extrapolado para todos os EVRs da
estrutura. Assim, a solugdo de um EVR, ou seja, o calculo dos
deslocamentos, das forgas internas, das tensdes verdadeiras e
da matriz constitutiva atualizada dos seus elementos finitos séo
obtidos quando se alcanga a convergéncia, de acordo com a
tolerancia adotada, do seu problema de equilibrio proposto. No
entanto, para resolver esse problema de equilibrio, necessita-se
definir as condi¢gdes de contorno a ser impostas no EVR. Assim,
a resposta obtida pode variar em fungédo da condigédo de contorno
adotada. Desta forma, com objetivo de estruturar e organizar me-
Ihor a apresentacgéo da formulagdo segundo uma abordagem mul-
tiescala para este trabalho, consideram-se cinco etapas: Equagao
de equilibrio no EVR; Principio de Hill-Mandel; Homogeneizagéo
das tensoes; Condigbes de contorno impostas no EVR; Mdédulo
constitutivo tangente homogeneizado.

Por motivos de simplificag&o sera considerado o dominio das in-
cluses Q, e o da matriz ;' como um s6 dominio dos sélidos Qfl.
Assumindo que as forgas de inércia sdo despreziveis e que o EVR
é submetido a um campo de forga de corpo b =b (y,t) € a um cam-
po de forgas de superficie t°= t¢ (y, t) atuando em todo o contorno,
o principio dos trabalhos virtuais estabelece que o EVR esta em
equilibrio, se € somente se, o campo de tenséo o, em () satisfaz a
equagao variacional classica da elasticidade:

J- o, (, £): Vindv — J. b(y,t).mdV + f o, (y,t): Vinav —
i i i (12)

fg;;b(y' t).ndvV — fanu t*(y,t).ndA=0

&, = Vsu”(y, t)

&, = Vu,(y,t)

£,(y,t) = Vi, = &(x, 1) + £,(y, 1) Vi, E vy

n € vy

Os trabalhos de Hill e Mandel (Giusti et al. [15]) estabeleceram o
principio de macro homogeneidade que diz que a poténcia das
tensdes macroscopicas em qualquer ponto arbitrario do macro-

continuo deve ser igual & média volumétrica da poténcia das ten-
sbes microscopicas sobre o EVR associado a esse ponto para
qualquer movimento cinematicamente admissivel do EVR (Giusti
et al. [15]). Considerando a Equacéo (11) e assumindo ﬁ” =n,
além de saber que os vazios estdo em equilibrio, apds algumas
manipulagdes (ver em detalhes em Fernandes et al. [13] e Fernan-
des et al. [14]), conclui-se que o Principio de Hill-Mandel vale se e
somente se as seguintes integrais forem nulas:

f t*(y,).U,dA=0 Vi, €D,

a9,

(13)
(14)

Considerando as EquacgGes (8) e (10) e escrevendo o, como
o,=f (g),sendof o funcional constitutivo pode-se obter a seguir
a equagao em termos de flutuagéo de deslocamentos para o equi-
librio da parte solida do material:

(15)

f f,(e0x, O + Vi (3, 0)): VndV =0 Vvnew,

%

E por fim, a formulagdo é completada com a escolha apropriada
do espago vy, ou seja, com a escolha das restrigbes cinematicas
do EVR. Portanto, o problema de equilibrio microscopico con-
siste de dado o tensor de deformagdo macroscépico €, o campo
ﬁu €V, de tal modo que de cada instante t, a Equag&o (15) é sa-
tisfeita. Em vista da arbitrariedade de 1), ap6s a discretizagéo do
dominio do EVR em elementos, cujo dominio discretizado passa a
ser referenciado por QF , a seguinte equagao incremental de equili-
brio microscopico deve valer para o incremento de carga no tempo
At, = ty,41 — t,, ediscretizagdo h do dominio que permite encontrar
o campo de flutuagéo de deslocamentos Uum+1) = Upm) + Alpcn :

n+1l __ T ~ _
= o =
G fn B f,(&ns1 + Blyue))dV = 0 ('| 6)

N
Onde B ¢é a matriz global de deformag&o-deslocamento, Qﬁ indica
o dominio discretizado do EVR. Se o incremento de carga n € ndo-
-linear, a Equagéo (16) é resolvida pela aplicagdo do método de
Newton-Raphson que consiste em buscar a correcao de flutuagao
8712,“ para interagao i+1, tal que:

(17)

F'+ K'su, ' =0

Onde F é o vetor de forgas e K € a matriz de rigidez tangente do
EVR. Depois de computar as corregoes SﬁL“ da Equagéo (17), o
proximo passo € o calculo do campo de flutuagéo de deslocamen-
tos a ser considerando na interagao i+1 do microcontinuo, que é
dado por: ;" = ﬁ; +8.

Ja a tensdo homogeneizada é calculada pela Equacgéao (2), consi-
derando que o EVR é composto por partes vazias e sélidas (matriz
e agregados) {, = 9,54 U Qy, e resulta em:

f b (y,0).%,dV =0 Vi, € v,

003

1 1
o=o(xt) = V_u f o, (y,t)dV +V_ﬂ f o,(y,t)dV ('I 8)
S v
Q‘, nn
A complementagédo da formulagéo sobre equilibrio do EVR des-
crita é realizada com a escolha do espago de deslocamentos, ou
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seja, com a escolha das restricdes cinematicas a ser imposta no
EVR que leva a diferentes classes de modelos multiescala e con-
sequentemente diferentes resultados numéricos (Peric et al. [7]).
Aqui é utilizada a condigéo de flutuagao periédica, onde para cada
lado I‘;r do EVR, do qual a diregdo normal &€ ni+, deve correspon-
der a um lado igual T; com diregéo normal n; , sendo nf = —n; .
Similarmente, para cada ponto y* definido sobre I‘;r deve existir
um ponto y~ sobre o lado I'; . Para que a flutuacéo do desloca-
mento seja peridédica no contorno do EVR, para cada par (y+, y)
dos pontos deve-se ter:

(19)

u, (vt =1, v{yty } e,

2.2 Modelo de fratura coesiva e plasticidade

Pituba et al. [12] propds um modelo de fratura coesiva modificado
a partir de Cirak et al. [16] para lidar com meios ducteis de modo
a simular o processo de fissuragdo até a falha da microestrutura.
De maneira geral, foi desenvolvido para representar o comporta-
mento das fissuras quando sdo capazes de transmitir cargas en-
tre suas superficies, que gradualmente decresce até néo ter mais
transmissao de tensdes entre elas. O modelo proposto descreve
a lei coesiva de deformacéao-finita irreversivel. A energia coesiva

liberada ¢ € dada por:
(20)

P = q)(6nl 6s' ‘I)

Onde, 6n é a abertura devido ao modo / (normal); 3s € a abertura
devido ao modo /I (escorregamento) e g € a variavel que descreve
0s processos inelasticos da coesao.

E possivel assumir que a deformac&o devida a abertura por escorre-
gamento € um valor escalar independente da diregao de sua fissura
na superficie, assim 8s = |8s|, dando um carater isotrépico para seu
comportamento. Para a formulagéo da lei coesiva dos modos mistos,
€ introduzido um deslocamento de abertura efetiva dado por:

t/oc i

1.0

05 10 15

o

S/Sc

Figura 2

5= |p26% + 62 (21)

O parametro 3 assume valores diferentes para as aberturas, va-
riando de 0 a 1, sendo um parametro que quanttifica a razéo entre
os processos de abertura de fratura devido ao escorregamento
e a separacao normal. Por outro lado, assumindo que a energia
potencial liberada ¢ depende de 3, a lei coesiva é escrita como:

t= < (8285 +6,m) (22)

Onde, n é o vetor normal a fissura; ds € o vetor de abertura por
escorregamento localizado na superficie da fissura; t € vetor de
tensédo coesiva ao longo da fissura; t € a tensao efetiva escalar.

Por outro lado, a energia coesiva liberada na micrroestrutura do ma-
terial proposta neste trabalho (Equacéao (20)) € dada pela expressao:

o =eo b, [1 - el_<1+‘%)” (23>

Onde a lei de tenséo efetiva coesiva para o caso de carregamento
é obtida da Equacgéao (25), como sendo:

d
t= ¢

— =06

a5

—8/8 e §=0

(24)
Ja a relagédo proposta para a tensdo efetiva escalar no caso de
descarregamento € proposta admitindo-se um caso elastico, ou
seja, sem deslocamento de abertura efetiva residual (Equagao
(25)), sendo descritaa a seguir:

c se §=0max

tmax

t= § se §<8puy Ou §5<0 (25)
Onde e € o exponencial, oc € um parametro do modelo que reflete
a maxima tensao de tragdo normal coesiva, § é a velocidade de
abertura, 5 . é a maxima abertura efetiva até o instante da ana-

max
lise, t

6max

é a maxima tensao efetiva até o instante da andlise e ¢

méax

€ um parametro do modelo que indica uma abertura critica. A lei
t/cc

1.0}

tmax

dmax “3/5¢

8]

Lei Coesiva proposta escrita em termos de tensdo efetiva versus deslocamento de abertura efetiva:
a) Caso de carregamento; b) Caso de descarregamento

1104 ——

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



D.C. BORGES | W. M. G. QUARESMA | G. R. FERNANDES | J. J.C. PITUBA

coesiva tensao efetiva versus deslocamento de abertura efetiva
esta ilustrada abaixo para o caso de carregamento (Figura 2a) e
descarregamento (Figura 2b).

Segundo Ortiz e Pandolfi [17], ha uma relagao entre a taxa libera-
da de energia critica (G,,) para a propagagéao de fratura, em nosso
caso, na microestrutura do material, e a lei coesiva. Adotando-se a
direcdo 1 como sendo aquele no plano da fratura e na diregdo de
propagagéo da mesma, pode-se admitir que G, € dado por:

R

GC =J-t.5‘1dx1
0

(26)

Onde R é a o comprimento da zona coesiva. A Equagéo (26) pode
ainda ser entendida como:

6= [ t6,dx =0, (27)
0
Para o caso da Equagéo (24), temos que a taxa liberada de ener-
gia critica é expressa como:
(28)

Obviamente que a energia de fratura das modelagens convencio-
nais, aquelas realizadas com modelos constitutivos fenomenolé-
gicos, trata da fratura no macrocontinuo como um meio homoge-
neizado. No presente trabalho, o conceito de energia de fratura
esta intimamente ligado ao que ocorre na zona de transigédo na
mesoescala do material, que ao se propagar e unir com outras
microfissuras podem vir a gerar um processo de localizagéo, o que
leva a formag&o de uma fratura no macrocontinuo. Esse processo
leva a uma relagao entre as energias de fratura no macrocontinuo
(material homogeneizado) e na masoescala do material, como
abordado em Oliver et al. [18].

Antes do aparecimento das fraturas, uma rigidez entre as bordas
da possivel fratura presente entre os elementos finitos triangu-
lares € chamada de fator de penalidade (A)). Este fator de pe-
nalidade é um parametro de valor escalar. Na pratica, valores
altos para o fator de penalidade sdo adotados a fim de obter uma
aproximacgao precisa. Tal procedimento garante que a possivel
fratura permaneca fechada até se atingir o critério de separagéo

G.=ea.,

Figura 3
Elemento de volume representativo com 4 inclusdes

e, ao mesmo tempo, garante a admissibilidade fisica de todo o
processo. O fator de penalidade é, portanto, uma rigidez imposta
ao fechamento da fissura.

De maneira geral, esta estratégia pretende criar rigidez nos nés
dos pares com o contato de elementos finitos coesivos, a fim de
ndo permitir a penetracdo das superficies de fissura. Por outro
lado, no regime de tensao, este fator de penalidade efetivamente
substitui a porgao rigida inicial da lei coesiva por uma resposta
linear rigida na forma da Equacéao (25). Para detectar o fenébmeno
de contato coesivo, é adotado o conceito das diferencas entre os
pontos de Gauss do elemento finito de contato e fratura coesiva.

t = 1,8 (29)

Os tipos de elementos considerados nesse trabalho sdo compos-
tos por duas superficies que sao coincidentes na configuragao in-
deformada do EVR. O elemento finito de contato e fratura coesiva
é definido como um elemento de quatro nés sendo a sua geo-
metria compativel com a de dois elementos triangulares bidimen-
sionais usados para modelar as fases da matriz e de inclusdo. A
formulagao desenvolvida pode ser encontrada em Pituba e Souza
Neto [12] e Pituba et al. [19].

Por outro lado, para lidar com as deformagdes plasticas que sur-
gem quando a macroestrutura do concreto € solicitada, sobretudo
por tensbes de compressao, o bem conhecido modelo de Mohr-
-Coulomb é utilizado aqui na representacdo do comportamento
mecanico da matriz cimenticia. Tal modelo € empregado para
capturar as possiveis deformagdes plasticas que ocorrem na ma-
triz cimenticia sendo, portanto, mais um processo dissipativo a
ser modelado na microestrutura do material em conjunto com a
possivel fissuragdo que ocorre predominantemente na Zona de
Interface. No caso de regime predominante de tragdo, a mode-
lagem proposta evidencia o processo de fissuragcdo da Zona de
Interface, capturado pelo modelo de fratura e contato, como o
mais importante fenémeno dissipativo, principalmente fase inicial
de carregamento. Obviamente que deve-se pensar num processo
de fissuragdo na matriz cimenticia que ocorre predominantemen-
te em regime de softening da macroestrutura do material, sen-
do necessaria a insergéo de elementos de fratura e contato na
matriz. Contudo, essa inser¢éo de elementos pode gerar grande

se Apb < o,

Figura 4
Elemento de volume representativo com 8 inclusdes
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instabilidade da resposta numeérica principalmente em regime de ten-
séo de pico. Por outro lado, em regime predominante de compres-
sd0, os processos de plastificagdo da matriz € entendido aqui como
ator principal em conjunto com a fissuragéo da Zona de Interface.

A modelagem do processo de fissuragdo da Zona de Interface &
de fundamental importancia para a captura do colapso da micro-
estrutura do concreto, principalmente em regime predominante de
tracdo. Essa afirmagdo € comprovada nos resultados obtidos em
Pituba e Souza Neto [12] onde, mesmo considerando um com-
portamento elastico para a matriz, o processamento de fratura da
Zona de Interface aliado a geometria dos agregados possibilitou a
simulagéo de deformacgdes plasticas macroscopicas homogenei-
zadas quando em processo de descarregamento e inverséo de
sentido de carregamento, evidenciando assim, o efeito unilateral
desse material.

O modelo constitutivo de Mohr-Coulomb, assim como o modelo
de fratura e contato, foi implementado num cédigo computacional
desenvolvido para a andlise de EVRs de materiais heterogéneos
submetidos a um estado de deformagao macroscépico No inicio do
carregamento, os incrementos das deformagdes macroscépicas
sdo impostas, sendo as tensdes corrigidas pelos modelos cons-
titutivos. No caso do modelo de Mohr-Coulomb, com os valores
das tensdes, é possivel calcular o valor da fungéo de plastificacéo.
Enquanto esse valor for abaixo de zero, o material comporta-se
no regime elastico e a superficie de plastificagdo n&o é atualizada.
Apds a fungao de plastificagao atingir um valor positivo, € iniciado
um mapeamento para atualizar os valores das tensdes e assim, a
superficie de plastificagao.

Sendo as tensdes principais ordenadas, é possivel mapear o es-
coamento plastico para uma das superficies do espago. O mapea-
mento é feito de quatro distintas formas. Maiores detalhes podem
ser encontrados em Souza Neto et al. [20].

Por outro lado, as expressdes propostas séo validas para os casos
em que envolvam o espaco tridimensional. Para o estado plano de

] !
/ e
_ 08} 7
= /
= r
g 06 /
= s
:g ; /
S 04r 1
0.2
Sem Fratura
Com Fratura
0 i L | | 1 L
0 0.2 0.4 0.6 0.8 1 1.2
Deformagdo . 1{!'4
Figura 5

Tensdo normal homogeneizada de tracdo na
direcdo x versus deformacdo especifica de
alongamento macroscopica imposta na direcdo x
do EVR com 4 inclusdes

tensdes (EPT), Souza Neto et al. [20] propde uma estratégia para
a aproximagao ao estado plano de tensdes utilizando as equagdes
constitutivas do estado plano de tensdes, restringindo as tensdes
nos pontos de Gauss do elemento finito. Como as tensbes o, € 0,,
sdo nulas na formulagdo, é adicionada na implementagao a ten-
s&o o,,, em que o valor dela deve ser igual a zero. Considera-se a
diregéo 3 como aquela perpendicular ao plano médio do elemento

finito. Porém, ela esta relacionada com a deformagéo ¢,,, que de-
pende das outras tensdes no plano do elemento finito.
Assim, dada uma deformacéo elastica inicial, (¢ ),,, aplica-se o

algoritmo de integracao para o caso axisimétrico de tensdes e ob-
tém-se a tenséo o,,. Caso a convergéncia seja atingida (|o,,|<€_)),
a atualizagédo da tensdo é valida. Mas, caso a convergéncia nao
seja atingida € necessario atualizar o valor da deformagéo (e ),,. A
correcao é feita através do procedimento de Newton-Raphson e o
valor da deformacéo é corrigido de acordo com a matriz tangente
consistente, corrigindo assim as tensdes principais.

Por fim, vale ressaltar que todo o equacionamento ilustrado nesta
secdo é resolvido através de uma formulacdo tangente consis-
tente, o que leva a uma solugdo numérica com taxa quadratica
de convergéncia, sendo esse um fator positivo, haja vista que em
analises multi-escala, o custo computacional tem alto valor.

3. Resultados e discussoes

EE

Para verificar a viabilidade de emprego da formulagdo proposta,
sao realizadas simulagbes numéricas baseadas no comporta-
mento da microestrutura do concreto. Inicialmente, foram gerados
EVRs que possuem dimensdes de / x | e espessura de /70 com
inclusdes dispostas numa matriz, evidenciando a distingao de dois
materiais nos EVRs, simulando a estrutura bifasica do concreto
sob estado plano de tensdes. Tal EVR é composto por elementos
finitos triangulares e elementos de fratura e contato. Considera-se
a matriz como meio elasto-plastico seguindo o critério de plasti-

—
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o 04r 4
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Figura 6

TensGo normal homogeneizada de tracdo na
direcdo x versus deformacdo especifica de
alongamento macroscdpica imposta na diregdo x
(¢) do EVR com 8 inclusdes
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ficagdo de Mohr-Coulomb com os seguintes parametros, Assad
et al. [21]: médulo de elasticidade longitudinal igual a 20 GPa e
coeficiente de Poisson igual a 0,2, angulo de fricgdo e o angulo
de dilatacéo iguais a ¢ = 5° e W = 10%, respectivamente. Ja os
agregados sdo considerados como meios elasticos com maédulo

Figura 7

de elasticidade igual 35 GPa e o coeficiente de Poisson igual a
0,26, Mehta e Monteiro [22].

Na regido de interfase matriz/agregado, nos casos em que foi
avaliado o fraturamento, foram inseridos elementos de contato
e fratura coesiva. Os parametros para esses elementos foram:

ox (MPa)

Distribuicdo de tensdo normal na dire¢cdo x no inferior do EVR com 4 inclusdes sem a consideracdo

do fraturamento no zona de transicdo

Figura 8

ox (MPa)

Distribuicdo de tensdo normal na dire¢cdo x no inferior do EVR com 4 inclusdes considerando o processo

de fraturamento no zona de fransicdo
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Figura 9
Elemento de volume representativo de Nguyen
et al. [23]

Ap = 200000 N/mm?, B = 0,7, 6c=0,09 MPa e 6c = 0,02mm, Ortiz e
Pandolfi [17], Oliver et al. [18], Pituba e Souza Neto [12].

3.1 Influéncia do fraturamento na zona de
transigcao

Neste item sdo analisados EVRs com 4 e 8 inclusdes de formatos
circulares distribuidas na matriz. A Figura 3 apresenta um EVR
com 4 inclusbes que representam 72% da fracdo volumétrica,
sendo utilizado um total de 798 elementos finitos triangulares e
64 elementos finitos de contato e fratura coesiva quando incluido.
Ja a Figura 4 apresenta o EVR com 8 inclusGes que representam
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o
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X
Figura 10

Tensdo normal homogeneizada de tracdo

na direcdo x versus deformacdo especifica de
alongamento macroscdpica imposta na

dire¢go x (g) do EVR com 4 inclusdes considerando
diferentes condicdes de contorno do EVR
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Figura 11

Tensdo normal homogeneizada de fra¢do

na direcdo x versus deformacdo Especifica

de alongamento macroscépica imposta na
direcdo x do EVR apresentado em Nguyen et
al. [23], considerando diferentes condi¢cdes de
contorno do EVR

14% da fragcao volumétrica, sendo utilizados 1184 elementos fini-
tos triangulares e 128 elementos finitos de contato e fratura co-
esiva quando incluido. A interface matriz/agregado foi modelada
com elementos de fratura e contato. Em outra analise, perfeita
aderéncia entre agregados e matriz foi considerada.

Os EVRs foram submetidos a uma deformagao macroscopica total
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Figura 12

Tensdo normal homogeneizada de tragdo na
direcdo x versus deformacdes especificas de
alongamento macroscdpicas impostas no EVR
com 4 inclusdes
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Figura 13

Tensdo normal homogeneizada de tragdo na
direcdo x versus deformacdes especificas de
alongamento macroscdpicas impostas no EVR
com 8 inclusdes

de g = 0,0001 e ¢ = -0,00001 subdivididas em 20 incrementos. A
deformagédo macroscopica distorcional no plano foi considerada
nula. Com as deformagdes aplicadas, obtém-se os valores das
tensdes homogeneizadas para o EVR. Os graficos das Figuras 5
e 6 relacionam a tensao homogeneizada na direcdo x com a de-
formagado macroscopica no mesmo eixo. Nota-se que a resposta
do carregamento na parte elastica é igual quando se considera
fraturamento ou perfeita aderéncia. Contudo, apds os processos
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Figura 14

Tens@o normal homogeneizada de tragdo na
direcdo x versus deformagdo especifica de
alongamento macroscdpica imposta na direcdo x
(e) do EVR de Nguyen sob o regime predominante
de tracdo

dissipativos de plasticidade e fraturamento, quando for o caso,
as respostas divergem. A consideragao do fraturamento na zona
de transi¢cao evidencia uma importante contribuicdo no compor-
tamento néo-linear do material em sua microestrutura. Assim, o
modelo de fratura diminui a rigidez do EVR ap6s atingir a tenséo
de escoamento. As respostas dos dois EVRs sé&o similares devido
ao valor bastante proximo da fragao volumétrica de inclusdes.
Com o intuito de visualizar a distribuicdo de tensdes na diregao
x no interior do EVR, observa-se nas Figuras 7 e 8 o impacto de
se considerar o processamento de fraturamento na zona de tran-
sicdo. Para o EVR com 4 inclusdes sem fratura, a distribuicdo &
mostrada na Figura 7 e o EVR com 4 inclusdes e considerando
elementos de fratura € mostrada na Figura 8. Na Figura 7 nota-
-se que a transmissédo das tensdes sao continuas e impacta os
agregados de maneira direta. Assim, os agregados, por apresen-
tar rigidez maior que a pasta de cimento, confere maior rigidez a
resposta homogeneizada da Figura 5.

Ja na Figura 8, devido aos efeitos dissipativos dos elementos
de fratura, as tensdes nos agregados sdo menores por conta da
transmissao das tensdes nas faces das fraturas. Assim, o impacto
que a rigidez dos agregados exerce na resposta homogeneizada
€ menor, conforme mostrado na Figura 5.

3.2 Influéncia das condi¢ées de contorno
da formulagcao Multiescala

Na formulagdo Multiescala, a resposta homogeneizada ¢ influen-
ciada pelas condi¢cbes de contorno conforme o item 2.1. Para
essa analise foi sugerido um novo EVR apresentado por Nguyen
et al. [23] com a distribuicdo de agregados de varias dimensdes
e distribuigdo aleatdria, como mostrado na Figura 9. A utilizagéo
desse EVR deve-se a ndo apresentagéo de simetria em nenhum
eixo. Isso serd importante nas andlises do item 3.3. Sua fracédo
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Figura 15

TensGo normal homogeneizada de compressdo
na direcdo x versus deformacdo especifica de
encurtamento macroscdpica imposta na direcdo
x do EVR de Nguyen sob o regime predominante
de compressdo
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Figura 16
Zona de transicdo modelada por uma faixa
de elementos finitos friangulares

volumétrica é de 35,6%, com 520 elementos finitos triangulares e,
quando incluidos, 95 elementos de fraturas ao redor dos agregados.
A Figura 10 apresenta as respostas homogeneizadas da tenséo
na diregéo x quando utilizando as condi¢cdes de contorno linear
e periddica para o caso do EVR com 4 inclusbes apresentado na
Figura 3. Ja na Figura 11 sao apresentadas as respostas para o
caso do EVR da Figura 9. Ambas analises de EVRs consideraram
o processamento de fraturamento na zona de transicao.

O uso de condigbes de contorno linear e periodica nao influen-
ciou as respostas apresentadas na Figura 10 devido a disposi¢ao
simétrica dos agregados no EVR. Mas quando o EVR néao apre-
senta nenhuma forma de simetria, como mostrado na Figura 9,
a resposta homogeneizada apresenta variagdo apds o0 processo
de fraturamento na zona de transigao iniciar. Essa variagao é pe-
quena, mas acredita-se que por causa do carater microscopico da
analise. Contudo, essa influéncia deve ter um impacto maior numa
analise Multiescala.

3.3 Anisotropia material

Com o objetivo de verificar como a modelagem proposta é ca-
paz de obter respostas complexas da macroestrutura, como por
exemplo, a anisotropia, foram realizados estudos nos dois EVRs
apresentados nas Figuras 3 e 4. Primeiro, a deformacéo total im-
posta aos EVRs foi de ¢ = 0,0001 e e,=-0,00001. Posteriormen-
te, sdo feitos incrementos em outra configuragao, g, = 0,0001 e
e =-0,00001. Os resultados obtidos s&o apresentados nas Figu-
ras 12 e 13 em termos de Tensdo homogeneizada x Deformagdes.
Na Figura 12 é apresentada a modelagem no EVR com 4 inclu-
sbes e na Figura 13 é apresentada no EVR com 8 inclusées.

Na Figura 12, o comportamento em diferentes diregdes foi o mes-
mo. Isso acontece por se tratar de um EVR com simetria nos eixos
x e y. Mas na Figura 13, o comportamento em diferentes diregoes
apresenta diferengas significativas quando o processo de fratura-
mento é ativado. Isso se deve ao posicionamento das inclusdes
no EVR que proporciona uma geometria ndo simétrica. Portanto,
a geometria das inclusdes e a consideragao do processo de fratu-
ramento na zona de transi¢cdo levam a captura de um fenédmeno

e
o

e
@

Tensido (MPa)
o
.

Com elementos finitos de fratura

0.2 —— Com faixa da zona de transi¢do |
0 / : ! ' '
0 0.2 0.4 0.6 0.8 1
Deformagéo x 10°
Figura 17

Tensdo normal homogeneizada de tragcdo na
direcdo x versus deformacdo especifica de
alongamento macroscdpica imposta na dire¢cdo x
do EVR com 1 inclus@o

complexo macroscopico com a utilizagao de modelos simples apli-
cados na mesoescala do material.

3.4 Respostas homogeneizadas em tragao
e compressao

Nesse exemplo é avaliada qual a influéncia do processo de fratu-
ramento na zona de transigdo em regimes predominantes de tra-
¢ao e de compressdo. Para isso foi utilizado o EVR apresentado
na Figura 9 e os parametros considerados em exemplos anterio-
res. A primeira andlise foi realizada no eixo x, com os valores de
deformagbes macroscopicas iguais a € = 0,0001 e g, =-0,00001,
sendo v, tomado como aproximadamente nulo. Posteriormente,
no mesmo eixo foi realizada uma segunda analise considerando
ao invés de tragdo, um estado predominante de compressao de
mesma grandeza (¢ =-0,0001 e €, = 0,00001). Com os valores de
tensdes homogeneizadas na diregdo x e deformagdes impostas
na diregao x, sdo produzidos os graficos das Figuras 14 e 15.

Na Figura 14 é possivel ver que o processo de fraturamento atua
de forma significante no EVR em regime predominante de tragéo,
influenciando na rigidez e diminuindo a sua resisténcia. Ja na Fi-
gura 15, por se tratar de um EVR sob o regime predominante de
compressao, o processo de fraturamento ndo tem influéncia signi-
ficativa, isso porque os elementos de fratura inseridos tém a per-
da de transmiss&do conforme o valor da tens&o de tragédo coesiva
torna-se significativo, o que ndo acontece na maioria dos elemen-
tos de fratura e contato por estarem pressionados em contato. Os
sinais dos valores de tensdo e deformacédo na Figura 15 foram
invertidos intencionalmente para melhor visualizagao.

3.5 Modelagem alternativa da zona de transicao
do concreto

Para modelar a zona de transicdo do concreto, alguns autores
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consideraram a mesma como uma regiao que suporta menos ten-
séo localizada ao redor dos agregados com um maodulo de elastici-
dade menor que o utilizado na pasta. Autores como Ramesh et al.
[24] e Yang [25] consideraram em suas pesquisas que o valor do
modulo de elasticidade da zona de transigao fosse um valor per-
centual da matriz. Nesse exemplo, um EVR contendo apenas uma
inclusdo central foi utilizado para essa andlise, conforme a Figura
15. A fragdo volumétrica de agregados desse EVR é de 19,6%.
Para o EVR sem a faixa da Zona de Transi¢édo, a quantidade de
elementos finitos é de 612 elementos finitos triangulares e 36 ele-
mentos finitos de contato e fratura. Para o EVR com faixa da Zona
de Transicdo e sem elementos de fratura, tem-se 6712 elementos
finitos triangulares.

Analisou-se o EVR com uma faixa em elementos finitos triangula-
res que representa a zona de transi¢gdo do concreto e comparou-
-se o resultado com outro EVR sem essa faixa, mas com a inclu-
sdo de elementos de fratura e contato. Foi considerado para a
espessura da faixa de transi¢éo o valor de 40 um, conforme Mehta
e Monteiro [22], onde diz que o tamanho da zona de transigéo
compreende numa faixa de 20 até 50 um.

Sao utilizados os mesmos parametros dos exemplos anterio-
res e incrementos de deformagdo macroscépicas totais iguais a
g, = 0,0001 e g =-0,00001, sendo y, tomado como aproximada-
mente nulo. Na regido em verde da Figura 16 foi utilizado um mé-
dulo de elasticidade igual a 50% do valor da matriz, seguindo o
preconizado pelos autores citados no inicio deste item. Na Figura
17 sao apresentados os resultados de tensdo homogeneizada na
direcao x e deformagéo macroscopica imposta na diregéo x.
Pode-se perceber que para o modelo com a faixa da zona de tran-
sicao, inicialmente o EVR apresenta uma rigidez menor no regime
elastico quando comparada com o modelo sem a faixa e com os
elementos de fratura. Porém, conforme o carregamento continua,
apos a plastificagdo e fraturamento, o EVR considerando elementos
de fratura apresenta uma resposta menos rigida. Por conta dos ele-
mentos de fratura, em certo nivel de carregamento, que enfraquece
bastante a transmissao de forgas impactando na sua rigidez, o que
n&o acontece no modelo com a faixa da zona de transicéo.

4. Conclusoes
E—

Neste trabalho, uma modelagem proposta para a simulacao do
comportamento mecénico do concreto baseado numa aborda-
gem multi-escala foi apresentada. As analises apresentadas
restringiram-se a mesoestrutura do material. Alguns fendmenos
macroscoépicos importantes foram qualitativamente representados
utilizando modelos constitutivos simples em formulagéo aliado a
geometria dos constituintes do EVR.

Aincluséo de elementos finitos de contato e fratura coesiva na mo-
delagem apresentou resultados coerentes com o comportamento
esperado quando incluidos na Zona de Transigao do concreto, evi-
denciando a perda da rigidez na resposta homogeneizada, sem que
haja a perda total de transmissao das tensdes. Comparado com ou-
tras estratégias de simular o efeito da Zona de Transig¢&o do concre-
to, como a utilizagdo de uma faixa de elementos finitos ao redor do
agregado menos rigida que o restante da malha, mostrou-se viavel
ja que esse tipo de elemento nao influencia a resposta homogenei-
zada enquanto nao for ativada a abertura do elemento.

Por outro lado, a implementagdo do modelo de plasticidade na anali-
se Multiescala mostrou-se satisfatdrio para contornar o problema das
respostas rigidas apresentadas por Pituba e Souza Neto [12] em regi-
me predominantes de compressao. Contudo, a utilizagéo apenas do
modelo de plasticidade na pasta cimenticia ndo é satisfatério sem a
incluséo dos elementos finitos de contato e fratura coesivas, pois os
agregados apresentam uma maior rigidez e resisténcia pela adogéo
de comportamento elastico linear, impactando na resposta homoge-
neizada. De uma maneira geral, o trabalho mostra a fundamental
importancia de representar os fendbmenos dissipativos na Zona de
Transicdo para uma modelagem do comportamento mecanico do
concreto. Por outro lado, uma limitagéo da presente proposta € a difi-
culdade de capturar o comportamento de softening em regime predo-
minante de tracdo quando da proliferacéo da fissuragéo para a matriz
cimenticia. Porém, a insergdo de elementos de fratura e contato na
matriz pode gerar instabilidade da resposta numérica em regime pre-
dominante de tracdo. Uma alternativa a ser investigada em trabalhos
futuros € a substituticdo do elemento de fratura e contato por elemen-
tos com alta razao de aspecto desenvolvido por Rodrigues et al. [26].
Contudo, em estruturas de concreto em regime de servigo, a mode-
lagem proposta pode se apresentar como uma ferramenta viavel em
andlises em varias escalas. Acredita-se que essa estratégia devera
possibilitar a captura do regime de softening em tracéo.

Contudo, mesmo com a limitagéo citada, os resultados apre-
sentaram coeréncia com o comportamento mecanico esperado
do concreto, capturando fendmenos complexos com modelos
constitutivos simples, encorajando trabalhos futuros nesse tema
de pesquisa. A modelagem proposta devera ser empregada na
identificagcdo de respostas quantitativas do concreto, assim como
na simulagao de elementos estruturais de concreto utilizando um
acoplamento completo entre escalas. Para tanto, as formulagbes
apresentadas em Fernandes et al. [13] e Fernandes et al. [14] se-
rao fundamentais. Além disso, € necessario o desenvolvimento
de uma formulagéao que considere o fendbmeno de localizagéo do
dano na microestrutura repercutindo na macroestrutura com a for-
magao de uma fratura, como visto em Sanchéz et al. [27].
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Abstract
E——

Global stability analysis is becoming increasingly important in the design of reinforced concrete buildings, especially in the slender ones, due its
sensitivity to lateral displacement. The loss of stability is usually associated with the intensity of the second order effects and, in that sense, the
gamma-z (y,) coefficient is an important evaluation parameter for this problem. This work aims to verify the vy, efficiency as a global stability pa-
rameter based on the buckling load factors of the structures and their respective critical buckling modes. To this purpose, a comparative analysis
is performed in several idealized structures, from which an approximate equation for calculating the critical load factor based on the y, coefficient
is obtained. This equation was verified by numerical analysis of Finite Elements Method models of real reinforced concrete buildings. It was con-
cluded that the proposed equation presents satisfying results within a certain range of y,.

Keywords: global stability, second order global effects, gamma-z coefficient, critical load factor, reinforced concrete buildings.

Resumo
E———

A andlise da estabilidade global tem se tornado cada vez mais importante no projeto de edificios de concreto armado, sobretudo nos mais esbel-
tos, por serem mais sensiveis aos deslocamentos laterais. A perda de estabilidade é usualmente associada a intensidade dos efeitos de 22 ordem
e, nesse sentido, o coeficiente gama-z (y,) torna-se um importante pardmetro de avaliag&o deste problema. O objetivo deste trabalho é verificar
a eficiéncia do y, como parametro de estabilidade global, tomando como base os fatores de carga de flambagem das estruturas e os respectivos
modos criticos de instabilidade. Para esta finalidade, é realizada uma analise comparativa de diversas estruturas idealizadas, de onde obteve-se
uma equagcéo para o calculo aproximado do fator de carga critica em fung&o do coeficiente y,. A validagéo dessa equagéo foi realizada por meio
da analise numérica de modelos em Elementos Finitos de edificios reais de concreto armado. Constatou-se que a equagdo proposta oferece
resultados satisfatorios para um certo intervalo de v,
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Global stability analysis of reinforced concrete buildings using the y, coefficient

1. Introduction

EE

The global stability verification is a fundamental requisite on the
design of a reinforced concrete building for it doesn’t present future
problems that would affect its safety and, consequently, increase
its risk of collapse. Tall and slender buildings are, generally, more
sensitive to lateral displacements and designers should consider
the effects.

A rigorous stability analysis involves the prediction of the struc-
tures’ equilibrium path, just as the determination of its critical loads
and instability modes. However, in most of structural analysis, the
main interest is merely to determine critical loads and respective
instability modes.

Most precise global stability analysis is not a simple process, being
sophisticated computational resources necessary. It evaluates the
current condition of the structure regarding its stability limit through
the relation of its critical load to the applied vertical load. In addi-
tion, this analysis provides the most critical deformed configuration
of the structure.

Usually, during reinforced concrete buildings design, the global
stability analysis is limited to considering or not the additional
forces due the second order effects. Thus, one notes that there is
no concern in evaluating the structure’s safety regarding its global
instability critical load.

A simple manner to estimate the second order effects without the
need for a geometrically non-linear analysis is through the gamma-
z coefficient (y,), a parameter obtained from a linear analysis that
aims to evaluate the magnitude of the second order effects, being
frequently used by designers as a reference parameter for global
stability analysis.

Brazilian Standards 6118 [1] recommends that the vy, coefficient
should be applied, within certain limits, in the evaluation of the im-
portance of the second order global effects, as well as in the ampli-
fication of the first order effects for the estimation of final forces in
the structure. However, these standards do not provide a superior
limit that aims to restrain the magnitude of the second order effects
in a way that the structures be free of global instability problems.
This paper aims is to establish a relation between the vy, coefficient
and the critical global buckling load factor according to concepts pre-
sented on the literature and trough the analysis of idealized structures
with simplified geometry. This relation will further be transformed into
an approximate equation which allows to estimate the critical load fac-
tor from the v, coefficient. Later, some examples of real buildings are
analyzed in order to validate the proposed equation.

For the modeling and processing of the structures, both idealized
and real buildings, the computational software SAP2000® V16.0.0,
one of the most known structural analysis systems in the market,
was used.

2. Second order effects

EE

The second order effects appear when the equilibrium equation
is taken considering the deformed configuration of the structure,
which causes a geometrically non-linear behavior.

According to Wight and Macgregor [2], by a second order analysis it
is possible to verify the global stability of the structure, once the in-
stability occurs due the loss of equilibrium of the deformed structure.

Kimura [3] states that the larger the second order effects are, less
stable the structure is and because of that the stability of a building
may be evaluated by the calculation or estimative of these effects.
As a way to simplify these analysis, the NBR 6118 [1] allows one
to disregard the second order effects when they are not superior
than 10% to the first order effects. This criterion is equivalent to the
one adopted by the Eurocode 2 [4]. However, it is not suggested
in none of these codes a superior limit that aims to prevent the
collapse of the structure due loss of stability caused by excessive
lateral displacements.

The ACI 318 [5] proposes that the consideration or not of the sec-
ond order effects must be assessed in each floor of the building,
obeying a limit of 5% relative to the first order effects, in order to be
ignored. This code also specifies a superior limit of 40% for the to-
tal second order moments relative to the first order ones, ensuring
the global stability of the structure when this condition is satisfied.
As the second order effects require a nonlinear analysis, there can
be used reference parameters for performing a simplified verifica-
tion of the importance of these effects and, consequently, of the
global stability. For this purpose, the Brazilian Standards recom-
mends the use of the alfa (& ) and gamma-z (/) coefficients.
Only the latter will be discussed in this paper because it is the most
commonly used.

Besides the mentioned parameters, another method to evaluate
the second order effects in reinforced concrete buildings uses the
ratio between the total vertical load and the critical global load,
named instability index by MacGregor and Hage (apud Fonte [6]).
This parameter and the ), coefficient are discussed in the follow-
ing sections.

3. vy, coefficient
_———

The }_ is a parameter created by Franco and Vasconcelos [7],
which aims to evaluate the importance of the second order effects
in frame structures of at least four stores based on a first order
linear analysis, being very convenient for structural analysis.
Vasconcelos [8] explains that this method is based on the hypoth-
esis that the successive elastic lines, induced by the applied verti-
cal load on the deformed structure follow a geometric progression.
The NBR 6118 [1] determines that, for each load combination, the
Y. coefficient is calculated by:

1
Ve = AM 414 ]
1= Ml,tot,d ( )
Where:

AM,4q is the sum of the products of the total applied vertical forc-
es on the structure in the considered combination by the horizontal
displacements of their respective application points obtained from
the first order analysis and;

M1tor,a is the sum of the moments generated by all the horizontal
forces of the considered combination taking the basis of the struc-
ture as reference.

Feitosa and Alves [9] explain that changes in the horizontal loads do
notinfluence ), for the second order forces would be modified pro-
portionally to the first order ones, in this case. Thus, the factors that
alter this coefficient are the vertical load and structure’s stiffness.
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To consider the physical non-linearity is mandatory for design and
can be performed in an approximate manner by reducing the stiff-
ness of the structural members as follows:

(
Beams: (ED)ge. = 0,4E I, for A’y # Ag and (3)

(4)
()

Where I is the second moment of inertia of concrete, including,
for T beams, the flange contribution; Eci is the concrete’s initial
elasticity modulus; A_ is the area of steel in tension and A4, is
the area of steel in compression.

The ¥, coefficient also has the advantage can be used as an av-
erage amplifier of the first order effects for the approximate calcu-
lation of the final forces of the structure. The NBR 6118 [1] admits
that the horizontal internal forces may be multiplied by 0,95y, so
the second order effects to be considered, since ), is no greater
than 1,30.

The Brazilian Standards don’t propose a superior limit for ), to
ensure the global stability of the structure. Vasconcelos and Fran-
ca [10] states that for values greater 1,30 the structure is exces-
sively flexible, requiring further analysis by other methods in order
to avoid problems due vibrations and resonance. As reported by
Kimura [3], buildings with )/, above 1,30 have a high degree of in-
stability. In addition, the author recommends 1,20 as the maximum
value to be used during design.

Slabs:  (ED)gec = 0,3E 1.

(EDgec = 0,5El. for A's = A,

Columns: (EDg,. = 0,8E I,

F; *Fz

T 7T

e Service situation

Figure 1
Definition of the critical global load factors

4. Critical global buckling load factor (1)
EE

The critical global buckling load factor ( A ) of a building is also a
parameter that indicates the degree of stability of the structure and
it is defined as the ratio of the critical global buckling load (Fcr ) to
the applied vertical load (£ ):

-t ®

According to Oliveira [11], A must multiply the vertical loads at
their respective application points, resulting in the critical global
load of the structure. This concept is better understood by observ-
ing Figure 1, where Ais represented in a simple plane frame ex-
ample. The sum of the applied load multiplied by A is the critical
global buckling load of the structure.
Its value is determined through the resolution of an eigenvalues
and eingenvectors problem, in which the first corresponds to the
load factors and the later represents the multiple buckling modes.
The equation that defines this type of problem is the following:
)

Where, [Ke] is the elastic stiffness matrix, [Kg} is the geometric
stiffness matrix and {d} is the displacements vector. The eigen-
values are the values of A for which the vector {d} is a nontrivial
solution. The eigenvectors {d} are the critical modes respective
to each eigenvalue.

Burgos [12] explains that for the calculation of the critical global
buckling load factor it is admitted the hypothesis that there will
be no significant change in the distribution of forces when the

{IKe] =2 [K,]}-{d} = 0

@ Buckiing situation

From: OLIVEIRA [11], adapted by the author.
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vertical loads are multiplied by A . In addition, this analysis does
not include the second order effects, since it is admitted that the
displacements vary linearly with the loads’ increase.

The same author remarks that in practical situations it is im-
portant to know the first two critical loads in order to verify a
possible interaction or proximity between the buckling modes.
And draws attention for the fact that A must be used only as
a reference parameter, since there are cases where the struc-
ture may suffer collapse due to a load considerably lower than
the estimated.

MacGregor and Hage (apud Fonte [6]) denominate instability index
(Q) the ratio between the total vertical load applied to the critical
global buckling load. Therefore, this parameter is the inverse of the
critical load factor, as described in equation (8):
F 1
0= =3 ®)
The authors also suggest an amplification factor which is similar
The authors also suggest an amplification factor which is similar
to the v, coefficient, which aims to evaluate the magnitude of the
second order effects as a function of the instability index of the
structure. This amplification factor is calculated as follows:
1
) =——
F =125 )
In terms of the critical global buckling load, the equation (9) is re-
written as:
A
fo® =75 (10)
Based on comparisons and statistical studies, these authors conclud-
Based on comparisons and statistical studies, these authors conclud-
ed that a first order analysis is sufficient for structures where the Q is
equal or inferior than 0,0475, which corresponds to A superior than
21 and f, (A) inferior than 1,05. When Q is bigger than 0,2, that is,
A<5 andf, (A)> 1,25, the collapse risk increases rapidly, thus it is not
recommended that this limit is exceeded.
Comparing these limits with what is prescribed by the NBR 6118
[1] and with the values commonly adopted by structural engineers
in Brazil, one gets:
f,() =11 > Fixed nodes structures (the first order analysis is
sufficient);
90°
180°

00

270°

Figure 2
Wind directions incidence

1,1 < f,(4) =13 - Free nodes structures (second order analy-
sis is required);

f,(A) > 1,3 — Collapse probability increases.

In terms of critical global load factor:

A =11 - Fixed nodes structures (the first order analysis is suf-
ficient);

4,33 <A< 11 - Free nodes structures (second order analysis
is required);

A < 4,33 - Collapse probability increases.

It stands out that the limit of 1,25 for the amplification factor, as in-
dicated by McGregor and Hage (apud Fonte [6]) to avoid loss of
stability, was extended to 1,40 in the ACI 318 [5], for which the é
corresponds to 3,50.

The NBR 6118/1980 [13] used to fix a inferior limit for the critical load.
These standards admitted that the safety of the structure was guar-
anteed when the buckling load was less than three times the charac-
teristic load. Therefore, the structure should be considered unstable
when A is lower than 3, what corresponds to an amplification factor
f. (/1) equals 1,50. A limit for the second order effects magnitude
related to global instability is not given by the Brazilian Standards.

5. Methodology

EE

This paper aims to presents a comparative study between the 7,
coefficient and the critical global buckling load in order to formu-
late an equation that properly relates these parameters. For this
purpose, multiple idealized structures based on the same plan are
analyzed, having its column section and number of stores varying,
resulting in spatial frames with varying global stiffness.

Aiming to verify the applicability of the ). coefficient in the cal-
culation of the global critical load, three real reinforced concrete
buildings, built or under construction in the city of Belem/Para, were
analyzed. These projects were provided by the A. C. Athayde Neto
Projetos Estruturais company. Some of the criteria adopted in this
paper may differ from the original design. Therefore, the results ob-
tained can’t be, in any way, be compared to the original ones.

For this numerical modeling and analysis, the SAP2000® system ver-
sion 16.0.0 was used. This commercial software for structural analysis
has vastly application on the market and was chosen because it per-
forms the stability analysis in an automatic fashion, determining the
global critical loads and the instability modes of the structure.

The analysis of the structures, constituted by columns, beams and
slabs, were made through the Finite Elements Method (FEM). The
columns and beams were represented by frame elements with the
addition of rigid beam-column connection, as specified by the NBR
6118 [1], and the slabs wee modelled by plate elements, consider-
ing the rigid diaphragm in the distribution of lateral forces.

The physical non-linearity was considered in an approximate man-
ner through the reduction of the stiffness of the structural mem-
bers, as recommended by NBR 6118 [1] for the global analysis
of frame structures with a minimum of 4 stores, as indicated in
equations (2), (3) e (5).

The wind loads were calculated following NBR 6123 [14] were ap-
plied on the models as horizontal point loads concentrated on each
pavement according to the directions shown in Figure 2.

The . coefficient was calculated using the horizontal displace-
ments obtained from the linear analysis. To determine it, it was
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Table 1

Load combination
Comb. 1 1.4 - dead load + live load
Comb. 2 1.4 - dead load + 1,4 - (live load. + 0,6 - wind 90°)
Comb.3 1.4 - dead load+ 1,4 - (live load + 0,6 - wind 270°)
Comb.4 1.4 - dead load + 1,4 - (live load + 0,6 - wind 0°)
Comb.5 1.4 . dead load + 1,4 - (live load + 0,6 - wind 180°)
Comb. 6 1.4 - dead load + 1,4 - (wind 90° + 0,5 - live load
Comb.7 1.4 . dead load + 1,4 - (wind 270° + 0,5 - live load)
Comb. 8 1.4 - dead load + 1.4 - (wind 0° + 0,5 - live load)
Comb.9 1.4 - dead load + 1,4 - (wind 180° + 0,5 - live load)

considered the safety formulation recommended by the NBR 6118
[1], by which the calculated second order effects are amplified by
7f /J/f3 and later by }’f3 , Where 7/f and 7/f3 equal 1,40 and
1,10, respectively. The ultimate normal combinations adopted for
its calculation are shown in Table 1.

In obtaining the critical load factor and the instability modes only
the service values of the vertical loads were considered. The
physical nonlinearity in this case was also considered in an ap-

proximate manner.

6.

The Typical Floor (or just Typical) drawn is used as an outline for
all the modelled idealized structures is presented in Figure 3. It

Idealized structures
E——

6.1 Structures’ description

&
0 V1 2o0es 7 2
P1 P2 P3
L1 8
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&
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20 480 20 480 20
L3 8
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Z 3 3
3 g <
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L V3 ooes ™ AL il
t t |
P7 P8 P9
Figure 3

Outline of the typical floor of the idealized buildings

is composed by 6 beams of rectangular cross-section of 20cm
x 45cm and 4 solid 12 cm thick slabs. The sections columns
were not intentionally indicated because they vary in the several
cases studied

5 groups of structures were created and named A, B, C, D and
E, where each group is composed by models of equal number of
stores. The quantity of Typical floors varies linearly from group to
group: group A has 5 Typical; group B has 10 Typical and this way
successively until group E, constituted by 25 Typical floors. Each of
these groups has 5 subgroups, numbered 1 to 5, that differ in the
cross-section of the columns. This was made to generate a variety
of ¥, values within a group.

Therefore, it were analyzed 25 different structures, all having the
same blueprint as outline. It is important to warn that in this proce-
dure there was no concern if the design of the columns regarding
their ultimate limit states or minimum dimensions recommended by
the Brazilian standards. The only aim in their design was to obtain
a variety of ¥_ and A parameters.

In addition, it was admitted that distance between each floor and
the depth of the foundations don’t vary and are equal to 3,00 m and
1,50 m, respectively. In Table 2 are presented the main dimensions
of these models.

6.2 Material properties

For all the structures, the compressive strength of the concrete
(fck) was 30 MPa, resulting in an initial elasticity modulus of
31 GPa, according to the NBR 6118 [1] and admitting granite as
coarse aggregate.

6.3 Applied loads

The applied vertical loads are summarized in Table 3. For the defi-
nitions of these loads, the buildings were considered to have resi-
dential purpose and that all the beams support brick walls. Regard-
ing the horizontal loads, it was admitted that the wind loads are the
only acting. The criteria adopted are shown in Table 4.

6.4 Structural analysis using SAP2000®

The idealized models were analyzed using SAP2000®, from
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Table 2
Characteristics of the idealized structures
. Pillar dimensions (cm)
Group Number of floors | Total height (m) Case
P1 a P4,P6 a P9 P5
1 22 /22 25/ 25
2 16 /16 19719
A 5 13,5 3 14714 19/19
4 13/13 18/18
5 12/12 17 /17
1 32 /32 45 / 45
2 20/ 20 28 / 28
B 10 28,5 3 17717 26 / 26
4 16 /16 24 /24
5 15/15 21/ 21
1 50/ 50 55/ 55
2 25/ 25 27 1 27
C 15 43,5 3 20/ 20 31/ 31
4 20/ 20 21/ 21
5 18/18 20 /20
1 73173 80/ 80
2 31/ 31 40/ 40
D 20 58,5 3 25/ 25 33 /33
4 22 /22 30/ 30
5 19/19 27 /27
1 95 /95 100 / 100
2 38/ 38 45 / 45
E 25 73,5 3 30/ 30 30/ 30
4 25/ 25 36 /36
5 21/ 21 30/ 30
Table 4
Criteria for the definition of the wind loads
Criteria Value
Table 3 Basic Wind velocity (V) 30m/s
Vertical loads applied on the idealized structures Topography factor (S,) 1,00
Dead loads Live load Roughr?elss category (5,) v
- Statistic factor (S,) 1,00
Brick walls Slab cover Overload
Structure A A
5,40 kN/m 1,00 kN/m? 1,50 kN/m?2
o Structure B B
I?;Tclfslgg Structure C B
Structure D C
Structure E C
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Figure 4
Spatial perspective of one of the idealized buildings
in SAP2000®

which it was obtained the data needed for the calculation of
the v, coefficient and the results regarding the elastic instability
analysis (i.e. instability modes and critical global factor), which
are necessary for the later calculation of the amplification coef-
ficient £, (4).

Figure 4 shows one the models analyzed through SAP2000®. All
the models studied which were symmetric in direction X and Y, the
results are equal for both directions. Therefore, it was calculated a
single pair of values of 7, and A for these structures, which are
valid for both principal directions.

10%
™
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g @
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—
| -5%
Sl °
= o
G[Z10% g o
)
-15% L}
e
-20% .
o
e | e
-23%
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Figure 6

—s— fa(1)

Amplification coefficient

10
1.0 30 5.0 7.0 9.0 110

A factor

Figure 5
Relation of y, and f_ (1) coefficients and A factor for
the idealized structures

6.5 Results and discussion

The calculated values for the }_ coefficient, critical global load
factor A and amplification coefficient fa(/l) are presented in
Table 5. In these analysis, there was no concern with ultimate or
serviceability limit states, for the objective was only to establish a
relation between the global stability parameters calculated, without
considering the design of the structural members.

For purposes of comparison, the calculated values are show
graphically in Figure 5, in which the horizontal axis corresponds to
the A factor and the vertical axis is the amplification factor of the
first order forces.

It is observed that, until a value close to 1,50, there is good agree-
ment between ¥, and f, (A), which permits to establish the fol-
lowing approximated relation:

‘ e (A)5TYPICAL
o  (B)10 TYPICAL
o (C)15 TYPICAL
(D) 20 TYPICAL
o e (E)25 TYPICAL

23 25 27 29 31

Percentage variation of A obtained using SAP2000 e through vy,
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Table 5
Calculated values of the coefficients vy, A and f_ (1) for the idealized structures
Structure Case Y, Ay A (SAP) f.) Coarse
1 1,10 11,00 9,82 1,11
2 1,31 4,23 3.42 1,41
A. 3 1,50 3.00 2,36 1,74 Translational
(5 Typical)
4 1,75 2,33 1,80 2,25
5 2,28 1,78 1,36 3.78
1 1,11 10,09 10,42 1,11
2 1,33 4,03 3,62 1,38
B .
(10 Typical) 3 1,58 2,72 2,33 1,75 Translational
4 1,80 2,25 1,86 2,16
5 2,37 1,73 1,38 3.63
1 1,12 9,33 9,73 1,11
2 1,35 3.86 3.60 1,38
C .
(15 Typical) 3 1,60 2,67 2,43 1,70 Translational
4 1,83 2,20 1,91 2,10
5 2,39 1,72 1,43 3,33
1 1,14 8,14 8,91 1,13
2 1,32 413 4,16 1,32
D .
(20 Typical) 3 1,563 2,89 2,83 1,55 Translational
4 1,80 2,25 2,12 1,89
5 2,70 1,59 1,43 3.33
1 1,16 7.25 7.79 1,15
2 1,35 3.86 4,04 1,33
E .
(25 Typical)v 3 1,57 2,75 2,82 1,55 Translational
4 1,81 2,25 2,27 1,79
5 2,84 1,54 1,50 3.00
The established relation holds only for the cases where the critical
v,=f,4 (] ]) instability modes coincide with the principal directions for which

Using (10) and (11) it is possible to relate the ), coefficient and
the critical global load A as follows:

v=r (12)

Hence, in order to find A as a function of V. it is sufficient to
isolate it in equation (12):
Y

YTy (13)

This relation is valid for ) within 1,00 and 1,50. The inferior limit is
due the impossibility of the division. The superior limit was fixed
based on the great discrepancy observed in higher values, as one
can see in Figure 6. With exception of the five-story buildings, the
error found for 4 when calculated as a function of ¥, are lower
than 15% for the cases against safety and 10% for the in favor of
security. It is concluded that under a limit of 1,50, the approximated
equation provides satisfactory results. It is important to notice that
even for ¥, higher than 2,00, the error found was inferior than 25%.

Y. is calculated, that is, when the instability mode is translational
in the X and Y directions.

Having equations (12) and (13), it is now possible to determine the
recommended limits of the main normative codes in function of the
parameters ¥, and A .

The criterion for ignoring the second order global effects varies
in the different standards. In Eurocode 2 [4] and NBR 6118 [1]
consider that when the second order effects are equal or lower
than 10% the first order ones (y =1,10), corresponding to
A =11, they can be neglected. However, ACI 318 [5], where the
verification is performed floor by floor, the limit is taken as 5% and
A =20.With regard to the global stability verification, NBR 6118/1980
[13] suggested a safety buckling coefficient equals 3 (1 =3,00),
which, using equation (13), corresponds to y, =1,50. Consider-
ing the ACI 318 [5], that recommends a superior limit of 1,40 for
the ratio between the final global effects and the first order ones
(7, =1,40), the value of A equals 3,50.

For the }. limited to 1,30 by the actual NBR 6118 [1] when used
for the simplified calculation of the global second order forces, the
relative A equals 4,33. All these limits are presented in Table 6.
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Table 6
Limits for y, and A calculated using different codes
Second order effects Second order effects may be . - -
Code may be neglected approximately calculated Global instability verification
Y, A Y, A Y, A
NBR 6118/2014 [1] 1,10 11,0 1,30 4,33 - -
EUROCODE 2 [4] 1,10 11,0 - - - -
ACI 318 [5] 1,05 20,0 - - 1,40 3.50
NBR 6118/1980 [13] - - - - 1,50 3.00
7. Real buildings
B ¢ - .
L I T
7.1 Building 1 = o2 o
am LI | 0 s
-l Li
This residential building (Figure 7) is composed by 12 floors and it - L= 5
is 32,75 m high. The floors are: ground floor, 8 typical, water box 3 n s L
and its cover. The height of the floors are presented in Table 7. LS 6
The concrete’s compressive strength ( f,, ) adopted is 25 MPa e =
and its tangent elastic modulus is 28 GPa. The floors measure = =
15,93 x 47,58 m. The structure is constituted by solid slabs, pillars s - s
and beams of rectangular cross-section (Figure 8). L] ° rm
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Figure 7 Figure 8
Building 1 Outline of the typical floor of Building 1
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Table 7
Floor heights for Building 1
Floor Floor Level (m)
heights (m)
Water reservoir cover 2,15 32,75
Water reservoir 2,40 30,60
Barrilete 3,00 28,20
2° to 8° typical (7x) 3,00 25,20
First typical 4,20 4,20
Ground floor 0,00 0,00
Table 8
Floor heights for Building 2
Floor Floor Level (m)
heights (m)
Water reservoir cover 2,50 104,26
Water reservoir 2,50 101,76
Ceiling 2,90 99,26
Roof 2,90 96,36
2° o 30° typical (29x) 2,90 93,46
1° Typical 3.24 9,36
Mezzanine 3,06 6,12
Figure 9 Pilotis 3,06 3,06
Building 2 Ground floor 3,06 0,00
Basement 1 3.06 -3,06
Basement 2 0,00 -6,12
12 o1 12 326 12
5 [ V3 1oms
& 4 L2 V5 165 £33
6 h=12 m
: &Os
JRE] 12 529 12 a2 112
o -5 : 2 b3
. 7 A L5 & L 7 lh'En gg o R
= V7 1zis0 V8 [|1as0
g
12f] 131 12
g
g3 (LI
" § Al 1
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- 250155 V21 250155
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Figure 10
Outline of the typical floor of Building 2
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Table 9
Floor heights for Building 3
Floor hei Floor Level (m)
eights (m)
Water box cover 2,42 100,42
Barrel 1,65 98,00
Penthouse 2 1,35 96,35
Penthouse 1 3.00 95,00
9° to 28° typical (20x) 3.00 92,00
8° typical 5,70 32,00
7° typical 4,20 26,30
2° fo 6° typical (5x) 3,00 22,10
1° typical 3,10 7,10
Mezzanine 4,00 4,00
Ground floor 2,60 0.00
1° 1o 2° garage (2x) 2,60 -5,20
Garage 3 0.00 -7.80

of the floors are presented in Table 9. The concrete’s compressive
strength (fck ) adopted is 40 MPa and its tangent elastic modulus
is 35 GPa. The structure is constituted by solid slabs, pillars and
beams of rectangular and L-shaped cross-sections (Figure 12).
Some of the beams were prestressed, but these effects weren’t
considered in the present analysis.

7.4 Applied loads

The vertical applied loads were the same used during the build-
ings’ design process, which are based on the recommendations of
the NBR 6120 [15]. The dead load of the concrete members was
calculated using a specific weight of 25 kN/m?. For the walls, it was
considered a load of 1,80 kN/m2. The floor covering weight was
1,30 kN/m2. Beyond the dead load, a live load of 1,50 kN/m?2 for
the residential buildings and 2,00 kN/m? for the commercial build-
ings were considered. The remaining load followed NBR 6120 [15]
recommendations.

The horizontal loads were considered due only the wind action and

Figure 11
Building 3

were applied in the 4 directions indicated in Figure 2. The param-
eters for the determination of these loads were defined accordingly
to the suggestions of NBR 6123 [14] and are exposed in Table 10.
The Drag coefficients calculated for each building are presented
in Table 11.

7.5 Results and discussion
Table 12 shows the values obtained for the ), coefficient consid-

ering different wind directions. Table 13 presents the description
of the first three buckling modes with their respective critical load

25
V2

12
1

1811

Figure 12
Outline of the typical floor of Building 3
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factors A, obtained from the elastic stability analysis performed in
SAP2000®, and the amplification factors £, (1) for the cases in
which the buckling occurs due translation.

The results displayed in Table 12 are graphically presented in
Figure 15, as well as its relation to the ¥, and corresponding
A limits. The first band represents the interval for which the
second order global effects can be neglected. The second
band is the range in which the second order nonlinear analy-

Table 10
Adopted parameters for the calculation
of wind loads

Criteria Values
Basic wind load (V,) 30m/s
Topographic terrain factor (S,) 1,00
Roughness category (S,) v
Statistic factor (S,) 1,00
Building class C
Table 11

Calculated drag coefficient for each building

sis can be performed approximately using v, . The next band
contains the cases with high second order effect, but, admit-
ting a limit of ﬂ(}/z) equals 3,00, there is still reasonable
safety regarding the global stability for X and Y directions.
Lastly, there are the cases that present a high risk of collapse
due loss of stability.

The graph shows that the buildings are very stiff, having low 7 _.
However, for the where its value is higher than 1,10, a second
order global effects analysis is obligatory.

A comparison between ¥, and f, () is shown in Figure 13. Due
the stiffness of the buildings studied, the difference of these param-
eters is negligible.

In Table 14, the values of A calculated by the simplified meth-
od equation (13) and by SAP2000® are presented. Its per-
centage variation is graphically displayed in Figure 14. All the
variations are positive, indicating that the critical global factor
A obtained by equation (13) are inferior than the calculated
by SAP2000®. Therefore, although in some cases the differ-
ences are bigger, the approximated equation provided reason-
able and higher values

Nevertheless, it is important to remember that this estimative of
A (using the ), coefficient) is not a sufficient condition in the
assessment of the global stability of the structure, since the calcu-
lation of . presupposes the most critical instability would occur
in the X and Y directions, and not always the translational modes

Direction Drag coefficient are the most critical, existing cases where the most critical mode
Building 1 Building 2 Building 3
Q0° 0,78 1,41 1,08 3.00%
270° 0,78 1,41 1,08 2.50% 263%
0° 1,24 1,32 1,15 2.00%
180° 1,24 1,32 115 . 182%
1.00%
Table 12 0.89% 0.90%
Results for the y, coefficient 0:30%
0.00%
o Wind direction oo ¥ direction Y direction | X direction Y direction | Y direction
Buildings - - e
oo Gnd 1800 900 qnd 2700 Building 1 Building 2 Building 3
Building 1 113 1,08 ] ® Pesventage Vasiation
Building 2 1,12 1,12 Figure 13
uf fng : : Percentage variation among the y, and f_ (1)
Building 3 1,08 1.17 coefficients of the real buildings
Table 13
Results of the elastic stability analysis
o Buckling modes
Buildings
1° ) 2° A, .0 3° A, ()
Buiding 1 | "ONSTMON | 949 | 112 | Torsion | 1073 - fansafon | q403 | 1,08
Building2 |  Torsion 4,98 - TFO”S)'(O“O” 10,05 1,11 T’O”S\'(O“O” 10,75 1,10
Building 3 Tro”s\'("“o” 833 | 114 | Torsion | 11,21 ; Be”\‘(’“”g ; 964.59
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Table 14
A factor calculated as a function of y, and by SAP2000®
Buildings Wind direction 8 Ay A (SAP)
. X 1,13 8.69 9,49
Building 1
1,08 13,50 14,03
X 1,12 9,33 10,05
Building 2
Y 1,12 9,33 10,75
Building 3 Y 1,17 6,88 8.33

is torsional. This situation is evident in Building 2, having first a
torsional instability mode and other two translational modes in the
directions X and Y.

To clarify this situation, an extra analysis of Building 2 was per-
formed in SAP2000®, imposing a ), coefficient equals 1,30. This
state was reached by reducing the elasticity modulus of the con-
crete to a value close to 13 GPa. For this situation, the calculated
critical load factor A was 2,47 and the most critical buckling load
remained torsional. The structure would not attend NBR 6118/1980

21.08%
15.00°
15.22%
10.00%
921%
772%
3.93%
0.00%
X direction Y direction X direction Y direction Y direction
Building 1 Building 2 Building 3
O Percentage Variation
Figure 14
Percentage variance of the calculated A
as a function of y, and by SAP2000®
BX Diection @Y Direction
2,00 200
w 150 300 &
%
130 433
11,00

1,10
Im EE =N

BUILDING 1 BUILDING 2 BUILDING 3
Figure 15

Statfe of the real buildings in relation fo vy,
and A coefficients

[13] (A = 3,00), although the corresponding Y, is equal 1,30, value
generally accepted.

8. Conclusions
E——

A comparison between the ¥ _ coefficient and fa (ﬂ) was per-
formed using idealized structures and it was proved the results
variation is negligible under 1,50.

Assuming the equality of these parameters up until a specific limit,
an approximate relation of them was established equation (13). This
equation, therefore, permits to estimate the state of the structure
with respect to its critical instability point in function only of the 7.
coefficient. In the idealized structures, the calculated errors in favor
of and against safety were lower than 10% and 15%, respectively.
The results for the real buildings provided by the proposed equa-
tion were satisfactory, providing values of A lower than the ob-
tained from SAP2000®.

However, the global stability analysis by means of the ¥_ coef-
ficient was proved not to be sufficient for the cases where the most
critical instability mode corresponds to a torsional configuration of
the structure.

In a further analysis of Building 2 with »_ imposed and equals
1,30, the global stability criterion suggested by NBR 6118/1980
[13] was not satisfied. This case shows a clear inefficiency of }_
when the most critical mode is torsional.
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Abstract
E——

Global stability analysis is becoming increasingly important in the design of reinforced concrete buildings, especially in the slender ones, due its
sensitivity to lateral displacement. The loss of stability is usually associated with the intensity of the second order effects and, in that sense, the
gamma-z (y,) coefficient is an important evaluation parameter for this problem. This work aims to verify the vy, efficiency as a global stability pa-
rameter based on the buckling load factors of the structures and their respective critical buckling modes. To this purpose, a comparative analysis
is performed in several idealized structures, from which an approximate equation for calculating the critical load factor based on the y, coefficient
is obtained. This equation was verified by numerical analysis of Finite Elements Method models of real reinforced concrete buildings. It was con-
cluded that the proposed equation presents satisfying results within a certain range of y,.

Keywords: global stability, second order global effects, gamma-z coefficient, critical load factor, reinforced concrete buildings.

Resumo
E———

A andlise da estabilidade global tem se tornado cada vez mais importante no projeto de edificios de concreto armado, sobretudo nos mais esbel-
tos, por serem mais sensiveis aos deslocamentos laterais. A perda de estabilidade é usualmente associada a intensidade dos efeitos de 22 ordem
e, nesse sentido, o coeficiente gama-z (y,) torna-se um importante pardmetro de avaliag&o deste problema. O objetivo deste trabalho é verificar
a eficiéncia do y, como parametro de estabilidade global, tomando como base os fatores de carga de flambagem das estruturas e os respectivos
modos criticos de instabilidade. Para esta finalidade, é realizada uma analise comparativa de diversas estruturas idealizadas, de onde obteve-se
uma equagcéo para o calculo aproximado do fator de carga critica em fung&o do coeficiente y,. A validagéo dessa equagéo foi realizada por meio
da analise numérica de modelos em Elementos Finitos de edificios reais de concreto armado. Constatou-se que a equagdo proposta oferece
resultados satisfatorios para um certo intervalo de v,
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1. Introducgao

EE

A verificagdo da estabilidade global € um requisito fundamental
nos projetos de edificios de concreto armado para que estes nao
sofram problemas futuros que afetem a sua seguranga e, conse-
quentemente, aumentem o risco de colapso. Os edificios mais
altos e esbeltos séo, geralmente, mais sensiveis aos deslocamen-
tos laterais e os projetistas devem considerar estes efeitos.

Uma andlise rigorosa da estabilidade envolve a predigao da tra-
jetoria de equilibrio da estrutura, assim como a determinagao das
suas cargas criticas e dos seus modos de instabilidade. Porém, na
maioria das analises estruturais de edificagdes, o interesse maior
esta voltado somente para a determinagao dos carregamentos cri-
ticos e respectivos modos de instabilidade.

A analise mais precisa da estabilidade global ndo é um processo
simples, sendo necessarios recursos computacionais mais apri-
morados para tanto. Ela avalia o estado em que a estrutura se
encontra em relagao ao seu limite de estabilidade, por meio da re-
lagéo entre a sua carga critica e o carregamento vertical aplicado.
Além disso, esse processo traz como beneficio o conhecimento da
configuragao deformada mais critica da estrutura.

Usualmente, na elaboragéo dos projetos de edificagdes de concreto
armado, a analise da estabilidade global limita-se a verificagéo dos es-
forgos adicionais provenientes dos efeitos de 22 ordem. Dessa forma,
percebe-se que nao existe uma preocupagao em avaliar a seguranga
da estrutura em relagdo a sua carga critica global de instabilidade.
Uma maneira simples de estimar os efeitos de 22 ordem sem a
necessidade da realizagdo de uma analise nao-linear geométrica
¢ através do coeficiente gama-z ( )/, ), parametro que visa avaliar
a magnitude dos efeitos de 2% ordem a partir de uma andlise linear,
sendo frequentemente utilizado por projetistas como parametro de
referéncia na analise da estabilidade global.

ANBR 6118 [1] recomenda que o coeficiente ). seja aplicado, den-
tro de certos limites, na avaliagcéo da importancia dos efeitos globais
de 22 ordem, bem como na amplificagéo dos efeitos de 12 ordem para
o calculo aproximado dos esforgos finais da estrutura. No entanto,
essa norma nao estabelece um limite superior que vise restringir a
magnitude dos efeitos de 22 ordem nas estruturas, de modo que es-
tas estejam livres dos problemas de instabilidade global.

Neste trabalho, objetiva-se estabelecer uma relagéo entre o co-
eficiente v, e o fator de carga critica global de flambagem com
base em conceitos presentes na literatura e na analise de estrutu-
ras idealizadas com geometria simplificada. Essa relagao é entao
transformada em uma equagao aproximada que permite estimar o
fator de carga critica a partir do coeficiente .. Tal equagéo per-
mite que se mensure de modo aproximado o nivel de seguranca
da estrutura em relagéo ao seu modo de instabilidade mais critico.
Mais adiante sdo analisados exemplos de edificios reais, com o
objetivo de verificar a validade da equagéao proposta.

Para modelagem e processamento das estruturas, tanto idealiza-
das quanto de edificios reais, foi utilizado o programa computa-
cional SAP2000® V16.0.0, um dos sistemas mais conhecidos no
mercado para analise estrutural.

2. Efeitos de segunda ordem
——

Os efeitos de 22 ordem surgem quando as equagdes de equilibrio

sdo consideradas na configuragdo deformada da estrutura, o que
ocasiona um comportamento nao-linear geométrico.

Segundo Wight e Macgregor [2], através de uma analise de 22 or-
dem é possivel verificar a estabilidade global de uma estrutura, uma
vez que a instabilidade é provocada justamente pela perda de equi-
librio da estrutura deformada.

Kimura [3] afirma que quanto maiores os efeitos de 22 ordem, menos
estavel sera a estrutura e por isso a estabilidade de um edificio pode
ser avaliada por meio de um calculo ou estimativa desses efeitos.
Como forma de simplificar essas analises, a NBR 6118 [1] permite
que os efeitos globais de 22 ordem sejam desprezados quando ndo
representam acréscimos superiores a 10% em relagdo aos de 12
ordem. Este critério € equivalente ao adotado pelo Eurocode 2 [4].
No entanto, néo é sugerido em nenhum desses cddigos um limite
superior que vise previnir 0 colapso da estrutura por perda de esta-
bilidade devido a deslocamentos laterais excessivos.

Pelo ACI 318 [5], a consideragdo ou nao dos efeitos de 22 ordem
deve ser avaliada em cada pavimento da estrutura, obedecendo
ao limite de acréscimo de 5% em relagdo aos efeitos de 12 ordem
para que possam ser desprezados. Este cddigo normativo também
especifica um limite superior de 40% para os momentos totais de
22 ordem em relagéo aos totais de 12 ordem, sendo garantida a
estabilidade global da estrutura quando essa condigdo é satisfeita.
Como a consideracao dos efeitos de 22 ordem requer uma analise
nao-linear, existem parametros que podem ser utilizados como re-
feréncia para uma verificagéo simplificada da importancia desses
efeitos na estrutura e, consequentemente, da estabilidade global.
Para esta finalidade, a Norma Brasileira recomenda o emprego dos
coeficientes alfa (& ) e gama-z (), ). Apenas o ultimo sera tratado
neste trabalho porque é o mais comumente utilizado.

Além dos parametros citados, outra forma de avaliar os efeitos de
22 ordem nos edificios de concreto é através da relagdo entre a
sua carga vertical total e a sua carga critica global, denominada
por MacGregor e Hage (apud Fonte [6]) de indice de instabilidade.
Esse parametro, assim como o coeficiente ), € tratado com mais
detalhes nas segbes seguintes.

3. Coeficiente v,

EE

O coeficiente y, € um parametro desenvolvido por Franco e
Vasconcelos [7], cujo objetivo é avaliar a importancia dos efeitos
globais de 22 ordem em estruturas reticuladas de no minimo 4 an-
dares a partir de uma andlise linear de 12 ordem, o que torna sua
utilizagéo bastante conveniente nas analises estruturais.
Vasconcelos [8] explica que este método se baseia na hipétese de
que as sucessivas linhas elasticas causadas pelo carregamento
vertical aplicado na configuragdo deformada da estrutura seguem
uma progressao geomeétrica.

A NBR 6118 [1] especifica que, para cada combinag&o de carre-
gamento, o coeficiente ) € calculado pela seguinte expresséo:

1
Ve = AMotq ]
1= M1,totd ( )
Onde:

AM;,:q € a soma dos produtos de todas as forgas verticais atuan-
tes na estrutura na combinagao considerada, pelos deslocamentos
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horizontais de seus respectivos pontos de aplicagdo, obtidos na
andlise de 12 ordem e;

M1tora € a soma dos momentos de todas as forcas horizontais
da combinagéao considerada em relagéo a base da estrutura.
Feitosa e Alves [9] explicam que mudangas no carregamento hori-
zontal ndo influenciam o valor de ¥ _, pois os esforgos de segunda
ordem seriam modificados proporcionalmente aos de 12 ordem,
nesse caso. Portanto, os fatores que exercem influéncia neste co-
eficiente sdo os carregamentos verticais e a rigidez da estrutura.
A consideragao da nao-linearidade fisica & obrigatéria no calculo,
podendo ser feita de maneira aproximada através da redugéo da ri-
gidez dos elementos estruturais, atribuindo-se os seguintes valores:

2
)
)
()

Onde IC € o momento de inércia da segado bruta de concreto,
incluindo, quando for o caso, as mesas colaborantes; £ ¢ o mo-
dulo de elasticidade inicial do concreto; AS é a area da segao
transversal da armadura longitudinal de tragdgo e A', ¢é a area da
segao transversal da armadura longitudinal de compressao.

O coeficiente ¥, também possui a vantagem de poder ser em-
pregado como um amplificador médio dos esforgos de 12 ordem
na obtengdo aproximada dos esforgos finais da estrutura. A NBR
6118 [1] admite que os esforgos horizontais de 12 ordem sejam

Lajes: (El)sec = 0'3ECiIC

Vigas: (ED)g,c = 0,4E I, para A’y # Ag e
(EDgec = 0,5E I para A’y = Ag

Pilares: (EI)sc = 0,8E I,

F; *Fz

T 7T

e Situagao em servigo

Figura 1

majorados por 0,95 y, para a consideragéo aproximada dos efeitos
de 2% ordem nas estruturas, desde que ). n&o seja superior a 1,30.
A Norma Brasileira néo propde um limite superior para », que ga-
ranta a estabilidade global de uma estrutura. Vasconcelos e Fran-
¢a [10] asseguram que para valores maiores que 1,30 a estrutura
ja se encontra excessivamente flexivel, devendo ser analisada por
outros métodos para que se evitem problemas causados por vi-
bragdes e ressonancias. Segundo Kimura [3], edificios com valo-
res superiores a 1,30 possuem um grau de instabilidade elevado.
O autor ainda recomenda que 1,20 seja o valor maximo aceitavel
em projetos.

4. Fator de carga critica global
de flambagem (1)
EE

O fator de carga critica global de flambagem ( A ) de um edificio &
também um parametro indicativo do grau de estabilidade da estru-
tura e é obtido pela relagéo entre a carga critica global de flamba-
gem (Fcr ) e o carregamento vertical total aplicado ( /), ou seja:

= (©

Segundo Oliveira [11], o A é um fator que deve multiplicar as car-
gas verticais atuantes, nos seus devidos pontos de aplicagao. Esse
conceito pode ser entendido com mais clareza observando-se a
Figura 1, onde o fator Aeé representado em um caso simples de
pértico plano. A somatéria das cargas atuantes majoradas por A
representa a carga critica global de flambagem da estrutura.

Seu valor é determinado através da solugdo de um problema de
autovalores e autovetores, onde os autovalores correspondem aos

e Situacao critica

Fonte: OLIVEIRA [11], adaptada pelo autor.

Definicdo do fator de carga critica global nas estruturas
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fatores de carga e os autovetores representam os modos de flam-
bagem. A equagao que define este problema é expressa a seguir:

)

Nessa expressao, [Ke] € a matriz de rigidez elastica, [Kg} éa
matriz de rigidez geométrica e {d } representa o vetor dos deslo-
camentos. Os autovalores s&o os valores de A para os quais o
vetor {d} representa uma solug&o nao nula. Os autovetores {d }
séo os modos criticos obtidos para cada autovalor.

Burgos [12] explica que no célculo do fator de carga critica de flam-
bagem é admitida a hipétese de que ndo ocorrerdo mudangas signi-
ficativas na distribuigdo dos esforgos caso as cargas verticais sejam
multiplicadas por A . Além disso, essa analise nFo inclui os efeitos
de 22 ordem, pois supde-se que os deslocamentos variem de forma
linear com o aumento das cargas.

O mesmo autor comenta que nas situagdes praticas é importante
conhecer as duas primeiras cargas criticas para que se verifique
uma eventual interagdo ou proximidade entre modos de flamba-
gem. E chama atengao ainda para o fato de que o fator A deve
ser utilizado apenas como um parametro de referéncia, ja que
existem casos em que a estrutura pode sofrer colapso sob um
carregamento consideravelmente menor do que o estimado.
MacGregor e Hage (apud Fonte [6]) denominam de indice de ins-
tabilidade () a relagéo entre a carga vertical total aplicada e a
carga critica global de flambagem. Portanto, este parametro € o in-
verso do fator de carga critica, conforme descreve a equagao (8).

F 1 (8)

Os autores também sugerem um fator de amplificacdo semelhante
ao coeficiente Y, que visa avaliar a magnitude dos efeitos globais
de 22 ordem em fungao do indice de instabilidade das estruturas.
Esse fator de amplificagdo € calculado pela seguinte expresséo:

=15 ©)

Em termos do fator de carga critica global de flambagem, a equa-
¢ao (9) é reescrita da seguinte forma:

Fu® = 70 (10)

{IKel = 2-[Kg]}-{d} =0

90°

180° 0°

270°

Figura 2
Angulos de incidéncia do vento

Baseando-se em comparagdes e estudos estatisticos, estes auto-
res concluiram que apenas uma analise de 12 ordem é suficiente
nas estruturas quando o valor de Q é menor ou igual a 0,0475, ou
seja, para valores de A superiores a 21 e f, (A) inferiores a 1,05.
Quando Q ¢é superior a 0,2, ou seja, A menor que 5 e f, () maior
que 1,25, o risco de colapso aumenta rapidamente, por isso reco-
mendam que este limite ndo seja ultrapassado.

Comparando esses limites com o que prescreve a NBR 6118 [1]
e com os valores que vém sendo adotados pelos engenheiros de
estruturas no Brasil, tém-se os seguintes limites:

f,A) =11 > Estruturas de nos fixos (somente andlise de 1°
ordem é suficiente);

1,1 < f, (4 <13 - Estruturas de nés méveis (obrigatéria ana-
lise de 22 ordem);

f,(A) > 13 - Aumento da probabilidade de colapso.

Em termos do fator de carga critica global, tem-se:

A =11 - Estruturas de nds fixos (somente andlise de 12 ordem
é suficiente);

4,33 <A< 11 — Estrutura de ndés moveis (obrigatoria analise de
22 ordem);

A < 4,33 > Aumento da probabilidade de colapso.

Destaca-se que o limite de 1,25 do fator de amplificagéo, indicado
por MacGregor e Hage (apud Fonte [6]) para que se evite o risco
de colapso por perda de estabilidade, foi estendido para 1,40 no
ACI 318 [5], limite este para o qual o fator A corresponde a 3,50.
A NBR 6118/1980 [13], fixava um limite inferior para o fator de
carga critica. Esta norma admitia que a seguranca da estrutura
era garantida caso a solicitagao de flambagem nao fosse inferior
a 3 vezes a solicitagao correspondente a agao caracteristica. Por-
tanto, a estrutura deveria ser considerada instavel quando o valor
de A fosse menor que 3, o que equivale a um fator de amplifica-
cao f, (A) igual a 1,50. Ressalta-se que a atual Norma Brasileira
(NBR 6118/2014 [1]) ndo estabelece um limite para a magnitude
dos efeitos de 22 ordem quanto a perda da estabilidade global.

5. Metodologia de estudo

EE

Este trabalho se propde a apresentar um estudo comparativo en-
tre o coeficiente }, e o fator de carga critica global de flamba-
gem, a fim de buscar uma equagédo que defina adequadamente
a relagao entre esses parametros. Para isso, sdao analisadas di-
versas estruturas idealizadas baseadas na mesma configuragao
de férma, variando-se as segdes dos pilares e a quantidade de
pavimentos, de forma a gerar porticos espaciais com rigidez glo-
bais diferenciadas.

Com o intuito de se verificar a aplicabilidade do coeficiente . na
determinagédo do fator de carga critica global, sdo analisados trés
exemplos de edificios reais de concreto armado ja executados ou
em fase de execugao, situados na cidade de Belém do Para. Os
projetos estruturais destes edificios foram fornecidos pela A. C.
Athayde Neto Projetos Estruturais. Ressalta-se, entretanto, que
alguns dos critérios de andlise adotados aqui podem discordar dos
modelos originais. Por isso, os resultados obtidos nas presentes
analises nao poderdo, de maneira nenhuma, ser comparados aos
resultados originais.

Para a modelagem e extragao dos resultados foi empregado o
sistema SAP2000® vers&o 16.0.0. Este € um software comercial

1130 m—————
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Tabela 1

Combinagdes de agdes para o cdlculo do coeficiente y,
Comb. 1 1.4 - (peso proprio + carga perm. + carga acid.)
Comb. 2 1.4 - (peso proprio + carga perm.) + 1,4 - (carga acid. + 0,6 - vento 90°)
Comb. 3 1.4 - (peso proprio + carga perm.) + 1,4 - (carga acid. + 0,6 - vento 270°)
Comb.4 1.4 - (peso proprio + carga perm.) + 1,4 - (carga acid. + 0,6 - vento 0°)
Comb. 5 1.4 - (peso proprio + carga perm.) + 1,4 - (carga acid. + 0,6 - vento 180°)
Comb. 6 1.4 - (peso proprio + carga perm.) + 1,4 - (vento 90° + 0,5 - carga acid.)
Comb.7 1.4 - (peso proprio + carga perm.) + 1,4 - (vento 270° + 0,5 - carga acid.)
Comb.8 1.4 - (peso proprio + carga perm.) + 1,4 - (venfo 0° + 0,5 - carga acid.)
Comb. 9 1.4 - (peso proprio + carga perm.) + 1,4 - (vento 180° + 0,5 - carga acid.)

de analise estrutural com vasta aplicagao no mercado e foi esco-
Ihido pelo fato de realizar de forma automatica a analise de esta-
bilidade, determinando os fatores de carga critica e os modos de
instabilidade da estrutura.

As andlises das estruturas, constituidas por pilares, vigas e lajes,
foram realizadas pelo Método dos Elementos Finitos (MEF). Os
pilares e vigas sao representados por elementos de barra, sendo
atribuidos trechos rigidos nas ligagdes viga-pilar, de acordo com
o especificado na NBR 6118 [1], e as lajes foram modeladas com
elementos de placa, tendo o efeito de diafragma rigido na distribui-
cao dos esforgos laterais.

A nado-linearidade fisica foi considerada de forma aproximada atra-
vés da reducao da rigidez dos elementos estruturais, conforme
recomenda a NBR 6118 [1] para andlise global de estruturas re-
ticuladas com no minimo 4 andares, indicados nas equacgdes (2),
(3) e (5).

As cargas de vento foram calculadas de acordo com a NBR 6123
[14] e foram aplicadas nos modelos como forgas horizontais con-
centradas em cada pavimento, de acordo com as dire¢des indica-
das na Figura 2.

O coeficiente Y, foi calculado a partir dos deslocamentos hori-
zontais obtidos na andlise linear. Para a sua determinagéo, foi
considerada a formulagéo de seguranca recomendada pela NBR
6118 [1] na qual calculam-se os efeitos de 22 ordem das cargas
majoradas de 7_,» /7f3, que posteriormente sdo majorados de
Y r3,0onde 7y éiguala1,40e } r3 €igual 1,10. As combinagées
ultimas normais de acdes adotadas para a sua determinagao sao
indicadas na Tabela 1.

Para a obtengao do fator de carga critica e dos modos de insta-
bilidade foram considerados somente os carregamentos verticais
com seus valores em servigo. Ressalta-se que nesse caso a nao-
-linearidade fisica também foi levada em conta de forma aproxi-
mada na analise.

6. Estruturas idealizadas
E——

6.1 Descricado das estruturas

A férma Tipo elaborada para geragao das estruturas idealizadas é
apresentada na Figura 3. Esta é composta por 6 vigas com segao
retangular de 20cm x 45¢cm e 4 lajes macigcas com espessura de

12 cm. As segdes dos pilares néo foram indicadas propositada-
mente por variarem dentro dos diversos casos estudados.

Foram criados 5 grupos de estruturas denominados de A, B, C,
D e E, sendo cada grupo composto por modelos com uma mes-
ma quantidade de pavimentos. O numero de pavimentos Tipo em
cada grupo varia linearmente: o primeiro possui 5 Tipos; o segun-
do, 10 Tipos, e assim sucessivamente até o grupo E, constituido
por 25 Tipos. Cada um destes grupos ainda apresenta 5 subgru-
pos, enumerados de 1 a 5, que se diferenciam pela variagao das
secgOes dos pilares. Isso foi feito para que se chegasse a diferen-
tes valores de ), para modelos de um mesmo grupo.

Assim sendo, foram analisados 25 casos diferentes de estruturas,
todas baseadas na mesma férma. Ressalta-se que nesse procedi-
mento ndo houve preocupagédo com o dimensionamento dos pilares
quanto ao estado-limite ultimo e nem com as dimensdes minimas

&
B V1 205 E D
P1 P2 P3
L1 2
=iz ¥ ||1-32
5]
] i | L
P4 P5 P6
20 480 20 480 20
L3 8
wy h=12 ¥ ] hL=42 w
g g g
=1 Q8 g
L 20045 AL il
t t |
P7 P8 P9
Figura 3

Férma dos pavimentos tipo (sem escala) - cotas
em cenfimetro
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Tabela 2
Caracteristicas das estruturas idealizadas
. Dimensodes dos pilares (cm)
Estrutura N° de tipos Altura total (m) Caso
P1 a P4,P6 a P9 P5

1 22 /22 25/ 25
2 16 /16 19/19

A 5 13,5 3 14 /14 19/19
4 13/13 18 /18
5 12 /12 17 /17
1 32 /32 45 / 45
2 20/ 20 28 /28

B 10 28,5 3 17 /17 26/ 26
4 16 /16 24 /24
5 15/15 21/ 21
1 50 /50 55/ 55
2 25/ 25 27 /27

C 15 43,5 3 20/ 20 31 /31
4 20/ 20 21/ 21
5 18 /18 20 /20
1 73173 80 /80
2 31 /31 40 / 40

D 20 58,5 3 25/ 25 33 /33
4 22 /22 30/ 30
5 19/19 27 127
1 95/ 95 100 / 100
2 38/ 38 45/ 45

E 25 73,5 3 30 /30 30/ 30
4 25/ 25 36/ 36
5 21/ 21 30/30

Tabela 4

Critérios para a definicdo dos carregamentos
horizontais nas estruturas idealizadas

Tabela 3 Critério Valor
Cargas verticais aplicadas nas estruturas Velocidade bdsica do vento (V) 30m/s
idealizadas Fator topogréfico do terreno (S,) 1,00
Acgdes permanentes Acbes acidentais Categoria de rugosidade (S,) v
Peso das Revestimento Sobrecaraa Fator estatistico (S,) 1,00
paredes das lajes d Estrutura A A
5,40 kKN/m 1,00 kN/m? 1,50 kN/m? Estrutura B B
Clg.sse olo Estrutura C B
edificacdo
Estrutura D C
Estrutura E C
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Figura 4
Modelo espacial no SAP2000® de um dos edlificios
idealizados

recomendadas por norma. Buscou-se apenas causar uma variabili-
dade dos resultados dos parametros V. e A.

Além disso, admitiu-se que a distancia entre pavimentos e a profundi-
dade das fundagbes séo constantes em todas as estruturas e valem
3,00 m e 1,50 m, respectivamente. Na Tabela 2 s&o indicadas as
principais dimensdes adotadas para essas estruturas idealizadas.

6.2 Propriedades dos materiais

Para todas as estruturas foi atribuida uma resisténcia caracteris-

—a— fa(d)

Coef. de Amplificacio
T
w [=]

g
=}

n

=
(%)

e
[=]

1,0 3,0 5,0 7,0 9,0 11,0
fator A

Figura 5
Relagdo entre os coeficientes y, e f (A) e o fator A,
para as estruturas idealizadas

tica do concreto (fck ) de 30 MPa, o que resultou em um mdédulo
de elasticidade inicial de 31 GPa, de acordo com a NBR 6118 [1],
admitindo-se o granito como agregado graudo.

6.3 Carregamentos aplicados

Os carregamentos verticais aplicados estdo indicados na
Tabela 3. Para a definicdo de tais carregamentos, as edi-
ficagbes foram consideradas com finalidade residencial e
também adimitiu-se que todas as vigas apoiam paredes de
alvenaria. Quanto aos carregamentos horizontais, foi admiti-
da somente a agao do vento como carga atuante. Os crité-
rios adotados na consideragédo desse esforgo sdo mostrados
na Tabela 4.

10% &
o
5% e
8 .
. IIIIII
0%
> I N Y D I B e Y
| 5% | @ (A) 5 TIPOS
|~ AL T T e, ™ A I (N H e o (B) 10 TIPOS
SIS o o
SIS W%e @ @ (C) 15 TIPOS
1% o 20 TIPOS
15% | o ©)
el | T | | | - @ (E) 25 TIPOS
-20% -
L
i [ TTTT S I Q
-25%
11 13 15 17 19 21 23 25 27 29 31
Yz

Figura 6

Variagdo percentual entre os valores de A obtidos no SAP2000 e através do vy,
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Tabela 5
Resultados dos coeficientes v, A e f  (A) para as estruturas idealizadas
Modo
Estrutura Caso Y, A(y,) A (SAP) f. D critico de
instabilidade
1 1,10 11,00 9,82 1.11
2 1,31 4,23 3,42 1.41
A -
(5 fipos) 3 1,50 3.00 2,36 1,74 Translacdo
4 1,75 2,33 1,80 2,25
5 2,28 1.78 1,36 3,78
1 1.11 10,09 10,42 1.11
2 1,33 4,03 3,62 1,38
B -
(10 tipos) 3 1,58 2,72 2,33 1,75 Translagdo
4 1,80 2,25 1,86 2,16
5 2,37 1.73 1,38 3,63
1 1,12 9,33 9,73 1.11
2 1,35 3,86 3,60 1,38
C -
(15 tipos) 3 1,60 2,67 2,43 1,70 Translacdo
4 1.83 2,20 1,91 2,10
5 2,39 1.72 1,43 3,33
1 1.14 8,14 8,91 1.13
2 1,32 4,13 4,16 1,32
D -
(20 tipos) 3 1,53 2,89 2,83 1,55 Translacdo
4 1,80 2,25 2,12 1,89
5 2,70 1.59 1,43 3,33
1 1,16 7,25 7.79 1.15
2 1,35 3,86 4,04 1.33
E -
(25 tipos) 3 1,57 2,75 2,82 1,55 Translacdo
4 1,81 2,25 2,27 1.79
5 2,84 1,54 1,50 3,00

6.4 Analise estrutural no SAP2000®

Os modelos idealizados foram processados no SAP2000®, de onde
foram obtidos os dados necessarios ao calculo do coeficiente 7 e
os resultados relativos a analise de instabilidade elastica, ou seja,
modos de instabilidade e fator de carga critica, necessarios para o
calculo posterior do coeficiente de amplificagéo f, (/1) .

Na Figura 4 € mostrado um dos modelos analisados no SAP2000®.
Em todos os casos estudados neste trabalho, os quais as estrutu-
ras séo simétricas nas diregoes X e Y, os resultados s&o iguais em
ambas as diregdes. Portanto, foi calculado um Unico valor de ).
e A, valido para as duas diregdes principais.

6.5 Resultados e discussoes

Os resultados do coeficiente )., do fator de carga critica global
A e do coeficiente de amplificagéo fQ(/l) sdo apresentados
na Tabela 5. Nao houve preocupagado com os limites normativos
(ELU e ELS), pois o objetivo foi somente de estabelecer relagbes
entre os parametros de estabilidade globais calculados, sem le-
var em conta o dimensionamento dos elementos estruturais.

Para fins de comparagao, os valores calculados foram dispostos no
grafico ilustrado na Figura 5, no qual o eixo horizontal corresponde
aos fatores A obtidos na analise computacional e o eixo vertical
representa os fatores de amplificagdo dos esforgos de 12 ordem.
Percebe-se que, até um valor de aproximadamente 1,50, ha uma boa
concordancia entre os valores de ), e fa (/1) Portanto, nessas
condigdes, pode-se estabelecer a seguinte relagao aproximada:

v, =10 (1)

Dessa forma, a partir das equagdes (10) e (11) é possivel relacio-
nar de forma aproximada o coeficiente ), e o fator de carga criti-
ca global A pela seguinte expressao:

A

e (12)

Portanto, para se encontrar o valor de A em fungéo do coeficien-
te Y, , basta isola-lo na equagao (12), de onde se obtém:

Y,

1T (13)

Lembra-se que essa relagéo fica limitada a um intervalo de Y,
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Tabela 6
Limites de y, e A calculados em fungdo das recomendagdes normativas
Dispensa dos efeitos Cailculo simplificado dos Verificagdo da
Norma globais de 2° ordem esforcos globais de 2° ordem estabilidade global
Y, A Y, A Y, A
NBR 6118/2014 [1] 1,10 11,0 1,30 4,33 - -
EUROCODE 2 [4] 1,10 11,0 - - - -
ACI 318 [5] 1,05 20,0 - - 1,40 3,50
NBR 6118/1980 [13] - - - - 1,50 3,00

entre 1,00 e 1,50. O limite inferior é devido a impossibilidade de
divisdo por zero. O limite superior foi fixado em decorréncia das )

discrepancias encontradas para valores superiores, como se pode - ‘uﬁ"_"’—ﬂ"_._w o : "'—Lﬂ“—!—“ﬁe".' i
observar no grafico de dispersdo da Figura 6. Nota-se que, com P . P2 Vi i ] e
excecao das estruturas com 5 pavimentos tipo, os erros encontra- = llva g, =
dos para os valores de A calculados através de 7. permanecem N e foes w
abaixo de 15% para os casos contrarios a seguranca, e abaixo de - e b
. Ls L6
10% nos casos a favor da seguranga. Deste modo, conclui-se que s e
abaixo do limite de 1,50 a equagéo aproximada oferece resultados 1 \
satisfatorios. Cabe ressaltar que mesmo para valores de Y, supe- PE » P7
Ei t i ‘s ] bt
riores a 2,00 os erros encontrados foram inferiores a 25%. ks = [« 8
Ressalta-se também que a relagédo estabelecida s6 tem validade J1 & " 8 e 1o
nos casos em que o modo de instabilidade critico coincide com a EoE ol w2 kb s s Tsm WPl
diregao principal para a qual o ), é calculado, ou seja, quando o & Vo R
modo de instabilidade é de translagéo nas diregbes X ou Y. g 5lp1 " fen
- . . . L V10 L VI weo
De posse das equagdes (12) e (13) é possivel agora determinar F g 3
os limites recomendados pelos principais codigos normativos em g ey B e | ol sl Bs  ae sl s
funciode ¥, e 4. g L8 Li2g p1s L13 “5!
O critério para a dispensa dos efeitos globais de 22 ordem varia nas H e P15 1 e
diferentes normas. Para o Eurocode 2 [4] e para a NBR 6118 [1], any ';'“‘ g
onde a relag&o entre os efeitos de 22 e 12 ordem ¢ limitada a 10% ( K 414 P18
7. =1,10), o fator A correspondente é igual a 11. Ja no ACI 318 3
[5], onde g v.erificagéo é.realizada por pavimento, o 7/.2 correspon- A V18 H‘l’ §|P1 P20 l;1“a V18
dente ao limite de 5% ¢é igual a 1,05 e o valor de Aeé igual a 20. § ]uu_m_ % x
Quanto a verificacdo da estabilidade global, a NBR 6118/1980 [13] 2 2 19
- P22 '$ P23
- . Al
2
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Figura 7 Figura 8
Vista em perspectiva do edificio 1 Férma dos pavimentos tipo do edificio 1
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Tabela 7
Distancias entre pisos do edificio 1
Pavimento Dis:;?::;cz;r)ﬂre Nivel (m)
Tampa 2,15 32,75
Reservatodrio 2,40 30,60
Barrilete 3.00 28,20
2° ao 8° tipos (7x) 3,00 25,20
1° tipo 4,20 4,20
Térreo 0.00 0.00
Tabela 8
Disténcias entre pisos do edlficio 2
Pavimento Dich“i::go(l;;\fre Nivel (m)
Tampa 2,50 104,26
Cx.d’agua 2,50 101,76
Forro 2,90 99,26
Cobertura 2,90 96,36
2° ao 30° fipo (29x) 2,90 93,46
1° tipo 3.24 9,36
Mezanino 3.06 6,12
Figura 9 _ . Pilotis 3,06 3,06
Vista em perspectiva do edificio 2 Terreo 3,06 0.00
1° subsolo 3.06 -3.06
2° subsolo 0.00 -6,12

12 021 12 A 1z
5 - W3 s
e -
ggn 4 |||-_2‘2 V5 1285 fsr%nzu
6 P34
2 P37 2 4
© N =10
JRE] 12 526 12 326 12
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28 % = . 3 % BR &
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12f] 1 104 T aap oz 13t [l
¥ L11 —_—
wi L =10 =0 P45
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267155 = 13 = 251155
V15 128 g o
§3 (&9 3
. § g oF 5[z 192
el = L17
P46  n=in -~ h=10 P47
- = oly21 25(156
b 12 438 nn% 1285 200 42|, PA8 am05 295 |45 s 12
o
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= 2oy gk
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g & o V26 wues o
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Figura 10
Férma dos 2° ao 24° pavimento tipo do edlificio 2
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Tabela 9
Disté@ncias entre pisos do edificio 3
Pavimento Disltoc‘i::gcz;;ﬂre Nivel (m)
Tampa 2,42 100,42
Barrilete 1,65 98,00
Cobertura 2 1,35 96,35
Cobertura 1 3.00 95,00
9° ao 28° pav. (20x) 3,00 92,00
8° pav. 5,70 32,00
7° pav. 4,20 26,30
2° go 6° pav. (5x) 3,00 22,10
1° pav. 3,10 7,10
Sobreloja 4,00 4,00
Térreo 2,60 0.00
1° ao 2° garagem (2x) 2,60 -5,20
3° garagem 0,00 -7.80

recomendava um coeficiente de segurancga a flambagem igual a 3
(A =3,00), o qual, a partir da equagéo (13), corresponde aum },
de 1,50. Considerando o ACI 318 [5], que recomenda um limite su-
perior de 1,40 para a relagao entre os efeitos globais finais e os de
1% ordem (y_ =1,40), o valor correspondente de Ae igual 3,50.
Para o limite de ¥, igual a 1,30 recomendado pela atual NBR
6118 [1] na aplicacdo do calculo simplificado dos esforgos globais
de 22 ordem, o fator A correspondente € igual 4,33. Todos esses
limites séo apresentados na Tabela 6.

7. Edificios reais
[

7.1 Edificio 1

Este edificio (Figura 7), projetado para fins residenciais, € composto
por 12 pavimentos e possui altura total de 32,75 metros. Os pavi-
mentos e as distancias entre pisos sdo apresentados na Tabela 7.

A resisténcia caracteristica do concreto ( fck ) adotada no dimen-
sionamento dos elementos estruturais foi de 25 MPa e o médulo

Figura 11
Vista em perspectiva do edificio 3

de elasticidade tangente de 28 GPa. Sua estrutura é composta por
pilares e vigas de segao retangular e lajes do tipo macica (Figura 8).

7.2 Edificio 2

Este edificio residencial (Figura 9) possui a altura total de 110,38
metros. Na Tabela 8 sdo indicados os pavimentos e as distancias
entre esses pavimentos. O fck considerado no dimensionamento
foi de 30 MPa e o mddulo de elasticidade tangente 31 GPa. Sua
estrutura é formada por pilares e vigas de secao retangular e lajes

macicas. Ademais, na regido central, onde situam-se os elevadores,

25
V2

12
1

1811

Figura 12
Forma do 8° ao 19° pavimento do edificio 3
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existe um nucleo de grande rigidez onde os pilares tém segé&o no
formato “L”, conforme se observa na Figura 10.

7.3 Edificio 3

Este edificio (Figura 11) foi construido para fins comerciais e pos-
sui 108,22 metros. Na Tabela 9 sdo apresentados os pavimentos
e as distancias entre os pisos. O fck adotado foi de 40 MPa e o

Tabela 10

Par@metros adotados no cdlculo das cargas
de vento para os edificios reais

Critério Valor
Velocidade bdasica do vento (V) 30 m/s
Fator topogrdfico do terreno (S,) 1,00
Categoria de rugosidade (S,) v
Fator estatistico (S,) 1,00
Classe da edificacdo C

Tabela 11

Coeficientes de arrasto

madulo tangente de 35 GPa. Sua estrutura € composta por pilares
retangulares e no formato “L”, por vigas de segao retangular e por
lajes macigas (Figura 12). Algumas vigas deste edificio sdo proten-
didas, porém, seus efeitos ndo foram considerados nas analises.

7.4 Carregamentos aplicados

As cargas verticais aplicadas foram as mesmas fornecidas com
os projetos estruturais dos edificios, cujos valores foram basea-
dos nas recomendagdes da NBR 6120 [15]. O peso proprio dos
elementos de concreto foi calculado se considerando um peso
especifico de 25 kN/m3. Para as alvenarias, a carga considerada
foi de 1,80 kN/m? de parede. A carga de revestimento dos pisos
considerada foi de 1,30 kN/m2. Além das cargas permanentes, foi
considerada uma sobrecarga referente a utilizagédo de 1,50 kN/m?
nos edificios residenciais, e 2,00 kN/m? no edificio comercial. As
demais cargas acidentais langadas seguem as recomendacoes da
NBR 6120 [15].

As cargas horizontais sdo exclusivamente causadas pela acao do
vento e foram aplicadas nos 4 sentidos de incidéncia indicados
na Figura 2, com os sentidos 0°/180° e 90°/270° correspondendo,
respectivamente, as diregoes X e Y. Os parametros para a deter-
minagdo dos carregamentos foram definidos de acordo com as
indicagbes da NBR6123 [14] e sdo apresentados na Tabela 10.
Os coeficientes de arrasto calculados para cada edificio sdo indi-

" Coeficientes de arrasto cados na Tabela 11.
Angulo
Edificio 1 Edificio 2 Edificio 3
90° 0,78 1,41 1,08 3,00%
270° 0,78 1.41 1,08 .
2,500% 2,63%
0° 1,24 1,32 1,15
2000
180 1.24 1,32 1.15 . %
Tabela 12 1.00% — =
Resultados do coeficiente y, 0,50% ‘ ik \ : \
0,004
EdifiCiOS Dlregdo do vento oo direcio X direcio ¥ direcio X direcio ¥ direcio ¥
0° e 180° 90° e 270° Edificio 1 Edificio 2 Edificio 3
Edificio 1 1,13 1,08 ) OVasiagio Percentual
Edificio 2 1,12 1,12 Figura13d -
— Taxas de variagcdo percentual entre os coeficientes
Edificio 3 1,08 117 y, e f, (A) nos edificios reais
Tabela 13
Resultados da andlise de estabilidade eldstica
e Modos de flambagem
Edificios = o °
1 A, f. () 2 A, . () 3 A Q)
Edificio 1 | "ONsIaedo |\ 940 | 112 | Torcgo | 1073 - Translacao | 4,463 | 708
em X emY
Ediificio 2 Torc@o 4,98 . | Translacdo |44 g5 1,11 | Translacdo |44 75 1,10
em X emY
Ediificio 3 Trogsr:fff“o 833 | 1,14 Torcdo 11,21 - Flexdo emY | 14,50 -
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Tabela 14
Valores do fator A calculados em fungdo do vy, e pelo SAP2000®
Edificios Dire¢do do vento g A(y,) A (SAP)
. X 1,13 8.69 9,49
Edificio 1
1,08 13,50 14,03
X 1,12 9,33 10,05
Edificio 2
Y 1,12 9,33 10,75
Edificio 3 Y 1,17 6.88 8.33

7.5 Resultados e discussoées

Na Tabela 12 sao apresentados os resultados encontrados para
o coeficiente . de acordo com as diregbes principais de ven-
to. A Tabela 13 apresenta as descri¢des das configuracdes dos
trés primeiros modos de flambagem com os seus respectivos
fatores de carga critica ﬂ,, obtidos na analise de estabilidade
elastica do SAP2000®, além dos fatores de amplificagao f, (1)

25,00%

20,00% 21,08%
13,00%
15,22%
10,00%
9.21%
7,729
5.00% T
| 3,93% |
0,00
diregio X diregio Y diregio X diregio Y diregio Y
Edificio 1 Edificio 2 Edificio 3
OVanacio Percentual
Figura 14

Taxas de variagcdo percentual entre os valores do
fator A calculados em fungdo do coeficiente y,
e pelo SAP2000®

B@Direcio X MW Diregio Y

2,00 2,00
= 1,50 300 =
~

1,30 433

1,10
Hm R =M

EDIFICIO 1 EDIFICIO 2 EDIFICIO 3
Figura 15
Situacdo dos edlificios reais em relacdo aos limites
dey el

nos casos em que o modo de flambagem foi de translacao.

Os resultados exibidos na Tabela 12 sdo apresentados grafica-
mente na Figura 15, bem como a relagao destes com os limites de
Y. e os limites de A correspondentes. A primeira faixa represen-
ta o intervalo para o qual os efeitos globais de 22 ordem podem ser
desprezados. A segunda faixa delimita o intervalo em que é permitida
aanalise ndo-linear de 2% ordem aproximada através de ) . Atercei-
ra faixa engloba os casos em que os efeitos de 22 ordem s&o ele-
vados, mas que, admitindo-se como fator de seguranca o limite de
/1(;/2) igual a 3,00, ainda se encontram com razoavel seguranga
a estabilidade global nas diregbes X ou Y. Por fim, a ultima faixa
representa os casos que devem ser evitados em face do elevado
risco de colapso por perda da estabilidade.

Pelo grafico, observa-se que todos os edificios sdo bastante rigi-
dos e, por isso, os resultados apresentaram valores baixos de )/, .
Apesar disso, em grande parte dos casos, a consideragao dos efei-
tos globais de 22 ordem é obrigatéria, devido ao limite de 1,10 ter
sido ultrapassado.

Acomparag&o entre os resultados de }, e f, (/1) é apresentada na
Figura 13. Observa-se que, devido a grande rigidez desses edificios,
as diferencas ocorridas entre esses parametros séo despreziveis.
Na Tabela 14 s3o indicados os valores de A calculados de modo sim-
plificado pela equacéo (13) e computacionalmente pelo SAP2000®.
As variagdes percentuais entre esses valores sao representadas gra-
ficamente na Figura 14. Neste grafico, observa-se que todas as varia-
¢Oes sao positivas, indicando que os valores do fator de carga critica
A, calculados pela equagao simplificada, séo inferiores aos obtidos
de maneira refinada no SAP2000®. Portanto, apesar de algumas di-
ferengas terem sido mais acentuadas em alguns dos edificios, nota-
-se que o calculo aproximado ofereceu resultados bastante razoaveis
e, além do mais, favoraveis a seguranca.

Contudo, é importante lembrar que essa estimativa do fator A
(através do coeficiente ), ), ndo é condigao suficiente para avaliar
a estabilidade global de uma estrutura, pois o calculo do . pres-
supde que as condigbes mais criticas de instabilidade ocorrerao
por translacao nas diregdes X e Y. Pelos exemplos, observa-se
que nem sempre 0 modo mais critico € translacional, podendo
haver situagdes em que este é torsional. Essa situagdo é bem
evidente no Edificio 2, cujo primeiro modo de instabilidade é de
torcdo e somente nos dois modos seguintes ocorrera translagéo
nas diregoes X e Y.

Para esclarecer essa situagao, foi realizada uma nova andlise do
edificio 2 no SAP2000®, desta vez se considerando uma situagéo
na qual o coeficiente ), alcanga o valor de 1,30 propositadamen-
te. Essa condigao foi obtida pela diminuigcéo da rigidez global da
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estrutura através da redugdo do modulo de elasticidade do con-
creto para um valor de aproximadamente 13 GPa. Para essa si-
tuagédo, o fator de carga critica A calculado foi de 2,47 e 0 modo
mais critico de instabilidade permaneceu torsional. A estrutura nao
atenderia ao critério da NBR 6118/1980 [13], o qual estabelecia o
limite de 3,00 para A, apesar do }, correspondente ser de 1,30,
valor usualmente considerado aceitavel.

8. Conclusoes
E—

Através das analises de estruturas idealizadas foi possivel reali-
zar uma comparag&o entre os coeficientes 7, e f, (/1) onde foi
demonstrado que as diferengas de resultado entre os parametros
séo despreziveis até um valor de aproximadamente 1,50.
Assumindo-se a hipdtese de que estes parametros sao iguais até
o limite indicado, foi possivel estabelecer uma relagao aproximada
entre o coeficiente ), e o fator de carga critica global A, expressa
na equagao (13). Essa equacgéo, portanto, permite estimar o grau de
afastamento que a estrutura se encontra em relagdo ao seu ponto
critico de instabilidade, com base somente no conhecimento do seu
coeficiente Y, . Nas estruturas idealizadas, os erros encontrados
nos casos contrarios a seguranca ficaram abaixo de 15% e nos ca-
sos a favor da seguranga, permaneceram abaixo de 10%.

Nas analises dos edificios reais constatou-se que os resultados
encontrados a partir da equagéo (13) foram satisfatérios, com va-
lores para o fator A favoraveis a seguranga, quando comparados
aos obtidos na andlise de estabilidade elastica pelo SAP2000®.
Entretanto, foi demonstrado que a andlise da estabilidade global
por meio do coeficiente ), pode nado ser suficiente nos casos em
que o modo mais critico de instabilidade corresponder a uma con-
figuracéo de tor¢éo da estrutura.

Utilizando o Edificio 2 como base para uma analise hipotética, na
qual o valor de ). foi propositalmente fixado em 1,30, a estabili-
dade global ndo foi atendida quando considerado o limite de se-
guranga a flambagem, como recomendado pela NBR 6118/1980
[13]. Essa situagao deixa clara a ineficiéncia do emprego do coefi-
ciente }, quando o modo mais critico € de torgdo.
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Abstract
E——

The Brazilian standard ABNT NBR 15200: 2012 details a procedure for decreasing the required time of fire resistance in buildings with good fire
safety characteristics. It called equivalent time method. This name can confuse the less habituated to the fire safety area, because the Brazilian
procedure is not equal to the original equivalent time method, European. The purpose of this paper is to discuss the equivalent time method, to
detail the origins of the Brazilian method and present their limitations no explicit in the Brazilian standard. Some unknown aspects of most re-
searchers or technical means are presented. It should be highlighted the abundant bibliography presented to aid the understanding of a seemingly
simple issue, but it incorporates many concepts of fire safety, not always understood by the users.

Keywords: fire, fire resistance, equivalente time method, decresing fire resistance required.

Resumo
[

AABNT NBR 15200:2012 detalha um procedimento para a redugéo do tempo requerido de resisténcia ao fogo de edificacdes com boas caracte-
risticas de seguranca contra incéndio. Ele recebe o nome de método do tempo equivalente. Esse nome pode confundir os menos afeitos a area
de segurancga contra incéndio, pois o procedimento brasileiro ndo € equivalente ao MTE original, europeu. O objetivo deste artigo é discorrer
sobre o MTE, detalhar as origens do método brasileiro e apresentar suas limitagdes n&o explicitas na norma brasileira. Apresentam-se alguns
aspectos desconhecidos da maioria dos pesquisadores ou do meio técnico. Destaca-se a revisao bibliografica apresentada ao longo do texto,
para auxiliar a compreensao de um tema aparentemente simples, porém que incorpora diversos conceitos sobre seguranga contra incéndio, nem
sempre compreendidos pelos usuarios.
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Procedure for decreasing the required time for fire resistance of the multistory buildings

1. Introducgao

EE

For more than 8 decades, many researchers have attempted to re-
late the temperature-time curve of a fire, standardized by various
international standards (ASTM E119, 2000; ISO 834, 1990; BS 476,
1987) with more realistic curves. More information about the stan-
dard-fire (ISO-fire) can be seen in Silva (2012) and Silva (2014).
The EC1 (2002) included the equivalent time method associated
with the concept of value of the fire load design, based on the
German standard DIN (1987). The Eurocode allows each country
to make changes in the method in their local regulations. For ex-
ample, the UK and Portugal did it.

In Brazil, in the 90s, the Fire Department of Sao Paulo State in-
cluded in its Technical Instruction (in this text we will simplify by
IT) the equivalent time method with several modifications. This IT
was published in 2001. In view of the changes, we could not call it
of equivalent time method because it could cause confusion to the
reader, imagining it to be identical to the method published by the
Eurocode. However, by Brazilian tradition is still so called. This is
the case of NBR 15200:2012 that use this name.

The aim of this paper is to present the state of the art of the equiva-
lent time method, detailing its formulation and the procedure for
reduction the required time for fire resistance that, despite being
inspired by the equivalent time method, it had the contribution of
other foreign standards and has undergone several modifications.

2. The equivalent time method
E—
2.1 Historic

In 1928, Ingberg apud HARMATHY (1987) conducted a series

@
-
-
©
L .-____.--'—-
)
o \
S :
@ -
2 ISO-fire
150°C
ou
300°C \
t -
° Time
Source: Meldo (2016)
Figure 1

Time equivalent by the concept of the equality
of areas under the curves

Table 1
Relationship between the fire load and time
as Ingberg (GEWAIN et al., 2003)

q,, (kg of wood/m?) 1, (min)
244 30
36.6 45
48.8 60
73.2 90
97.6 120
146.5 180
195.3 270
2441 360
292.9 450

of tests at NIST - National Institute of Standards and Technology
(then called United States National Bureau of Standards), com-
paring the areas under actual fire curves with the area under the
standard curve, from a predetermined limit temperature (NYMAN,
2002), as shown in Figure 1. He admitted that this area was pro-
portional to the thermal energy given off by the hot gases. The
results are shown in Table 1 and Figure 2.
Equation 1 is an adequate approximation to less than 180 min time
(Costa, 2008), where q,, is the value of fire load density expressed
in kg of equivalent wood per unit area.

M

This concept is interesting since the severity of the fire is inde-
pendent of the structure to be analyzed. That is, two fires with the
same severity lead to the same results regardless of the structural
element studied.

The Japoneses KAWAGOE; SEKINE (1964) apud (LAW, 1997) fol-
lowed the same idea from Ingberg, comparing the areas under the
curves, but have identified the importance of ventilation (oxygen
is the oxidizing material) to determine the temperature of the hot

t.=123q,

300

= 250 ©
£ 1,23 kg timber/m?

® 200

S

c

o 100 IO/D'/O/

3 50 ®
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® . . .
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fire load(kg timber/m?)

Figure 2

Relationship between the fire load and fime
as Ingberg
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gases in the compartment (see item 4 from this text) presenting
Equation 2, valid within certain limits of A, /A, . \/h—m)

In Equation 2, k, is a factor of proportionality, q, is the specific fire
load per floor area, A, is the area of all surfaces (floor, ceiling and
walls) of the fire compartment and h_ is the average height of the
openings to the outside of the compartment where oxygen enters.

A, 0,23
te =k qg- <A_v \/E) (2)
COOPER, STECKLER (1996) and THOMAS et al. (1997) do not
agree with the equivalence between areas, saying they do not repre-
sent the thermal energy given off by hot gases, however, we deemed
important to mention this concept, as it was a starting point for current
fire safety regulations. In MELAO (2016) a simulation was performed
using the equivalent areas, which did not lead to good results.

Law and Petterson apud THOMAS et al. (1997) indicate that the
best way to determine the equivalent time is a comparison be-
tween the temperatures of structural elements calculated as the
two curves as illustrated in Figure 3.

In Figure 3, the “structural element” may be a rebar of concrete
element or a steel profile, for example.

In 1971, the British researcher Margaret Law examined the re-
lationship between the standard curve and experimental curves,
including the effect of ventilation, but based on Figure 2, and pro-
posed the Equation 3 to determine the equivalent time (HARMA-
THY, 1987).

Ag

\/ A, (Ac—Ar—A) o (3)

In Equation 3, k, is a factor of proportionality, A is the area of the
openings to the outside of the compartment and A is the compart-
ment floor area.

te=k2.

The Swedish researcher Pettersson included in 1973, the thermal
characteristics of the compartmentation element (see item 4 of this
text), in determining the equivalent time (HARMATHY, 1987). Pet-
tersson used natural fire curves theoretically deduced with experi-
mental admeasurements (PETTERSSON et al., 1976) to propose
Equation 3.

In Equation 3, k, is a factor of proportionality and K, is a factor
related to the physical and thermal characteristics of the compart-
mentation elements.

Ag

/ Ac. A, Vh o <3>

The German standard DIN (1987) includes the influence of the
horizontal openings in the ventilation and the level of fire risk, as

Equation 4.
4)

In Equation 4, K, is a factor related to the physical and thermal
characteristics of the compartmentation elements, W, is a fac-
tor related to the horizontal or vertical ventilation, determined by
means of tables provided by DIN (1987) and vy is a factor related
to the risk.

Reminding that risk is the association between hazard and conse-
quences of a fire, the factor vy, introduced by DIN (1987), is deter-
mined taking into account the dimensions of the building and the
presence of active protection. The next version of the DIN, DIN
(1998), made some minor modifications (CAJOT et al.) to deter-
mine the equivalent time.

The method disclosed in DIN, with adaptations that facilitate its use
(e.g., the ventilation effect, determined by tables has been trans-
formed into an equation in EC1) was adopted in EC1 (1995), using
Equation 5.

te = k3 Kl'

te = Kz.Wl 'qfi

nalural fire

maximum
temperature of the

structural element

moment which
occurs the
maximum
temperature in the

structural element

Figure 3
Concept of equivalent fime

ISO-fire |

slrutural element
(ISO-fire)

strutural element

(natural fire)

Equivalent time

Source: Silva (1997)
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Table 2

Values of y,, (SCHLIECH; CAJOT, 1997)

Compartment area

Height of the building (h)

(m?) 1 floor 2 floors 2 to 10 floors More than 10 floors
<750 1.00 1.10 1.25 1.50
<2500 1.00 1.25 1.50 2.00
< 5000 1.05 1.40 1.75 2.50
< 10000 1.10 1.50 - -
< 20000 1.20 1.60 - -
Table 3
Values of y, (IT 8,200T)
Compartment area Height of the building (h)
(m?) One story building h<12m 12m<h<23m h>23m
<750 1.00 1.00 1.25 1.50
<2500 1.00 1.30 1.50 2.00
< 5000 1.05 1.45 1.75 2.50
< 10000 1.10 1.55 - -
< 20000 1.20 1.65 - -
In this part of history, should be cited the publication SCHLIECH;
te=KWdgq (5) CAJOT (1997). Firstly, because both were the coordinators of the

In Equation 5, K, is a factor related to the physical and thermal
characteristics of compartmentation elements, W is related to the
ventilation (which depends on the size of the openings) and q
the design value of the fire load.

It should be noted in equation recommended by the EC1 (1995),
the introduce of the design value of the fire load, (o which is
the characteristic value of the fire load determined by measure-
ments or standard tables, multiplied for several factors y. In EC1
(1995), the only factor presented explicitly was 0.6 when there
was sprinklers.

part of the fire of the EC1 and then because Schleich anticipated
to SILVA (1997), the main results would be published. It was ex-
pected, therefore, that the review of EC1 (1995) follow SCHLEICH,;
CAJOT (1997).

SCHLEICH; CAJOT (1997) continued the research looking for
better explain the factor y and proposed (SILVA, 1997 and SILVA,
2004) that y were the result of the product Yo Yo Ve

Y, e Y, will be discussed later in this paper. In this item of the text
the interestis ony,.

Y., is a factor that depends on the consequences of a collapse

Table 4
Values of v, (IT 8,2004)
Compartment Height of the building (m)
area (m?) %’:i"ldsifr‘l’;y h<é | 6<h<12 | 12<h<23| 23<h<30 | 30<h<80 h > 80
<750 1.00 1.00 1.10 1.20 1.25 1.45 1.60
<1000 1.05 1.10 1.15 1.25 1.35 1.65 1.85
<2500 1.10 1.25 1.40 1.70 1.85 2.60 3.00
< 5000 1.15 1.45 1.75 2.35 2.65 3.00 3.00
<7500 1.25 1.70 2.15 3.00 3.00 3.00 3.00
< 10000 1.30 1.90 2.50 3.00 3.00 3.00 3.00
< 20000 1.60 2.80 3.00 3.00 3.00 3.00 3.00
> 65000 3.00 3.00 3.00 3.00 3.00 3.00 3.00
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Table 5
Values of K in function of the compartmentation
element thermal inertia (ECT, 2002)

b=yp ek K (min.mz2/MJ)
(J/m2.s12.°C)
b > 2500 0.040
720 < b < 2500 0.055
b <720 0.070
Table 6

Values of "M” in function of the structural material
(EC1, 2002)

Material da estrutura M
Reinforced concrete 1,0
Steel without fire protecion 1,0
Steel with fire protection 13,7 xV
Composite structures, Not applied

wood, structural masonry

(EC1, 1995), according SCHLEICH; CAJOT (1997) must comply
with Table 2.

As already mentioned, the Fire Department of Sdo Paulo included the
equivalent time method in Technical Instruction n# 8 of 2001, based
on EC1 (1995) updating the procedure based on SCHLEICH; CAJOT
(1997). The first author of this work made this suggestion to the CB.
Two aspects should be highlighted. The first is that the Fire Department
decided to employ the equivalent time method, however, imposed a
maximum reduction of 30 min in the required time for fire resistance rec-
ommended by Technical Instruction n# 8 and, the other, is that the Fire
Department use the Table 2 proposed by SCHLIECH; CAJOT (1997),
but transformed it in the Table 3 (VARGAS, SILVA, 2005).

The alteration of some values and exchange the number of floors
to height in meters did not cause large modification in results,
however, it is noted that the line corresponding to time instead of
absolute values, was included the symbol “£” meaning that is not
allowed interpolation and, as a consequence, depending on the
level that is the compartment, there will be jumps in the results,
making them unrealistically. This was solved later with the change
of the factor gs1 from table to Equation 12.

SCHLIECH; CAJOT (1997) also reported that Equation 5 had good
results for concrete and steel coated, but not for steel without fire
protection. Prestressed concrete, wood and masonry were not
mentioned in this publication.

2.1 The equivalent time method based on EC1 (2002)

After SCHLEICH; CAJOT (1997), these authors researched more
about the subject and EC1 (2002) was not published exactly as de-
scribed in SCHLEICH; CAJOT (1997). The Equation 5 was trans-
formed in Equation 6.

te=KWgsy M

90 (0,4 - %)
£ >05

6\%3
W= <—> 0,62 + > 7
H ’ A\ Ay (
1+12,5 (1 + 10 A_f)ff
Equation 7 has the following limits of validity: W = 0.5; 0,025 <Av /
Af<0.25and 12,5[1+10 (A,/ A, )12 10.

A
In Table 6 , VzA—t\/H.

v

Gia=Cik X Yo X Yo X Yoo (8)
In Equation 8, v, is determined by Equation 9 and the values of y
e Y,,, respectively, are determined by Tables 7 and 8.

Perhaps the most important change in EC1 (2002) was the exclu-
sion of building height increasing the risk of fire, assuming there-
fore unrestricted reliability in vertical compartmentation.

Y, = ﬁyni )]

Table 7
Values of y,, in function of the compartment area
(EC1,2002)

Compartment area (m?) Yo
25 1.10
250 1.50
2500 1.90
5000 2.00
10000 2.13
Table 8

Values of v, in function of the risk of ativation
(ECT, 2002)

Yoo Examples of ocupation
0.78
1,0 Escritério, residéncia, hotel, indUstria de papel
1,22
1,44
1,66

Galeria de arte, parque aqudtico, museu.

Industria de méaquinas e motores

Laboratério quimico, oficina de pintura

IndUstria de tintas ou explosivos
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Table 9

Fatores de pondera¢cdo das medidas de seguranca contra incéndio (EC1, 2002)

Yn1 Yn2 yn3 | yn4 Yns
Chuveiros automaticos ~ .
- - - Deteccdo automdatica
Suprimentos de dgua independentes
Existe e
0 1 2 Calor Fumaca Tronsm[sgoo
aufomdtica
0.61 (*) 1,0 0,87 0.7 0.87 (*) 0.73 (%) 0.87 (*)
Yné | yn7 Yna yn9 yn] 0 ynl 1
Brigada contra incéndio Rofog de fugo Escada Exaustdo de Dispositivos de
(existe e & . fumacga nas
Interna Externa desobstruida) pressurizada escadas combate
N N Sim-1,0 . N Sim-1,0 Sim-1,0
0.61 () 0.78 (*) N&o -1,5 Sim-0.9 () N&o -1,5 NGo -1,5
(*) na auséncia,y, = 1.0

Eurocode 1 published in UK, BS (2007), extends the use of the
method of time equivalent to all structural materials and includes
the height of the building in risk analysis, among other details.

In Brazil, ABNT NBR 15200:2012, ABNT NBR 14323:2013
and technical instructions of the Fire Department from sever-
al states, present a procedure to reduce the required time for
fire resistance in buildings with good features of fire safety. Al-
though it is called of equivalent time method, it is not the original
method from Eurocode, but a procedure that takes advantage
of the formulation presented in several international standards
and publications.

Remembering that the Technical Instruction CB-02-33 of 1994
allowed reducing in 30 minutes the required time for fire resis-
tance to buildings with sprinklers, the new procedure was a ma-
jor breakthrough. On one hand, the sprinklers may not be suf-
ficient to ensure safety, on the other, buildings without sprinklers
may be safe. With this objective,in 2001, the IT 8 of the Fire De-

In Equation 9, v, are factors related to safety measures against fire
as shown in Table 9.

For characteristic value of the fire load density the EC1 (1995) rec-
ommends the Table 10.

3. Brazilian procedure to reduce

the required time for fire resistance
EE
LAW (1997) concludes that the methods of equivalent time pre-
sented so far, and even the Eurocode, are not satisfactory and
need to be further evaluated.
The Eurocode allows each country to adapt the national standard
to their reality. For example, in the case of the equivalent time
method, the Portuguese and British versions of the EC1 have dif-
ferent forms of the equivalent time method. In the Portuguese ver-
sion (EUROCODIGO 1, 2010), g,  g,, " 9, = 1. The version of

Table 10 partment of Sao Paulo State included the method of equivalent
Carga de incéndio especifica em MJ/m? time with several modifications from the original one. The NBR
(ECT,2002) 15200:2012 and NBR 14323:2013 included in their texts that
procedure, still calling of equivalent time method.
Ocupacdo Média 80% fractil* Now we will detail the procedure recommended by ABNT NBR
Residéncia 780 948 lﬁZOO: 2012(-1 o . L .
- e required time for fire resistance of structural elements o
Hospital (quarto) 230 280 reinforced concrete in each compartment can be determined by
Hotel (quarto) 310 377 Equation 10, but cannot be reduced more than 30 min from the
Biblioteca 1500 1824 required time for fire resistance given in Table A.1 of ABNT NBR
Escritorio 420 511 14432: 2001 or those required by the technical instructions of the
Fire Department.

Escola (sala de aula) 285 347
© te=0,07 X Gy X W X 7 X Yoy X Y (10)

Shopping Center 600 730
: In Equation 10, the value 0.07 is the maximum value of K factor re-
- Teatro/cinema 300 365 lated to physical and thermal characteristics of the compartmenta-
Area de embarque 100 122 tion elements shown in Table 5. The value of q,, can be determined
* Significa que ndo & excedido durante 80% da vida dtil da construgdo. by local measurements or use standardized values as ABNT NBR
E o valor recomendado pelo EC1 (1995) para uso em projeto 14432:2001 or technical instructions of the Fire Department. Some
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values are shown in Table 11. W follows the same Equation 7, dis-
regarding horizontal openings, hence , Equation 11.

W= (%)0‘3 [0,62 +90 <0,4 - AA—‘;)] >0,5 (] ])

With the limit 0,025 < Av/Af < 0,30.
The upper limit of Av / Af was increased in the Brazilian standard in
view the graph shown in Figure 4.
Table 11 from of IT 14 (2011) is based on the ABNT NBR 14432:2001,

High of the compartment“H™ (m)
—_—— 238
. —r— 3
1.2 —lﬁ\ —o— 35
%k\ —{— 4
1.0 > Q - 5
™~
= N ——
™~ Ny
0,8 S ——r=n
0,6 ! Ii
0,15 02 0,25 03
Au/Ag
Source: Silva (2012)
Figure 4

Values of H in function of the ventilation A /A,
and compartment height H

Table 11
Valores de cargas de incéndio especificas (IT14, 2011)
Ocupacdo/uso Descricao Filler
Residencial Apartamentos, casas térreas, sobrados, pensionatos 300
Servigos de hospedagem Hotéis, motéis, apart-hotéis 500
Automoveis 200
Drogarias 1000
Livrarias 1000
Comercial varejista Lojas de departamentos (shopings) 800
Papelarias 700
Supermercados (vendas) 600
Tapetes 800
Agéncias bancdarias 300
Servicos Agéncias de correios 400
profissionais, Escritérios 700
pessoais e tecnicos Oficinas elétricas 600
Oficinas mecénicas 200
. Academias 300
Escolas em gerall 300
Bibliotecas 2000
Cinemas ou featros 600
Clubes sociais, boates 600
Locais de reunido publica Estac¢oes, ferminais de passag. 200
Igrejas 200
Museus 300
Restaurantes 300
Estacionamentos 200
Servigos automotivos —
Oficinas 300
Asilos 350
Clinicas e consultérios médicos ou odontolégicos 300
Ser\{ig:o.s de. sane Hospitais 300
e institucionais
Presidios 200
Quartéis 450
Ver Table completa na IT 14 (2011)
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Table 12

Fator de ponderacdo ¥, das medidas
de seguranc¢a contra incéndio

(ABNT NBR 15200:2012; IT8, 2011)

Valores de V,y: V2 € Vns

Existéncia
de chuveiros

Brigada contra

Existéncia
de deteccdo

Pt incéndio P
automaticos automatica
Yn2
ynl yn3
0,60 0,90 0,9

which in turn followed the Austrian standards TRVB A-100 (1987)
and TRVB A-126 (1987). These Austrian standards were based on
Gretener method (SIA, 1996).

The factor y_ is determined by Equation 9, but in a simplified way,
as can be seen in Table 12. In the absence of any means of protec-
tion, indicated in Table 12, adopt y, equal to 1.

The factor vy, is determined by Equation 12, where A, is the floor
area of the compartment in square meters, and h is the distance
between the highest habitable floor and the lowest (either under-
ground) of the building in meters. For gg, <1, it should be adopted
g,,=1andg_>3, can adopt g_, = 3.

Given that the final version of EC1 (2002) the influence of height
had been removed from the equivalent time method and the tables
recommended in IT8 (2001 and 2004) had unwanted and unreal-
istic discontinuities, Equation 12 was created based on the follow-
ing principles: maintain the influence of the height; slightly reduce
the influence of height, do not to differ much from the results ob-
tained with the method recommended by IT8 (2001, 2004) that
was based on proposals from the Eurocode review; adopt a limit
value slightly higher than the previous, 2.5; don’t have discontinui-
ties and be easy to use. Although there are some differences in the
results obtained by Equation 12 and tables of IT 8, the final values
of the required time for fire resistance of buildings are very similar
as shown in SILVA (2008).

LA (h43)

o (12)

The g,, factor has the same function as that recommended by
EC1 (2002), i.e., consider the risk of fire activation. According
SCHLEICH; CAJOT (1997), the factor g, means the hazard of

ysl=1

fire activation and was originated in Gretener method for analysis
of fire risk in buildings, published in the SIA-81 (1996). The EC1
(2002) does not provide sufficient examples of buildings. Then
Table 9 was completed based on Gretener method (SIA 81, 1996),
generating the Table 13.

Tables 11 and 13 originated in Gretener method. In 1960, Max
Gretener engineer, director of Fire Protection Association, Switzer-
land, began studies on calculating the risk of fire in industries and
large buildings. Their method, published in 1965, aimed to meet
the needs of insurance companies. In 1968 the Swiss Fire De-
partment proposed to adopt the same method also to assess the
means of fire protection of buildings. In 1984, SIA (Société Suisse
des Ingénieurs et des Architectes) published the SIA-81 document
“Method of assessment of fire risk,” based on the Gretener work
and reviewed by a group of experts from private and state insur-
ance companies and SIA. This group has adapted the method to
the then knowledge and Swiss and international experience. In De-
cember of 1996, SIA-81 was revised and updated, SIA 81 (1996).
According Cajot et al. (no date) the results of this work are scien-
tifically demonstrable, although not all have been demonstrated.
In addition to the limitations already mentioned, to safety side, also
was imposed that time determined by the method presented can
not be less than 15 min and q,, v, Y, = 300 MJ/m?

4. Compartimentation

[

It notes that the procedure described in item 3 of this text is to be
used for each compartment. So, the concept of compartment must
be very clear to the user.

Compartment is the building or part thereof, comprising one or
more rooms, spaces or floors, built to prevent the spread of fire
from inside to outside of the boundaries, including the spread be-
tween adjacent buildings, where applicable. Compartmentation
elements are constructive elements which seal the compartment
and must have thermal insulation, integrity and structural stability.
The horizontal compartmentation is that which prevents the hori-
zontal spread between compartments on the same floor. It limits
the spread of fire, restricting the losses and facilitating the activity
of fire fighting. The IT9 (2011) limits the maximum areas for enclo-
sures (horizontal compartmentation), depending on the use and
height of the building

The vertical compartmentation is that which prevents the vertical
spread of gases or heat to a floor immediately above. It is one of

Table 13
Valores de v, em fun¢do do risco (r) de ativagcdo do incéndio (ABNT NBR 15200:2012; IT8, 2011)
Ys2 r Exemplos de ocupagdo
0,85 Pequena Escola, galeria de arte, parque aqudtico, igreja, museu
Biblioteca, cinema, correio, consultério médico, escritdrio, farmdacia, frigorifico, hotel,
livraria, hospital, laboratdrio fotografico, indUstria de papel, oficina elétrica ou mecénica,
1,0 Normal Ca . P .
residéncia, restaurante, supermercado, teatro, depdsitos (produtos farmacéuticos, bebidas
alcodlicas, venda de acessdrios de automoveis) e depdsitos em gerall
1.2 Média Montagem de automodveis, hangar, indlstria mecénica
1,5 Alta Laboratdrio quimico, oficina de pintura de automébveis
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the most effective measures for fire safety. It is also essential for
the calculation of structures in fire.

The vertical compartmentation includes: facade with beam-parapet
or marquise, emergency stairs enclosure, slabs with a minimum
thickness in order to respect insulation and integrity and sealant
(firestops) to seal any vertical connection between floors, such as
passage pipes, ducts, shafts etc.

As the law of the Sao Paulo (SP 2011), the vertical compartmenta-
tion is required for residential buildings, offices or hotels and other
occupations, for fire heights exceeding 12 m, except for hospitals
where the minimum height is 6 m. Further details and requirements
for compartmentalization can be seen in the technical instructions
of the fire departments or SILVA (2014).

Another important aspect is the distance between facades. This
distance must be calculated in such a way as to prevent the pas-
sage by radiation from a possible fire of a facade to another in
another building, or of the same building (NFPA, 2012; IT7, 2011;
SILVA, 2012; SILVA, 2014 ). If this distance is less, the compart-
ment will be extended to another building or another floor of the
same building.

In short, to correctly apply the procedure reducing the required
time for fire resistance must be checked several aspects of archi-
tecture and not only apply Equation 10.

5. Partial factors
EE
When using a method of risk assessment, analyzing a modeling
fire or any other procedure related to fire, partial factors of safety
should be introduced, as is common in structural engineering. In
Brazil, the partial factors for such studies are not standardized, ex-
cept for the reduction procedure of required time for fire resistance,
also known as the equivalent time method. While there is not a
more accurate research on this, the authors recommend following
the partial factors (y-factors) of the equivalent time method.
It should be noted that the safety introduction for the equivalent
time method is not restricted to vy, , v, € v,,. The restriction to limit
the reduction to 30 min in relation to the required time for fire re-
sistance tabulated (here called RFtab) should also be considered.
Thus, the required time for fire resistance, including the equivalent
time method and this restriction can be rewritten as Equation 12,
where t_is given by Equation 10 and F is an adjustment factor to
take account the maximum reductor of 30 min.

(13)

RF=t, x F
The procedure for reducing the required time for fire resistance can
be, analytically, interpreted as follows:

ift, <RF_, —30 min, RF = RF_ —30 min

if RF,, —30min<t <RF_ RF=t

if t >RF_,RF=RF_.

From these considerations, are obtained:

RE,, —30 min
t

e

tab’

ift, <RF —-30 min, F =
if RF-30min<t <RF,F=1

RFtab
it >RFF= =

e

For the reduction procedure of the required time for fire resistance
is irrelevant employ the F-factor or the Equation 10, taking care to
limit the reduction in 30 min. However, other methods, for example,
use a fire temperature-time curve with more realistic shape such
the parametric curves EC1 (2002), using the factor F, it means that
we will be keeping the same level of safety of the only method
standardized in Brazil.

6. Conclusions
E—

In this paper the historical evolution of the equivalent time
method was presented. The current method of equivalent time
presented in Eurocode is difficult to be accepted by society be-
cause it does not consider the height of the building. In Brazil
was created a method, which despite being called equivalent
time method is not the original equivalent time method but a
consensual procedure enshrined in standards and legislation
which allows a reduction of up to 30 minutes of required time
for fire resistance tabulated by Technical Instructions of fire Bri-
gades, for buildings with good safety features fire. The origin of
the Brazilian formulation, including limits and comments were
also presented. It was remembered that not just use the pre-
sented formulation, but also to examine whether the architectur-
al solution allows the use of such formulation. Finally, the safety
introduction in the Brazilian procedure was analyzed and was
suggested that while there is no Brazilian standard for partial
factors, the safety level of the Brazilian procedure be used for
analysis in fire safety, especially in fire models.
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Nomenclature
E—

A, — floor area of the fire compartment

A, — total area of enclosure (walls, ceiling and floor, including openings)
A, — total area of horizontal openings in roof of compartment

A, — total area of vertical openings of compartment (windows,
doors) for the outside

¢ — specific heat of the compartment element

h — fire height of the building

h —weighted average of window heights on all walls

H — height of the fire compartment

K — correction factor related to the thermal property of the compart-
mentation element

M — correction factor function of the material composing structural
cross—sections

g, O g, — characteristic value of the fire load density per unit
floor area

g, — design value of the fire load density per unit floor area

q,, — fire load density per unit floor area in kg of equivalent wood
t,— equivalent time

W — ventilation factor

v, — factor taking into account the fire activation risk due to the type
of occupancy

Y., — factor taking into account the fire activation risk due to the size
of the compartment and the high of the building

v, — factor taking into account the different active firefighting measures
A — thermal conductivity of the compartmentation element

p — density of the compartmentation element
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Abstract
E——

The Brazilian standard ABNT NBR 15200: 2012 details a procedure for decreasing the required time of fire resistance in buildings with good fire
safety characteristics. It called equivalent time method. This name can confuse the less habituated to the fire safety area, because the Brazilian
procedure is not equal to the original equivalent time method, European. The purpose of this paper is to discuss the equivalent time method, to
detail the origins of the Brazilian method and present their limitations no explicit in the Brazilian standard. Some unknown aspects of most re-
searchers or technical means are presented. It should be highlighted the abundant bibliography presented to aid the understanding of a seemingly
simple issue, but it incorporates many concepts of fire safety, not always understood by the users.

Keywords: fire, fire resistance, equivalente time method, decresing fire resistance required.

Resumo
[

AABNT NBR 15200:2012 detalha um procedimento para a redugéo do tempo requerido de resisténcia ao fogo de edificacdes com boas caracte-
risticas de seguranca contra incéndio. Ele recebe o nome de método do tempo equivalente. Esse nome pode confundir os menos afeitos a area
de segurancga contra incéndio, pois o procedimento brasileiro ndo € equivalente ao MTE original, europeu. O objetivo deste artigo é discorrer
sobre o MTE, detalhar as origens do método brasileiro e apresentar suas limitagdes n&o explicitas na norma brasileira. Apresentam-se alguns
aspectos desconhecidos da maioria dos pesquisadores ou do meio técnico. Destaca-se a revisao bibliografica apresentada ao longo do texto,
para auxiliar a compreensao de um tema aparentemente simples, porém que incorpora diversos conceitos sobre seguranga contra incéndio, nem
sempre compreendidos pelos usuarios.

Palavras-chave: incéndio, TRRF, resisténcia ao fogo, método do tempo equivalente.
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1. Introducgao

EE

Por mais de 8 décadas, diversos pesquisadores tém procurado rela-
cionar a curva temperatura-tempo de um incéndio, padronizada por
diversas normas internacionais (ASTM E119, 2000; ISO 834, 1990;
BS 476, 1987) a curvas mais realisticas. Mais informagdes sobre o
incéndio-padrao podem ser vistas em SILVA (2012) e SILVA (2014).
O EC1 (2002) normatizou o método do tempo equivalente asso-
ciado ao conceito de valor de calculo da carga de incéndio, com
base na norma alema DIN (1987). O Eurocode permite que cada
pais faca modificagdes no método em suas normas locais. Reino
Unido e Portugal assim o fizeram.

No Brasil, na década de 90, o Corpo de Bombeiros de Sao Paulo
incluiu em sua Instrugéo Técnica o método do tempo equivalente
com diversas modificagdes. Essa IT foi publicada em 2001. Em
vista das modificagdes, ndo se pode chamar de método do tempo
equivalente pois pode trazer confusdo ao leitor, imaginando que
ele seja idéntico ao método publicado pelo Eurocode. No entanto,
pela tradi¢do brasileira continua sendo assim chamado. E o caso
da ABNT NBR 15200:2012, que o apresenta com esse nome.

O objetivo deste trabalho é apresentar o histérico do desenvolvimento
do método do tempo equivalente, detalhar sua formulagéo e o procedi-
mento de redugao do tempo requerido de resisténcia ao fogo que, ape-
sar de se inspirar no método do tempo equivalente, teve a contribuigao
de outras normas estrangeiras bem como sofreu varias modificagoes.

2. O método do tempo equivalente
——
2.1 Historico

Em 1928, Ingberg apud HARMATHY (1987) realizou uma série de

incéndio

,~natural

—-—\"""-—'.-

incéndio-

temperatura

“lpadrao

T~

t -
° tempo

Fonte: Meldo (2016)

Figura 1
Tempo equivalente pelo conceito de igualdade
de dreas sob as curvas

Tabela 1
Relacdo entre a carga de incéndio e o fempo
equivalente conforme Ingberg (GEWAIN et al., 2003)

q,, (kg de madeira/m?) 1, (min)
244 30
36.6 45
48.8 60
73.2 90
97.6 120
146.5 180
195.3 270
2441 360
292.9 450

ensaios no NIST - National Institute of Standards and Technolo-
gy (a época denominado United States National Bureau of Stan-
dards), comparando as areas sob as curvas de incéndios reais
a area sob a curva-padréo, a partir de um determinado limite de
temperatura (NYMAN, 2002), conforme Figura 1. Ele admitiu que
essa area fosse proporcional a energia térmica desprendida pelos
gases quentes.
Os resultados séo apresentados na Tabela 1 e na Figura 2.
A Equagao 1 € uma aproximagao adequada a tempos inferiores a
180 min (COSTA, 2008), em que q,, € valor da carga de incéndio
especifica expressa em quilograma de madeira equivalente por
unidade de area (kg de madeira/m?).

M

Esse conceito ¢ interessante visto que a severidade do incéndio
independe da estrutura a ser analisada. Isto é, dois incéndios de
mesma severidade conduziriam a resultados iguais, independente
do elemento estrutural estudado.

Os japoneses KAWAGOE; SEKINE (1964) apud (LAW, 1997) se-
guiram a mesma ideia de Ingberg, comparando as areas sob as
curvas, mas identificaram a importancia da ventilagao (oxigénio &

te=123q,

300
£ O
E™ 1,23 kg mad/m?

200

c

i(; 150 I\A /O/

3 100 /O/

o . ,\,O/O'

2 o™

£ 0 ; ; ;

o 0 50 100 150 200

carga de incéndio (kg mad/m?)

Figura 2

Relacdo entre a carga de incéndio e o tempo
conforme Ingberg
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o material comburente) para determinar a temperatura dos gases
quentes do compartimento (ver item 4 deste texto), apresentando
a Equacéo 2, valida dentro de certos limitesde A, /A,. \h, .
Na Equag&o 2, k, € um fator de proporcionalidade, g, € a carga de
incéndio especifica por area de piso, A é a area de todas as su-
perficies (piso, teto e paredes) do compartimento em chamas e h _
€ a altura média das aberturas para o exterior do compartimento,
por onde entra o oxigénio.

(2

A, 023
te =k %-(A_ \/E>

v
COOPER, STECKLER (1996) e THOMAS et al. (1997) n&o con-
cordaram com a equivaléncia entre areas, alegando que elas nao
representam a energia térmica desprendida pelos gases quentes,
no entanto, julga-se relevante mencionar esse conceito, pois foi um
ponto de partida para as atuais regulamentag¢des de seguranga con-
tra incéndio. Em MELAO (2016), foi feita uma simulagéo usando a
equivaléncia de areas, que nao conduziu a bons resultados
Law e Petterson apud THOMAS et al. (1997) indicam que a melhor
maneira para se determinar o tempo equivalente € uma compa-
racao entre as temperaturas de elementos estruturais calculadas
conforme as duas curvas como ilustrado na Figura 3.
Na Figura 3, o “elemento estrutural” pode ser uma armadura da
peca de concreto ou um perfil de ago, por exemplo.
Em 1971, a pesquisadora britanica Margaret Law analisou a rela-
¢ao entre a curva-padrao e curvas experimentais, incluindo o efei-
to da ventilagdo, mas com base na Figura 2, e prop0s a Equagao 3
para determinar o tempo equivalente (HARMATHY, 1987).

As o
\/Av_(At—Af— A,) o (3)

Na Equac&o 3, k, € um fator de proporcionalidade, A é a area das

tezkz.

aberturas para o exterior do compartimento e A, € a area de piso
do compartimento.

O pesquisador sueco Pettersson incluiu, em 1973, as caracteris-
ticas térmicas dos elementos de compartimentagao (vide item 4
deste texto), na determinagdo do tempo equivalente (HARMATHY,
1987). Pettersson usou curvas de incéndio naturais deduzidas
teoricamente com afericdo experimental (PETTERSSON et al,,
1976), para propor a Equagéo 3.

Na Equagéo 3, k, € um fator de proporcionalidade e K, é um fator
relacionado as caracteristicas fisicas e térmicas dos elementos de
compartimentacao.

Ag

/At. A, vh_ o (3>

A norma alema DIN (1987) incluiu a influéncia das aberturas ho-
rizontais na ventilagdo e o nivel do risco de incéndio, conforme

Equacéo 4.
(4)

Na Equacéo 4, K, & um fator relacionado as caracteristicas fisicas
e térmicas dos elementos de compartimentagédo, W, é um fator
relacionado a ventilagao horizontal ou vertical, determinado por
meio de tabelas fornecidas pela DIN (1987) e y € um coeficiente
relacionado ao risco.

Lembrando que risco é a associagdo do perigo as consequéncias
de um incéndio, o coeficiente de ponderagéo v, idealizado pela DIN
(1987), é determinado levando-se em conta as dimensdes da edifi-
cacao e a presenca da protecdo ativa. A versao seguinte dessa DIN,
DIN (1998), apresentou algumas modificagbes pouco significativas
(CAJOT et al,, s.d.), para determinar o tempo equivalente.

O método apresentado na norma DIN, com adaptagbes que faci-
litam o seu uso (por exemplo, o efeito da ventilagdo, determinado

te = k3 Kl'

te = Kz.Wl 'qfi

incéndio real

ﬁ _* incéndio-padrao
, F-\

\
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Figura 3
Conceito de tfempo equivalente
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Fonte: Silva (1997)
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Tabela 2
Valores de y,, (SCHLIECH; CAJOT, 1997)
Area do Altura da edificagao (h)
compartimento (m?) 1 pavimento 2 pavimentos Entre 2 e 10 pavimentos | Mais de 10 pavimentos
<750 1,00 1,10 1,25 1,50
<2500 1,00 1,25 1,50 2,00
< 5000 1,05 1,40 1,75 2,50
< 10000 1.10 1,50 - -
< 20000 1,20 1,60 - -
Tabela 3
Valores de vy, (IT 8,2001)
Area do Altura da edificacao (h)
compartimento (m?) Térreo h<12m 12m<h<23m h>23m
<750 1,00 1,00 1,25 1,50
< 2500 1,00 1,30 1,50 2,00
<5000 1,05 1.45 1,75 2,50
< 10000 1,10 1,55 - -
< 20000 1,20 1,65 - -

via tabela pela DIN, foi transformado em uma equagao no EC1),
foi adotado no EC1 (1995), por meio da Equacéo 5.

Na Equagéo 5, K, & um fator relacionado as caracteristicas fi-
sicas e térmicas dos elementos de compartimentagado, W é um
fator relacionado a ventilagao (que depende das dimensdes das
aberturas) e q, , o valor de calculo da carga de incéndio.

Deve ser ressaltado de que na equagao recomendada pelo
EC1 (1995) surgiu q,,, ou seja, o valor de calculo da carga
de incéndio, que é encontrado multiplicando-se o valor carac-
teristico da carga de incéndio, que se determina ou por me-

te =KW,

dicbes ou em tabelas padronizadas, por coeficientes de pon-
deracao y. No EC1 (1995), o unico coeficiente de ponderacao
explicitamente apresentado era 0,6 quando havia a instalagao
de chuveiros automaticos.

Nesta parte do historico, deve ser citada a publicagdo SCHLIE-
CH; CAJOT (1997). Primeiramente, por que ambos foram os
coordenadores da comissao autora do EC1 na parte correspon-
dente ao incéndio e, depois, porque Schleich antecipou a SILVA
(1997), os principais resultados que seriam publicados. Espera-
va-se, pois, que a revisdo do EC1 (1995) seguisse SCHLEICH,;
CAJOT (1997).

SCHLEICH; CAJOT (1997) prosseguiram na pesquisa a procura

Tabela 4
Valores para y,, (IT 8,2004)
Area de piso do Altura da edificagdo (m)
compartimento (m?) | Térrea h<é6 6<h<12 [12<h<23| 23<h=<30 | 30<h<80 h >80
<750 1,00 1,00 1,10 1,20 1,25 1,45 1,60
<1000 1,05 1,10 1,15 1,25 1,35 1,65 1,85
< 2500 1,10 1,25 1,40 1,70 1,85 2,60 3.00
< 5000 1,15 1,45 1,75 2,35 2,65 3,00 3.00
<7500 1,25 1,70 2,15 3.00 3.00 3.00 3.00
< 10000 1,30 1,90 2,50 3,00 3.00 3.00 3.00
< 20000 1,60 2,80 3.00 3,00 3.00 3,00 3.00
= 65000 3.00 3.00 3.00 3.00 3.00 3.00 3.00
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Tabela 5
Fator K em funcdo da inércia térmica do
elemento de compartimentagdo (EC1, 2002)

b=.p-cr

(J/m2.5'2,°C)

K (min.m2/MJ)

b > 2500 0,040
720 < b <2500 0,055
b<720 0,070

Tabela 6

Valores do fator "M” em funcdo do material
estrutural (EC1, 2002)

Material da estrutura M
Concreto armado 1,0
Aco com revestimento 10
contra fogo '
Aco sem revestimento 13,7 xV

contra fogo

Estruturas mistas, madeira,

. Ndo se aplica
alvenaria estrutural

de mais bem explicitar o coeficiente de ponderagéo y e propuse-
ram (SILVA, 1997 e SILVA, 2004) que y fosse o resultado do pro-
dutoy v, Y, V,€Y,, serdo comentados mais adiante neste
artigo. Neste item do texto o interesse recai sobre y,.

Y., € um coeficiente de seguranga que depende das consequén-
cias de um colapso. Segundo SCHLEICH; CAJOT (1997) deve
respeitar a Tabela 2.

Como ja mencionado, o Corpo de Bombeiros de Sao Paulo in-
cluiu o método do tempo equivalente na Instrugdo Técnica n°8
de 2001, com base no EC1 (1995) atualizando o procedimento,
tendo por base SCHLEICH; CAJOT (1997). O primeiro autor des-
te trabalho fez essa sugestdo ao CB. Dois aspectos devem ser
ressaltados. O primeiro é que o CB decidiu empregar o método
do tempo equivalente, no entanto, impds um limite maximo de
reducdo de 30 min no TRRF recomendado pela IT 8 e outro é
que o CB aproveitou a Tabela 2 proposta por SCHLIECH; CAJOT
(1997), porém na forma da Tabela 3 (VARGAS, SILVA, 2005).
As alteragdes de alguns valores e a transformagado de nume-
ro de pavimentos em alturas em metros feitas pelo CBPMESP
nao trazem grande alteragao de resultados, no entanto, deve-se
atentar que na linha correspondente a altura, ao invés de valores
absolutos, foi incluido o simbolo “£” o que significa que nao é
permitida a interpolagao e, por decorréncia, a depender da altura
do compartimento, havera saltos nos resultados, tornando irreal
o resultado do calculo. Isso foi resolvido mais tarde com a altera-
¢éo do fator gs, de tabela para a Equagao 12.

SCHLIECH; CAJOT (1997) também informaram que a Equagao 5
apresentava bons resultados para concreto e ago revestido, mas
ndo para ago sem revestimento. Concreto protendido, madeira e
alvenaria estrutural ndo foram mencionados nessa publicagao.

2.2 0O método do tempo equivalente conforme EC1
(2002)

Apo6s SCHLEICH; CAJOT (1997), esses autores pesquisaram
mais sobre o assunto e o EC1 (2002) n&o foi publicado exatamen-
te conforme descrito em SCHLEICH; CAJOT (1997). AEquagédo 5
foi transformada na Equagao 6.

(6)

t.=KWgqz4M

Na Equacéo 6, K é um fator relacionado a caracteristicas fisicas
e térmicas dos elementos de compartimentagao, conforme Tabela
5, W é um fator relacionado a ventilagdo do ambiente e a altura
do compartimento, conforme Equagéo 7, M é um fator de corregéao
que depende do material estrutural, conforme Tabela 6 e g, € 0
valor de calculo da carga de incéndio por area de piso (MJ/mZ),
determinado conforme Equacgao 8.

6103 90 (0,4 - %)
W= <ﬁ> 0,62 + fA
1+125 (1 +10 A—f)

>
A, >0,5
A

(7)

A Equacéo 7 tem os seguintes limites de validade:
W=20,5;0,025<A /A <0,25e 12,5[1+10 (A /A))] 210.

Na Tabela 6, V = %\/H.

v

Grg =0k X Yo X Yo X Yo (8)
Na Equagéo 8, vy, é determinado pela Equag&o 9 e os valores de
Y., € Y,» respectivamente, séo determinados pelas Tabelas 7 e 8.

Tabela 7
Valores de y,; em fun¢do da drea do
compartimento (EC1, 2002)

Area do compartimento (m?) Ya
25 1,10
250 1,50
2500 1,90
5000 2,00
10000 2,13
Tabela 8

Valores de vy, em fun¢do do risco de ativagdo
(ECT, 2002)

Yoo Exemplos de ocupacgdo
0.78
1,0 Escritério, residéncia, hotel, indUstria de papel

Galeria de arte, parque aqudtico, museu.

1,22 IndUstria de mdquinas e motores

1,44 Laboratério quimico, oficina de pintura

1,66 IndUstria de tintas ou explosivos
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Tabela 9
Fatores de pondera¢cdo das medidas de seguranca contra incéndio (EC1, 2002)
Yn1 Yn2 yn3 | yn4 Yns
Chuveiros automaticos ~ .
- - - Deteccdo automdatica
Suprimentos de dgua independentes
Existe e
0 1 2 Calor Fumaca Tronsm[sgoo
aufomdtica
0,61 (*) 1.0 0,87 0.7 0.87 () 0,73 (") 0,87 (*)
Yné | yn7 Yna yn9 yn] 0 ynl 1
Brigada contra incéndio Rofog de fugo Escada Exaustdo de Dispositivos de
(existe e & . fumacga nas
Inferna Externa desobstruida) pressurizada escadas combate
N N Sim-1,0 . N Sim-1,0 Sim-1,0
0.61.(%) 0.78 () NGo -1,5 Sim -0.9.(%) NGo -1,5 NGo -1,5
(*) na auséncia,y, = 1.0

Talvez a mais importante alteragdo do EC1 (2002) foi a exclusado
da altura da edificagdo no aumento do risco de incéndio, admi-
tindo, pois, irrestrita confiabilidade na compartimentagao vertical.
Na Equagéo 9, y,, s&o fatores relacionados as medidas de segu-
ranga contra incéndio conforme Tabela 9.

Yo = ﬁym 9

Para valores da carga de incéndio especifica caracteristica, o EC1
(1995) recomenda a Tabela 10.

3. Procedimento para redug¢ao do TRRF
EE

LAW (1997) conclui que os métodos do tempo equivalente apre-
sentados até entao, e mesmo o do Eurocode, nao sao satisfatérios

Tabela 10
Carga de incéndio especifica em MJ/m?
(EC1, 2002)

Ocupacdo Média 80% fractil*
Residéncia 780 948
Hospital (quarto) 230 280
Hotel (quarto) 310 377
Biblioteca 1500 1824
Escritério 420 511
Escola (sala de aula) 285 347
Shopping Center 600 730
Teatro/cinema 300 365
Area de embarque 100 122
* Significa que ndo & excedido durante 80% da vida Gtil da construgdo.
E o valor recomendado pelo EC1 (1995) para uso em projeto

e necessitam ser mais bem avaliados.

O Eurocode permite que cada pais possa adequar a norma nacio-
nal a sua realidade. Por exemplo, no caso do método do tempo
equivalente, a versao portuguesa e britanica do EC1 apresentam
formas diferentes do método do tempo equivalente. Na verséo
portuguesa (EUROCODIGO 1, 2010), tem-se g, " g, "9, = 1. A
versao do Eurocode 1 publicada no Reino Unido, BS (2007), es-
tende o uso do método do tempo equivalente a todos os materiais
estruturais e inclui a altura da edificagao na analise do risco, entre
outros detalhes.

No Brasil, por meio da ABNT NBR 15200:2012, ABNT NBR
14323:2013 e a IT 8 (2011) bem como outras instru¢des técnicas
de Corpos de Bombeiros de outros estados, ha um procedimento
para a redugdo do TRRF em constru¢gées com boas caracteris-
ticas de seguranga contra incéndio. Embora ele leve o nome de
método do tempo equivalente, ndo € o método do tempo equi-
valente original do Eurocode, mas sim um procedimento que se
aproveita de formulagéo retirada de diversas normas e publica-
¢Oes internacionais.

Lembrando-se que a Instrugdo Técnica CB-02-33 de 1994 permitia
a redugao do TRRF em 30 minutos para edificagdes com chuveiros
automaticos, o novo procedimento foi um grande avanco. Ele procu-
rou solucionar algumas falhas. Por um lado, ndo basta a existéncia
de chuveiros automaticos para garantir a seguranga. Por outro lado,
edificios sem chuveiros podem ser seguros, a depender de outras
caracteristicas do edificio, tais como, carga de incéndio, aberturas,
pé-direito etc. Foi com esse objetivo que em 2001, a IT 8 do CBP-
MESP incluiu o método do tempo equivalente com diversas modifi-
cagoes em relagdo ao original. As ABNT NBR 15200:2012 e ABNT
NBR 14323:2013 incluiram em seu texto tal procedimento, ainda
com o nome de método do tempo equivalente.

Passa-se a detalhar o procedimento recomendado pela ABNT
NBR 15200:2012.

O tempo requerido de resisténcia ao fogo de elementos estru-
turais de concreto armado de um compartimento pode ser de-
terminado pela Equagao 10, ndo podendo reduzir mais do que
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30 min no TRRF determinado pela Tabela A.1 da ABNT NBR
14432:2001 ou aos requeridos pelas instrugbes técnicas dos
corpos de bombeiros estaduais.

Na Equagéao 10, o valor 0,07 nada mais € do que o maximo valor
de K, fator relacionado a caracteristicas fisicas e térmicas dos ele-
mentos de compartimentacao, apresentado na Tabela 5. O valor
de q,, pode ser determinado por meio de medigGes locais ou usar
valores padronizados conforme ABNT NBR 14432:2001 ou instru-

te =0,07 x qfi,k x W x Tn X Ys1 X Y2

Altura do compartimento “H™ {111}
—a— 238
—_—fr— 3
—e— 15
—_—— 4
—_0— 5

~
N
SRS
1.0 \‘“\
T~

0,5

w

/1]

i
[]]

S= ]
—

0.6 | ! |
0,15 0.2 0,3

Fonte: Silva (2012)

Figura 4
Valores de W em fungdo da ventilagdo A /A,
e da altura do compartimento H

Tabela 11
Valores de cargas de incéndio especificas (IT14, 2011)
Ocupagdo/uso Descricdo Filler
Residencial Apartamentos, casas térreas, sobrados, pensionatos 300
Servicos de hospedagem Hotéis, motéis, apart-hotéis 500
Automoveis 200
Drogarias 1000
Livrarias 1000
Comercial varejista Lojas de departamentos (shopings) 800
Papelarias 700
Supermercados (vendas) 600
Tapetes 800
Agéncias bancarias 300
Servicos Agéncias de correios 400
profissionais, Escritorios 700
pessoais e tecnicos Oficinas elétricas 600
Oficinas mecénicas 200
. Academias 300
Escolas em geral 300
Bibliotecas 2000
Cinemas ou featros 600
Clubes sociais, boates 600
Locais de reunido publica Esta¢oes, ferminais de passag. 200
Igrejas 200
Museus 300
Restaurantes 300
Estacionamentos 200
Servicos automotivos .
Oficinas 300
Asilos 350
Clinicas e consultérios médicos ou odontolégicos 300
Ser\{i(;o.s de. sone Hospitais 300
e institucionais
Presidios 200
Quartéis 450

Ver tabela completa na IT 14 (2011)

1158

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



V.P. SILVA | C.N.COSTA | A.R. MELAO

Tabela 12

Fator de ponderacdo ¥, das medidas
de seguranc¢a contra incéndio

(ABNT NBR 15200:2012; IT8, 2011)

Valores de V,y: V2 € Vns
Existéncia . Existéncia
. Brigada contra =
de chuveiros PP de detecc¢do
P incéndio P
automaticos automatica
Yn2
yn] yn3
0,60 0,90 0,9

¢Oes técnicas dos corpos de bombeiros. Alguns valores sdo apre-
sentados na Tabela 11. W segue a mesma Equacgéao 7, desconsi-
derando-se aberturas horizontais, remetendo, pois a Equagao 11.

W= (g>o,3 [0,62 +90 (0,4 - AA—:>] >05 (11)

Observando-se o limite 0,025 < Av/Af < 0,30

O limite superior de A /A, foi aumentado na norma brasileira em
vista do grafico apresentado na Figura 4.

A Tabela 11, retirada da IT 14 (2011), tem por base a ABNT NBR
14432:2001, que por sua vez seguiu as normas austriacas TRVB
A-100 (1987) e TRVB A-126 (1987). As referidas normas austria-
cas se basearam no método de Gretener (SIA,1996).

Em 1960 o engenheiro Max Gretener, diretor da Associagéo de
Protegdo Contra Incéndio da Suiga, iniciou estudos sobre o cal-
culo do risco de incéndio em industrias e grandes edificios. Seu
método, publicado em 1965, visava atender as necessidades
das companhias de seguro. Em 1968 o Corpo de Bombeiros
suigo propOs adotar esse mesmo método, também, para ava-
liar os meios de protegédo contra incéndio das edificagdes. Em
1984, a SIA (Societé Suisse des Ingénieurs et des Architectes)
publicou o documento SIA-81 “Método de avaliagao de risco de
incéndio”, tendo por base os trabalhos de Gretener e revisa-
do por um grupo de especialistas das companhias de seguro
privadas e estatais e da SIA. Esse grupo adaptou o método
ao entado conhecimento e experiéncia suiga e internacional. Em
dezembro de 1996 o SIA-81 foi revisado e atualizado, SIA 81
(1996). Segundo Cajot et al. (s.d.) os resultados desse trabalho
sdo demonstraveis cientificamente, apesar de nem todos terem

sido demonstrados.

O coeficiente de ponderagéo y, € determinado pela Equagéo
9, no entanto, de forma simplificada como pode ser visto na
Tabela 12.

Na auséncia de algum meio de protegao, indicado na Tabela 12,
adotar y igual a 1.

O coeficiente de ponderagéo y_, € determinado pela Equagéo 12,
em que A é a area do piso do compartimento, em metros qua-
drados, e h é a distancia entre o piso habitavel mais elevado e o
mais inferior (podendo ser no subsolo) da edificagdo, em metros.
Para gs, <1, deve ser adotado gs, = 1 e para gs, > 3, pode-se
adotar gs, = 3.

Tendo em vista que na versao final do EC1 (2002) a influéncia da
altura havia sido retirada do método do tempo equivalente e que
as tabelas recomendadas nas IT8 (2001 e 2004) apresentavam
descontinuidades indesejadas e irreais, a Equagao 12 foi criada
tendo por base os seguintes principios: manter a influéncia da
altura, que houvera sido retirada no EC1 (2002); reduzir um pou-
co a influéncia da altura, nao diferir muito dos resultados obtidos
com o método recomendado pela IT8 (2001, 2004) do Corpo de
Bombeiros de Sao Paulo, fundamentado nas propostas da revi-
sdo do Eurocode; adotar um valor limite pouco superior ao an-
terior, que era 2,5, ndo haver descontinuidades e ser de simples
utilizagéo. Apesar de haver algumas diferengas nos resultados
obtidos pela Equagéo 12 e as tabelas da IT 8, os valores finais
dos TRRF das edificagdes sao muito similares conforme mostra-
do em SILVA (2008).

As . (h+3)

10° (]2>

O coeficiente de ponderagéo y,, tem a mesma fungdo daquele
recomendado pelo EC1 (2002), ou seja, considerar o risco de
ativagdo de incéndio. Segundo SCHLEICH; CAJOT (1997), o
coeficiente y_, associado ao risco de ativagdo do incéndio teve
origem no método de Gretener para analise de risco de incéndio
em edificagdes, constante do documento SIA-81 (1996). O EC1
(2002) n&o apresenta exemplos suficientes de edificagcdes. A Ta-
bela 9 foi completada, entdo, com base no método de Gretener
(SIA-81, 1996), gerando a Tabela 13.

Além das limitagdes ja citadas, a favor da seguranga, impds-se
também que o tempo determinado por meio do método apresen-
tado n&o pode ser inferior a 15 min e que q_, Y, Y, 2 300 MJ/m?
4. Compartimentagao

y51=1+

|
Tabela 13
Valores de v, em fun¢do do risco (r) de ativagcdo do incéndio (ABNT NBR 15200:2012; IT8, 2011)
Ys2 r Exemplos de ocupagdo
0,85 Pequena Escola, galeria de arte, parque aqudtico, igreja, museu
Biblioteca, cinema, correio, consultério médico, escritdrio, farmdacia, frigorifico, hotel,
livraria, hospital, laboratdrio fotografico, indUstria de papel, oficina elétrica ou mecénica,
1,0 Normal Ca . P .
residéncia, restaurante, supermercado, teatro, depdsitos (produtos farmacéuticos, bebidas
alcodlicas, venda de acessdrios de automoveis) e depdsitos em gerall
1.2 Média Montagem de automodveis, hangar, indlstria mecénica
1,5 Alta Laboratdrio quimico, oficina de pintura de automébveis
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E importante ressaltar que o procedimento descrito no item 3 des-
te texto, deve ser usado para cada compartimento. Dessa forma,
o conceito de compartimento dever estar muito claro ao usuario.
Compartimento € a edificagéo ou parte dela, compreendendo um
ou mais comodos, espagos ou pavimentos, construidos para evitar
a propagacgao do incéndio de dentro para fora de seus limites, in-
cluindo a propagacéo entre edificios adjacentes, quando aplicavel.
Elementos de compartimentacdo sdo os elementos construtivos
que vedam o compartimento e devem possuir, simultaneamente,
capacidade de isolamento térmico, estanqueidade e serem esta-
veis estruturalmente.

A compartimentagéo horizontal é aquela que impede a propaga-
¢ao horizontal entre compartimentos no mesmo pavimento. Limi-
ta a propagacao do fogo, restringindo as perdas e facilitando a
atividade de combate ao incéndio. A IT9 (2011) limita as areas
maximas para compartimentos (compartimentagéo horizontal), em
fungdo do uso e altura da edificagao.

A compartimentagao vertical € aquela que impede a propagagao
vertical de gases ou calor de um pavimento para o imediatamente
superior. E uma das medidas mais eficientes para a seguranca
contra incéndio. Ela é também essencial no célculo das estruturas
em incéndio.

A compartimentagéo vertical inclui: fachada com parapeito-verga
ou marquise/aba, enclausuramento de escadas de emergéncia,
lajes com espessura minima de forma a respeitar isolamento e
estanqueidade e selagem (firestops) para vedar toda e qualquer
ligagao vertical entre pavimentos, tais como passagem de tubula-
¢Oes, dutos, shafts etc.

Conforme a legislagao do Estado de Sao Paulo (SP, 2011), a com-
partimentacgao vertical é exigida para edificios residenciais, de es-
critérios ou hotéis e outras ocupagdes, para alturas de incéndio
superiores a 12 m, exceto para hospitais em que a altura minima
é de 6 m. Demais detalhes e exigéncias sobre compartimentagao
podem ser vistas nas instrugoes técnicas dos corpos de bombei-
ros ou em SILVA (2014).

Outro aspecto importante é a distancia entre fachadas. Essa dis-
tancia deve ser calculada de tal forma que impega a passagem por
radiacdo de um eventual incéndio de uma fachada para outra em
outra edificagéo, ou conforme o caso da mesma edificagéo (NFPA,
2012; IT7, 2011; SILVA, 2012; SILVA, 2014). Caso essa distancia
seja menor, o compartimento se estendera para o outro edificio ou
outro andar do mesmo edificio.

Em resumo, para se aplicar corretamente o procedimento redutor
do TRRF, devem ser verificados diversos aspectos ligados a ar-
quitetura e nao somente aplicar a Equagéo 10.

5. Coeficientes de ponderagao
EE

Sempre que se emprega um método de avaliagéo de risco, se
analisa uma modelagem de incéndio ou qualquer outro proce-
dimento relacionado a incéndio, deve-se introduzir seguranca,
como é comum na engenharia de estruturas. No Brasil, os coe-
ficientes de ponderagéo para tais estudos ndo estao normatiza-
dos, exceto para o procedimento de redugdo do TRRF, também
conhecido por método do tempo equivalente. Enquanto néo
houver uma pesquisa mais apurada sobre isso, os autores re-

comendam seguir os coeficientes de ponderagcéo do método do
tempo equivalente .
Deve ser ressaltado que a introducdo de seguranga no método do
tempo equivalente nao se restringe aos vy, , v, e Y,,- Arestrigdo de
se limitar a redugéo a 30 min em relagao ao TRRF tabelado (aqui
chamado de TRRF, ) também deve ser considerada.
Dessa forma, o TRRF, ja incluindo o método do tempo equivalente
e essa restricdo, pode ser reescrito conforme Equagao 13, em que
t, € determinado pela Equagdo 10 e F & um fator de ajuste para
levar em conta o redutor maximo de 30 min.

(13)

RF=t, x F

O procedimento para redugao do TRRF pode ser, analiticamente,
interpretado da seguinte forma:

se t, < TRRF_ —30 min, TRRF = TRRF  — 30 min

se TRRF_, —30 min<t <TRRF_, TRRF =t

se t, > TRRF_, TRRF =TRRF

A partir dessas consideragdes, obtém-se:

TRRF,, — 30 min
t

se TRRF,, —30 min <t <RF,F =1
TRRE,

_ tab
tab’ F= t
e

tab’

se t, < TRRF,, — 30 min, F =

se t, > TRRF

Para o procedimento de reducao do TRRF é irrelevante se empre-
gar o fator F ou a Equacéao 10, tomando o cuidado de se limitar em
30 min a reducdo. No entanto, em outros métodos, por exemplo,
considerar-se uma curva temperatura-tempo do incéndio de forma
mais realistica tal qual as curvas paramétricas EC1 (2002), adotar-
-se o fator F, significa que se estara mantendo o mesmo nivel de
segurancga do Unico método normatizado no Brasil.

6. Conclusoes

EE

Desde a década de 1920, diversos pesquisadores buscam um
valor de tempo que possa ser usado em conjunto com a curva-
-padréao, de forma a refletir a severidade de incéndios reais. Trata-
-se do método do tempo equivalente.

O método do tempo equivalente mais recente foi normatizado pelo
Eurocode e € um método para a determinagao do TRRF. No Brasil,
o método europeu nao foi aceito, por ndo incluir a altura do edificio
em sua formulagao.

No Brasil, o “método do tempo equivalente” normatizado néo é
uma forma de se determinar o TRRF, como o europeu, mas um
procedimento para reducao dos valores de TRRF exigidos pelo
Corpo de Bombeiros. Nao devem, pois, serem confundidos. Neste
trabalho apresentaram-se as origens de ambos os métodos.

N&o basta empregar a formulagédo normatizada no Brasil para a
reducdo do TRRF, mas também deve ser analisado se a solugdo
arquitetdnica permite o seu uso.

No Brasil, a introdugdo de seguranga nos modelos de incéndio
ndo é normatizada. Sugere-se que se empreguem os coeficientes
de ponderagao deduzidos neste trabalho, a fim de manter o mes-
mo nivel de seguranga do procedimento brasileiro para a reducao
do TRRF.

7. Agradecimentos
_——

1160 m——

IBRACON Structures and Materials Journal * 2017 « vol. 10 *+n° 5



V.P.SILVA | C.N.COSTA | A.R. MELAO

Os autores agradecem a CAPES Coordenagéo de Aperfeicoamen-
to de Pessoal de Nivel Superior, ao CNPq - Conselho Nacional de
Pesquisa e Desenvolvimento Cientifico e a FAPESP Fundagéo de
Amparo a Pesquisa do Estado de Sao Paulo.

8.

Referéncias bibliograficas

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

AMERICAN SOCIETY TESTING AND MATERIALS. Stan-
dard test methods for fire tests of building construction and
materials. ASTM E119-00a. ASTM. Philadelphia, 2000.
ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS.
NBR 15200: Projeto de estruturas de concreto em situacdo
de incéndio. Rio de Janeiro, 2012.

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS.
NBR 14323: Projeto de estruturas de ago e de estruturas
mistas de ago e concreto de edificios em situagdo de incén-
dio. 2013.

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS. Ex-
igéncias de resisténcia ao fogo de elementos construtivos
das edificagdes. NBR 14432. Rio de Janeiro, 2001.
BRITISH STANDARDS INSTITUTION. Fire tests on building
materials and structures — Part 22: Methods for determi-
nation of the fire resistance of non-loadbearing elements of
construction. BS 476-22. BSI. London, 1987.

BRISTISH STANDARDS. PD 6688-1-2:2007 Background
paper to the UK National Annex to BS EN 1991-1-2. 2007.
CAJOT, L.-G; SCHLEICH, J.-B.; FONTANA M.; SCHWEPPE
H.; KINDMANN R.; KIRCHNER, U. Accidental actions: fire
influence of the active fire protection measures. Publications
of the Profil ARBED: Luxembourg, [s.d.].

COOPER, L.Y.,; STECKLER, K.D. Methodology for Develop-
ing and Implementing Alternative Temperature-Time Curves
for Testing the Fire Resistance of Barriers for Nuclear Power
Plant Applications, NIST. National Institute of Standards and
Technology. Gaithersburg. 1996.

COSTA, C. N. Dimensionamento de elementos de con-
creto armado em situagéo de incéndio. Tese de doutorado
defendido junto a Escola Politécnica. Sdo Paulo, 2008.
DEUTSCHES INSTITUT FUR NORMUNG. Structural fire
protection in industrial buildings. DIN 18230. Part 1: Analyti-
cally required fire resistance time. [Translated from the origi-
nal in German]. Berlin, 1987.

DEUTSCHES INSTITUT FUR NORMUNG. Structural fire
protection in industrial buildings — Part 1: DIN 18230-1. DIN.
Berlin, 1998.

EUROPEAN COMMITTEE FOR STANDARDIZATION. EN
1991-1-2: EUROCODE 1: Actions on strutures — Part 1-2:
General actions — Actions on strutures exposed to fire. Brus-
sels: CEN, 2002.

EUROPEAN COMMITTEE FOR STANDARDIZATION. EN
1991-1-2: EUROCODE 1: Actions on strutures — Part 2-2:
Actions on strutures exposed to fire. Brussels: CEN, 1995.
GEWAIN R. G.; IWANKIW N. R.; ALFAWAKHIRI F. Facts for
Steel Buildings — Fire. American Institute of Steel Construc-
tion. Chicago, 2003.

HARMATHY, T. Z. On the equivalent fire exposure. Fire and

[16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

[30]

Materials. Vol. 11. NRCC: Ottawa, 1987.

INSTITUTO PORTUGUES DE QUALIDADE. NP EN1991-
1-2. Eurocodigo 1: Acgbes em estruturas-Parte 1-2 Acgbes
Gerais. Acgdes em estruturas expostas ao fogo. 2010
INTERNATIONAL ORGANIZATION FOR STANDARDZATION.
Fire-Resistance Tests — Elements of Building Construction — Part
1.1: General Requirements for Fire Resistance Testing. ISO 834.
ISO/TC: Geneva, 1990. [Revision of first edition (ISO 834:1975)]
LAW, M. Areview of formulae for T-equivalent. In: INTERNA-
TIONAL SYMPOSIUM NO FIRE SAFETY SCIENCE. Mel-
bourne. Proceedings... Melbourne: IAFSS, 1997.

LIGA FEDERAL DE COMBATE A INCENDIO DA
AUSTRIA - “Brandschutztechnische Kennzahlen verschie-
dener Nutzungen, Langerungen, Lagerguter” (Parametros
técnicos relativos a protegédo a incéndio para diversas apli-
cagdes) -. TRVB A-126. 1987.

LIGA FEDERAL DE COMBATE A INCENDIO DA AUSTRIA
- “Brandschutzeinrichtungen Rechnerischer Nachweis” (Dis-
positivo de protecéo a incéndio. Calculo) - TRVB A-100. 1987.
MELAO, A. R. Sobre o dimensionamento de elementos es-
truturais de ago em situagdo de incéndio. Dissertagdo de
mestrado apresentada a Escola Politécnica da Universidade
de Séo Paulo. 2016.

NATIONAL FIRE PROTECTION ASSOCIATION - NFPA
80a. Recommended practice for protection of buildings from
exterior fire exposures. Quincy. 2012

NYMAN, J. F. Equivalent Fire Resistance Ratings of Con-
struction Elements Exposed to Realistic Fires, Tese (Mes-
trado), Department of Civil Engineering University of Canter-
bury Christchurch, New Zealand. 2002

PETTERSSON, O.; MAGNUSSEN, S.; THOR, J.; Fire engi-
neering design of steel structures. Swedish Institute of Steel
Construction. Stockholm,1976.

SAO PAULO (Estado). Decreto n° 56.819, de 10 de margo
de 2011. Institui o regulamento de seguranga contra incén-
dio das edificagdes e areas de risco no Estado de Sao Paulo
e estabelece outras providéncias. Diario Oficial do Estado
de Sao Paulo, Sao Paulo, p 1-11. 11 de margo de 2011.
SAO PAULO (Estado). Secretaria de Estado dos Negdcios
da Seguranga Publica. Policia Militar. Corpo de Bombeiros.
Instrugdo Técnica n. 7: Separagao entre edificagdes (isola-
mento de risco). Sdo Paulo, 2011.

SAO PAULO (Estado). Secretaria de Estado dos Negdcios
da Seguranga Publica. Policia Militar. Corpo de Bombeiros.
Instrugao Técnica. IT 08. Seguranga estrutural nas edifica-
¢des — resisténcia ao fogo dos elementos de construgao.
Séo Paulo, 2001.

SAO PAULO (Estado). Secretaria de Estado dos Negdcios
da Seguranga Publica. Policia Militar. Corpo de Bombeiros.
Instrugdo Técnica. IT 08. Seguranga estrutural nas edifica-
cOes — resisténcia ao fogo dos elementos de construgéo.
Sé&o Paulo 2004.

SAO PAULO (Estado). Secretaria de Estado dos Negdcios
da Segurancga Publica. Policia Militar. Corpo de Bombeiros.
Instrugao Técnica n. 8: Resisténcia ao fogo dos elementos
de construgdo. Sao Paulo, 2011.

SAO PAULO (Estado). Secretaria de Estado dos Negdcios

IBRACON Structures and Materials Journal * 2017 « vol. 10 *n°5

meesssssss——— 1161



Procedure for decreasing the required time for fire resistance of the multistory buildings

da Seguranga Publica. Policia Militar. Corpo de Bombeiros.
Instrugdo Técnica n. 9: Compartimentagao horizontal e com-
partimentacao vertical. Sdo Paulo, 2011.

[31] SAO PAULO (Estado). Secretaria de Estado dos Negdcios
da Seguranga Publica. Policia Militar. Corpo de Bombeiros.
Instrugdo Técnica n. 14. Carga de Incéndio nas Edificacdes
e Areas de Risco. Instrugdo Técnica do Corpo de Bom-
beiros. Sdo Paulo, 2011.

[32] SOCIETE SUISSE DES INGENIEURS ET DES ARCHI-
TECTES (SIA-81). Evaluation du risque d’incendie. Mé-
thode de calcul. Documentation n°81. Zirich.1984.

[32] SOCIETE SUISSE DES INGENIEURS ET DES ARCHI-
TECTES (SIA-81). Evaluation du risque d’incendie. Mé-
thode de calcul. Documentation n°81. Zirich.1996.

[33] SCHLEICH, J.-B.; CAJOT, L.-G. Global fire safety concept
for buildings. La Revue de Métallurgie — CIT. Vol. 11. EDP
Science, Paris, 1997.

[34] SILVA, V. Pignatta. Estruturas de ago em situagao de incén-
dio. Tese de doutorado em Engenharia Civil, Escola Politéc-
nica da Universidade de Sao Paulo. S&o Paulo, 1997.

[35] SILVA, V. Pignatta. Estruturas de ago em situagéo de incén-
dio. 256 p. Zigurate Editora. Sao Paulo. 2004.

[36] SILVA, Valdir Pignatta. Sobre o coeficiente gamas1 do mé-
todo do tempo equivalente para a determinacéo do tempo
requerido de resisténcia ao fogo das estruturas. Revista Mi-
nerva, v. 5, p. 315-321, Séo Carlos. 2008.

[37] SILVA, V. Pignatta. Projeto de Estruturas de Concreto em
Situagao de Incéndio: conforme ABNT NBR 15200:2012.
Blucher. Sao Paulo. 2012

[38] SILVA, Valdir Pignatta. Segurancga Contra Incéndio em Edifi-
cios - Consideragdes para o Projeto de Arquitetura. Blucher.
v. 1. 129p. Sao Paulo. 2014.

[39] THOMAS, G.C.,BUCHANAN, AN., FLEISCHMANN, C.M. Struc-
tural Fire Design: The Role of Time Equivalence. In: Proceedings
of The Fifth International Symposium, Christchurch, 1997.

[40] VARGAS, Mauri Resende ; SILVA, Valdir Pignatta . Re-
sisténcia ao fogo das estruturas de ago. Centro Brasileiro da
Construcdo em Ago - CBCA. v. 1. 76p. Rio de Janeiro: 2005.

LISTA DE SiMBOLOS
—

A, é a area de piso do compartimento

A, ¢ a area total do compartimento (paredes, teto, piso e aberturas)
A, € a area de ventilagao horizontal (aberturas na cobertura, lan-
ternins e similares)

A, é a area de ventilag&o vertical (janelas, portas e similares) para
o exterior

¢ € o calor especifico do elemento de compartimentagéo

h é a altura de incéndio da edificagédo

h_ € aaltura média das aberturas para o exterior do compartimento
H é a altura do compartimento

K é um fator relacionado a caracteristicas fisicas e térmicas dos
elementos de compartimentagao

M é um fator de corregao que depende do material estrutural

q,, ou simplesmente dfi, € o valor caracteristico da carga de incén-
dio por unidade de area de piso em MJ/m?

g, © 0 valor de calculo da carga de incéndio por area de piso em

MJ/m?

q, € o valor da carga de incéndio expressa em quilograma de ma-
deira equivalente por area de piso

t, € o tempo equivalente (min)

W é um fator relacionado a ventilagdo do ambiente e a altura do
compartimento

Y., € um coeficiente de seguranca que depende das consequén-
cias de um incéndio

Y., € um coeficiente de ponderagéo que considera o risco de ativa-
¢ao de um incéndio

v, € o coeficiente de ponderagéo relacionado a dispositivos de pro-
tegéo ativa

A € a condutividade térmica do elemento de compartimentagao

p é a massa especifica do elemento de compartimentagao
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