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Editorial

The Brazilian Concrete Institute (IBRACON) is celebrating its Jubilee. Fifty
years dedicated to developing and spreading knowledge and networking in
the concrete industry. The IBRACON Structures and Materials Journal
(ISMJ) is a proud part of this journey. Celebrating this moment, in 2022 one
of the editors-in-chief along the journal history is invited to write one
editorial. I am glad to write in this issue.

In 2007 two separated journals (the Structural Journal, and the Materials
Journal) were created, and later merged into the current one-journal version
in 2008. In this period 81 issues and 766 documents were published citing
17,217 references. Considering only the SciELO database (ISMJ official
repository), an amazing number of 2,549,899 accesses to one of the journal
documents is recorded. The five most accessed papers are:
Title # Of views
Sistema de reforco a puncido de lajes lisas de concreto armado com
polimeros refor¢ados com fibra de carbono (PRFC). Vol.07, n.4. Aug,
2014. p.592-625.
Santos, G. S. ; Nicacio, W. G.; Lima, A. W.; Melo, G. S. S. A.
Protecéo catédica de estruturas de concreto. Vol.06,n.2. Apr, 2013. p.178-
193 48390
Araujo, A.; Panossian, Z.; Lourengo, Z.
Use of Electrochemical Impedance Spectroscopy (EIS) to monitoring the
corrosion of reinforced concrete. Vol.08, n.4. Aug, 2015. p.529-546. 44965
Ribeiro, D. V.; Souza, C. A. C.; Abrantes, J. C. C.
Strength and deformability of hollow concrete blocks: correlation of
block and cylindrical sample test results. Vol.02, n.1. Mar, 2009. p.85-99. 38777
Barbosa, C. S.; Hanai, J. B.
Behavior of reinforced concrete beams reinforced with GFRP bars.
Vol.01, n.3. Sep, 2008. p.285-295. 37996
Tavares, D. H.; Giongo, J. S.; Paultre, P.

50713

Most of the authors are from Brazil, but since the ISMJ changes towards a
greater international insertion and choice to publish only in English from
2020, there is an expressive number of authors from all the Americas and
Iberia, and an increasing number of authors coming from other parts of
Europe, Asia, Africa, and Oceania. The journal is honored to have published
authors from all continents, as much as is honored to also have editors from
all continents. The figure below illustrates the authors distribution. The full
data is available at https://analytics.scielo.org/?journal=1983-4195.
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ISMJ is included in the SciELO project to be part of the Scopus database.
While we do not have yet the answer from Scopus, we can look at the Google
metrics
(https://scholar.google.com/citations?user=SiuOx YsAAA AJ&hl=en).
Along the years there were 4,288 citations of the journal papers, with 3,330
citations since 2017. The all-time h-index is equal to 23, and the h5-index is
equal to 18. Almost 80% of the journal citations are from the last five years,
and, even considering we are in the beginning of the year, the journal h5-
index is close to its all-time h-index high, reflecting its growing impact.

Considering the year of 2021 some relevant information is:
e Submission to first-decision time = 50 days (papers submitted in 2021)
e Submission to acceptance time = 171 days (papers submitted from 2019
& published in 2021)
Acceptance to publication time = about 3 weeks.
e Number of papers received in 2021 = 259 papers
Paper acceptance = 37,7% (papers submitted in 2021 with a decision)

Over years the IBRACON Journal has built a reputation in Latin America as
one of the most important scientific publications in Civil Engineering. This
recognition is also observed worldwide in recent years.

This month, I would like to welcome our new Associate Editors, thanking
them for bringing their excellence, reputation, and dedication to ISJM, Dr.
Carmen Andrade (Polytechnic University of Catalonia, Spain), Dr. Pedro
Castro Borges (Center for Research and Advanced Studies of the National
Polytechnic Institute, Mexico), Dr. Maria Positieri (National Technological
University, Argentina).

As part of the 2022 celebration, we are happy to announce that the issue
VI5N6 (November 2022) will be a Special Edition on Concrete
Sustainability. Dr. Edna Possan (Federal University for Latin American
Integration, Brazil) and Dr. Mark Alexander (University of Cape Town,
South Africa) are the invited Editors-in-Chief for the Special Edition. Please
check the Call for Contributions at the journal website: http://ismj.org.

Thank you

Guilherme A. Parsekian
Editor-in-Chief
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Aims and Scope

Aims and Scope

The IBRACON Structures and Materials Journal (in Portuguese:
Revista IBRACON de Estruturas e Materiais) is a technical and
scientific divulgation vehicle of IBRACON (Brazilian
Concrete Institute), published every two months. Each issue has
12 to 15 articles and, possibly, a technical note and/or a technical
discussion regarding a previously published paper. All
contributions are reviewed and approved by professionals with
recognized scientific competence in the area. The IBRACON
Structures and Materials Journal is an open access Journal, free
of charges for authors and readers.

Objectives

The IBRACON Structures and Materials Journal 's main objectives
are:

* Present current developments and advances in 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 in the Journal Website (ismj.org).

The papers and the technical notes are revised by at least two
reviewers indicated by the editors. Discussions and replies are
accepted for publication after a review 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. Conflict of interests is carefully handled by the Editors.

Contribution Types

The Journal will publish original papers, short technical notes,
and paper discussions. Original papers will be accepted if they
are in accordance with the objectives of the Journal and present
quality of information and presentation. A technical note is a brief
manuscript. [t 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.

A discussion is received no later than 3 months after the
publication of the paper or technical note. The discussion must
be limited to the topic addressed in the published paper and must
not be offensive. The right of reply is granted to the Authors.
The discussions and the replies are published in the subsequent
issues of the Journal.

The submission file should be in accordance with the paper
template available at the Journal Website. It is recommended
that the length of the papers does not exceed 25 pages. Where
available, URLSs for the references should be provided.

The IBRACON Structures and Materials Journal will conduct
the review process for manuscripts submitted in English. Titles,
abstracts, and keywords are presented in English, and in Portuguese
or Spanish. Articles and technical notes are peer-reviewed and
only published after approval of the reviewers and the Editorial
Board.

Once accepted, an article is typesetaccording to the journal layout.
The author will be required to review and approve the galleys
before publishing. At this stage only typesetting errors will be
considered.

Internet Access

The IBRACON Structures and Materials Journal Webpage is
available at http://ismj.org.

Sponsors

The funds for the maintenance of the Journal are currently
obtained from the IBRACON. The Journal is not supposed to be
maintained with funds from private sponsorship, which could
diminish the credit of the publications.

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 N°. 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

Av. Queiroz Filho, 1700 — sala 407/408 — Torre D
Villa Lobos Office Park

05319-000 — Vila Hamburguesa

Sao Paulo — SP

Phone: +55 (11) 3735-0202

E-mail: riem@jibracon.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 views of IBRACON or of the Journal
Editorial Board.
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ORIGINAL ARTICLE

Eco-efficient steel slag concretes: an alternative to achieve
circular economy

Concretos ecoeficientes de escoria de aciaria: uma alternativa para alcancar a
econdémica circular

Lais Cristina Barbosa Costa®
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José Maria Franco de Carvalho®
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Received 01 April 2021 Abstract: Annually billions of tonnes of aggregates are extracted to apply in civil construction generating

environmental impacts and energy consumption. So, based on circular economy principles applying residues
Accepted 19 July 2021 . . S . . 2

as aggregates is a good solution to reduce the mining activity and to generate a more efficient destination for
the residues. Thus, this research aims to evaluate the technical, economic, and environmental performance of
concretes produced entirely with steel slag aggregates. The concretes were characterized through physical
properties, as specific gravity, water absorption, compressive and tensile strength. Durability tests
(expansibility) were also conducted. The authors analyzed the cost assessment and environmental impact of
steel slag concrete production as well. The incorporation of steel slag increases the compressive and tensile
strength of concrete, analyzed in different ages. Additionally, the steel slag does not present expansibility
when confined in the concrete matrix. The entire replacement of natural aggregates for steel slag allowed to
reduce in 31% the cement consumption, a decrease of 140 kg/m’, for the same strength class. The
environmental analysis showed that the incorporation of steel slag aggregates reduced the cement intensity of
concrete and its impact. Regarding the cost assessment, the mixtures with steel slag presented a lower cost
compared to the conventional one. These results indicate that steel slag aggregates could be used in a cleaner
production of concrete, replacing natural aggregates with no injury. This research provides the feasibility of
using steel slag aggregates in a cleaner and cheaper concrete production and contribute to the promotion of
sustainable solutions for the construction sector through the circular economy principles.

Keywords: steel slag aggregate, compressive strength, cement intensity; circular economy.

Resumo: Anualmente bilhdes de toneladas de agregados sdo extraidos para aplicacdo na construcgdo civil,
resultando em impactos ambientais e significativo consumo de energia. Assim, baseando-se nos principios da
economia circular, aplicar residuos como agregados para construcdo civil ¢ uma boa alternativa para reduzir
a extracdo de recursos naturais e gerar uma destinagdo mais eficiente para os residuos. Assim, essa pesquisa
objetiva analisar o desempenho técnico, econdmico e ambiental de concretos produzidos inteiramente com
agregado de escoria de aciaria. Os concretos foram caracterizados quanto suas propriedades fisicas, como
massa especifica, absor¢do de agua e resisténcia a compressao e tragdo. Ensaios de durabilidade (expansio)
também foram realizados. Também foram analisados os custos do concreto de escoria de aciaria e o seu
impacto ambiental, através da intensidade de ligantes. Os concretos foram avaliados mecanicamente em
diferentes idades, sendo observado que a incorporagdo de escoria de aciaria aumenta a resisténcia a
compressao e tragcdo das matrizes. Além disso, em ensaios acelerados, a escoria de aciaria ndo apresentou
expansibilidade. A substituigdo total dos agregados naturais por escoria de aciaria permitiu reduzir em 31% o
consumo de concreto e cimento, 0 que representa um decréscimo de 140 kg/m® para a mesma classe de

Corresponding author: Lais Cristina Barbosa Costa. E-mail: lais.cristina.costa@gmail.com
Financial support: National Council for Scientific and Technological Development (CNPg, grant number 140896/2019-8).
Conflict of interest: Nothing to declare.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
5v and reproduction in any medium, provided the original work is properly cited.

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, e15201, 2022]| https://doi.org/10.1590/51983-41952022000200001 1/17


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9241-9404
https://orcid.org/0000-0001-7945-1733
https://orcid.org/0000-0002-7927-106X
https://orcid.org/0000-0002-5321-5924
https://orcid.org/0000-0001-5785-3213
https://orcid.org/0000-0002-4963-6865

L. C. B. Costa, M. A. Nogueira, L. C. Ferreira, F. P. F. EIGi, J. M. F. Carvalho, and R. A. F. Peixoto

resisténcia. Foi observado também que a incorporagdo de escoria de aciaria reduz a intensidade de cimento
das misturas e que essas possuem menor custo de produgdo comparado ao convencional. Esses resultados
indicam que os agregados de escoria de aciaria podem ser utilizados substituindo os agregados naturais sem
causar danos. Este trabalho avalia a viabilidade de usar agregados de escoria de aciaria na producdo mais
limpa de concretos, podendo contribuir para a promogao de solugdes sustentaveis para o setor da construgdo
através dos principios da economia circular.

Palavras-chave: agregado de escoria de aciaria, resisténcia a compressao, intensidade de ligantes, economia
circular.
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1 INTRODUCTION

Gongalves et al. [1] reported the economic feasibility of a steel slag processing plant to produce fine and coarse
aggregates for civil construction. The viability of this processing plant is mostly related to the steel slag low cost of
purchasing and the availability of the metallic material in steel slag (around 30 wt.%) that can be sold. The utilization
of steel slag as aggregate follows the circular economy practices aiding to reduce the environmental impact of all
industry related in the processes, stimulating innovation, and optimizing the resource supplies. Due to the circular
economy, the metallic material recovered returns to the productive chain, and the construction sector reduces its demand
for raw materials. Also, historically the communities grow around industries, so the use of steel slag as aggregates could
contribute for the local economy to strengthen, job creation and generation of new sustainable businesses.

Additionally, the incorporation of steel slag and other recycled aggregates assists in the reduction of the effects of
natural aggregates extraction. The various types of coarse aggregates come from activities with significant water
consumption, and affects the landscape and the existing biota [2]. The mining of river sand, used as fine aggregate,
causes contamination of the water, increases turbidity, changes the geometry of the riverbed (including the flow) and
damages flora and fauna [3].

Besides all these damages related to the mining of natural aggregates, it is important to highlight that the same river
basin used for the sand extraction is demanded to supply the population with potable water, among other activities as
agriculture and industry. Usually, the rivers cross cities and the sand extraction occurs near the urban centers, thus the
consequences of this activity are close to the population with direct impact such as floods, visual and water pollution.

In Brazil, the Paraiba do Sul river has its sources in Sdo Paulo passing through Minas Gerais and ending in Rio de
Janeiro, states with a high rate of urbanization and participation in national GDP [4], [S]. This river basin provides
water for 8.7 million people only in the metropolitan region of Rio de Janeiro [6], although the Paraiba do Sul river is
the major reserve of sand in Sdo Paulo state. Considering this environmental issue, the search for alternative solutions
to replace the natural aggregates has raised, although some recycled aggregates possibilities are not easily available or
drop with some concrete properties failing in the technical or economic analysis.

In 2017 the global production of steel generated around 1 billion tonnes of byproducts and residues, with 28% as
steel slag [7]. The incorporation of steel slag as fine aggregate has potential to reduce the river sand extraction.
Currently, around 28% of all existing mines in Brazil produce river sand [8].

The incorporation of steel slag as coarse and fine aggregate enhances the mechanical properties of concretes
allowing increases of 20-40% in compressive strength compared to conventional concretes [9]-[15]. The higher
hardness and better surface properties of steel slag particles promote this strength gain [16]-[20]. Some authors reported
increases of about 40% in the compressive strength of conventional strength concretes (fuc<40 MPa) produced with
total replacement of the conventional coarse aggregate and partial substitution of the fine aggregate (0-55%) with steel
slag [9], [10], [21]-[23]. Additionally, many researchers evaluated the steel slag incorporation in precast elements such
as structural masonry blocks [24], pavers [14], and its use as soil stabilizer [25]. Despite all available information, site-
cast concretes produced with full replacement of natural aggregates by steel slag aggregates (coarse and fine) are still
rare, but some spare results indicated the viability of eco-efficient concretes with steel slag aggregates [26].

However, the few existing papers related to steel slag concretes ignore environmental and economic parameters,
focusing only on the technical feasibility. Answering the demand to incorporate circular economy concepts in the
construction sector, the authors evaluate the technical, economic, and environmental performance of concretes
produced with full replacement of natural aggregates by steel slag aggregates (coarse and fine fraction). These analyses
had a fundamental relevance for the real applicability of this residue that contributes to cleaner production in the
construction and steel industry.
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2 METHODOLOGY

2.1 Materials

For the production of the concretes, the chosen Portland cement was the Brazilian type CP IV — RS, called Portland-
pozzolanic cement (PPC) due to partial substitution of clinker (15-50%) by pozzolanic material [27]. This blended
cement already has a reduced environmental impact, contributing to the production of a cleaner concrete. The specific
gravity of the cement CP IV is 3.01 g/cm?, and the chemical composition is indicated in Table 1.

Table 1. Chemical composition of Portland cement CP IV

SiO2 ALO3 CaO SOs MgO K>O Fe:03 TiO: MnO Other
19.2% 5.5% 64.5% 4.3% 0.8% 0.9% 3.6% 0.3% 0.4% 0.5%

The conventional coarse and fine aggregates used in the production of the reference concretes were, respectively,
gneiss gravel (4.8-12.5 mm) and quartz river sand (0-4.8mm). A basic oxygen furnace steel industry located in Jodo
Monlevade provided the steel slag in particle sizes of 0-4.8 mm and 4.8-12.5 mm, used as aggregates in the steel slag
concrete.

This steel slag was subjected to a magnetic separation process to reduce its metallic iron content. To reduce the
expansive oxides present in steel slag, Diniz et al. [25], Adegoloye et al. [28] and Pellegrino and Gaddo [21] verified the
efficiency of the weathering process for periods superior to six months. The steel slag available for this research was
subjected to four years of weathering through wet-dry cycles in a stockyard. Later in the experimental program, the stability
of the steel slag applied in this research will be evaluated through macro and micro analysis. The appropriated treatment
of steel slag is mandatory to allow its utilization without any future damage to the structures [29].

The particle size distribution of the reference and of steel slag aggregates (as received) differ. The particle size
distribution of an aggregate is an important factor for the concrete properties. This affects the cement consumption,
workability, mechanical performance, and many other properties [30], [31]. Therefore, this physical difference difficult
the analysis of the technical, environmental and economic impact caused by the application of steel slag as aggregates
in concrete. To physically adequate the aggregates, they had their particle size distributions equalized through sieving.
The granulometry was chosen seeking for the minimum adjustment in both aggregates following the specifications of
the standard NBR 7211 [32]. Figure 1 presents the particle size distribution used for the reference aggregate and for the
steel slag aggregate (coarse and fine fraction).

Fine aggregate recommedation NBR 7211
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Cumulative percentual retained (%)

100
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Particle size (mm)
——Fine Aggregate ——Coarse Aggregate

Figure 1. Particle size distribution for the coarse and fine aggregates

The complete physical characterization of the aggregates is shown in Table 2. The procedures were performed
following the respective standard. The high specific gravity and bulk density of steel slag aggregates are due to their
chemical composition, rich in metallic oxides as CaO, SiO, e Fe,O; [14].
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Table 2. Physical characterization of steel slag and reference aggregates

Fine Aggregates Coarse Aggregates
P
Steel slag Reference Steel slag Reference rocedure Standard
Specific gravity (g/cm?®) 3.74 2.68 3.58 2.61 NBR 9776 [33]/ NBR NM 53 [34]
Bulk density (g/cm?®) 222 1.63 1.77 1.44 NBR NM 45 [35]
Material ﬁ‘(l;r)than TSHm- g 06 6.26 1.93 0.81 NBR NM 46 [36]
0
Crushing strength (%) - 89.41. 82.90 NBR 9938 [37]
Shape Index - 1.47 1.81 NBR 7809 [38]

Tap water from the public system of Ouro Preto (Brazil) was used in concrete production. A superplasticizer based
in ether polycarboxylate was used to aid in the plasticity of the concretes and to reduce the water content.

2.2 Microstructural analysis of the steel slag stability

To verify the stability of the steel slag used in this experimental program, its chemical, mineralogical and thermal
characterization was performed. For these procedures, a sample of steel slag was grounded in a ball mill (200 rpm, 180
minutes) and latter in a planetary ball mill (400 rpm, 15 minutes) until the material passed through the 45um sieve.
Additionally, this sample has a D50 below 10 um that ensures the accuracy of these analyses [39].

The chemical characterization proceeded through x-ray fluorescence (PANalytical Epsilon3x) analyses. The
mineralogical characterization was done by x-ray diffraction (Bruker D2 Phaser) with the setup: CuKa radiation, 40kV,
30mA, step size of 0.01° and 1 second per step, in a 20 range of 5-70°. The software PANalytical X'pert HighScore
Plus V3.0 was used for mineral phase identification and quantification based in Rietveld refinement with ICDD
PDF4+database. 10 wt.% of Fluorite (analytical grade, 99% of purity) was used as an internal standard. The
thermogravimetric and differential thermal analysis were evaluated simultaneously (TG/DTA - Shimadzu DTG-60H)
using an atmosphere of inert N2 in a range from 25-1000°C with a heating rate of 10°C/min.

2.3 Mix proportions and technical characterization of the concretes

Physically identical concretes were designed by setting equally the design parameters. No specific strength classes
were targeted, but instead, a small and a high cement content (310 kg/m?® and 450 kg/m?) were fixed, with the respective
water/cement ratio of 0.62 and 0.44. The mix design procedure selected was the Brazilian widely used methodology
IPT/EPUSP [40], with a mortar content of 59% set for all concretes. In the mix design, the specific gravity was
considered to ensure the equivalent volume of aggregates in both conventional and steel slag concretes.

Concretes with similar workability allow the same applicability. Because of that, the concrete had a fixed slump.
The slump test was realized according to the Brazilian standard NBR NM 67 [41]. The slump value adopted was
70 + 10mm for the concretes with a cement consumption of 310kg/m? and 90 = 10mm for those with 450kg/m> cement
consumption.

Table 3 lists the concrete compositions and their respective slump test results. The code that identifies the produced
concretes are REF for reference aggregates and BOFS for the basic oxygen furnace steel slag concretes.

Table 3. Mix Design of the steel slag and reference concretes produced

Code ?kegl;l;l;)t Fine(lz:g g/;glfse)gate Coariiglgng;)'egate (Y(Vga/':flg) Superplasticizer (%) S(lmuﬁi)
REF-310 310 936.65 866.31 190.65 0.40 70
BOFS-310 310 1376.40 1171.86 190.65 0.25 70
REF-450 450 818.00 881.36 198.00 0.58 80
BOFS-450 450 1224.77 1163.83 198.00 0.35 100

The superplasticizer dosage was empirical to achieve the required workability. Although, the saturation point of this
chemical admixture combined with the cement type used was evaluated through a viscosity test proposed by

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15201, 2022 4/17



L. C. B. Costa, M. A. Nogueira, L. C. Ferreira, F. P. F. EIGi, J. M. F. Carvalho, and R. A. F. Peixoto

Carvalho et al. [26], based on Aitcin [22]. The saturation point was 0.7%. All the mixtures required a low
superplasticizer content for the desired workability.

The order of material input in the mixing procedure was coarse aggregate, cement, and fine aggregate, each one
with 1/3 of the total mixing water. The superplasticizer was previously dissolved in the mixing water. The mixing time
between material inputs was set in 30 seconds. An additional mixing time of 5 minutes was performed after the last
material input. A 120-liter inclined-axis concrete mixer was used. The total mixing and sampling time was one hour.

For the physical characterization of the concretes, @50 x 100 mm cylindrical specimens were cast and compacted
in a flow table with 20 drops (1 drop/second). The specimens were maintained in a moisture chamber with a controlled
environment (95% relative humidity and 23°C) as required by the Brazilian standard NBR 9479 [42]. The tests were
done after curing times of 28, 42 and 84 days.

Table 4 presents the concrete characterization program with the respective standards and the number of specimens
evaluated. The maximum relative standard deviation of compressive strength was used to verify the reliability of the
compressive strength results, in accordance with NBR 7215 [46].

Table 4. Characterization program of hardened concrete

Procedure Age Repetitions Standard
Compressive Strength 28, 42 and 84 days 4 specimens NBR 5739 [43]
Tensile strength by diametral compression 28, 42 and 84 days 4 specimens NBR 7222 [44]
Specific gravity 28 days 3 specimens NBR 9778 [45]
Water absorption 28 days 3 specimens NBR 9778 [45]
Expansibility (Wet-Dry cycle) 28 days 4 specimens -

The expansibility test to evaluate the durability of the steel slag aggregates in cement-based composites was developed
through a wet-dry cycle experiment. The concrete specimens were subjected to 24 hour wet-dry cycles, comprising 24 hours in
a wet chamber (24 = 2 °C, 98% RH., EQUILAM SSUM) and 24 hour in local conditions (22 + 2 °C, 35 £+ 5% RH.), for a total
period of 180 days. The dimensional variation was measured with a caliper ruler (precision 0.001mm), always at the same time.
For the mechanical tests, a hydraulic press EMIC DL 2000 (load cell 200kN, 0.3MPa/s) was used, while the specific gravity and
water absorption test were carried out with a SOLOTEST oven and wet bath.

2.4 Economic evaluation

The cost estimate of the concrete components considered the Brazilian National System of Costs Survey and Indexes
of Construction (SINAPI) referring to February 2021 [47]. The unitary cost measured in volume was converted to mass
and adjusted. This system collects information about the Brazilian construction sector since 1969, and it is recognized
as a trustable source for the elaboration of construction estimates. For the steel slag aggregates, the value was obtained
from a specialized processing plant in the metropolitan region of Belo Horizonte (Brazil). The economic viability of
this plant was reported by Gongalves et al. [1].

The concrete cost estimates were calculated for the mixture designed with the cost of the concrete components. The
steel industry distribution in the Southeast Region of Brazil shows that most of the plants is located around the capitals
or close to big cities. This Region is responsible for 52% of the Brazilian GDP [5] and has the country’s biggest
urbanization rate of 93% [4]. Also, the Southeast Region has around 42% of the Brazilian population. The metropolitan
areas of the four states capitals concentrate 20% of the country’s total population [48]. This proximity and the economic
relevance of this region indicates that the steel slag generated could be used in the fabrication of concrete in the principal
capitals of Brazil contributing to sustainable development in a circular economy model. Also, the last United Nations
report included an adjustment in the human development index considering the carbon dioxide emission and material
footprint [49]. This change reinforces the need to search for technological alternatives that contributes with circular
economy principles, aiding to the stimulation of new sustainable businesses.

On a previous analysis Gongalves [50] verified the economic feasibility of installation and operation of steel slag
processing plant considering the impacts of stockyard and all previous steps related to the production of steel slag
aggregate. Gongalves [50] proposed that the processing plant should be a center of distribution of steel slag aggregated
powered by steel slag provided for steel industries in the region. The maximum range of 150 kilometers between the
processing plant and the steel industry allow the feasibility of the process. Figure 2 shows the map of the Southeast
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Region with the location of the steel industries (in gray), the state capitals (in black), and their respective radial
distances.
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Figure 2. Map of Brazil’s Southeast Region with the location of the steel industries and radial distances of the capital cities.

Figure 2 shows that all the steel industries located in the Brazilian southeast region are closer to the capitals under
the range of 150 km required for the feasibility of steel slag processing plants [50]. The economic evaluation performed
in this research considered the costs related after the production of steel slag aggregate, and the previous expenses are
considered by Gongalves [50]. This research assumes that the supply of construction material in the capitals, will have
the same logistics both for steel slag aggregates and for the conventional aggregates. Because of that the expenses with
transportation are not considered, as also indicated by the SINAPI.

2.5 Characterization of the environmental performance

An initial environmental performance of the concretes produced was evaluated through the cement intensity index
proposed by Damineli et al. [S1]. This coefficient is defined as the relation between the binder consumption (Portland
cement, kg/m®) of a concrete and its performance. The performance parameter chosen is the compressive strength.

All the concretes produced in this research have fixed cement consumption, so their CO, emission related to cement
production are equal. The steel slag aggregate environmental performance is indirectly analyzed through its contribution
to the enhancement of compressive strength, which could enable the production of concretes with lower cement content,
allowing the reductions in CO, emission.

Additionally, the boundary conditions stablished for the economic evaluation are applied in the environmental
analysis.

3 RESULTS AND DISCUSSION

3.1 Microstructural analysis of the steel slag stability

Table 5 shows the chemical and mineralogical composition of the steel slag. The BOF steel slag is basically
composed by calcium, siliceous, iron and aluminum. Its chemical composition and phases are similar to the reported in
literature [12], [S2]-[55].
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Table 5. Chemical and mineralogical composition of steel slag

Chemical composition Mineralogical composition
CaO 36.2% Brownmillerite - Caz(4/,Fe).0s 4.9%
SiO2 13.4% Calcite — CaCO3 4.8%
MgO 4.9% Larnite - Ca2SiO4 6.3%
P20s 1.5% Waustite - FeO 4.4%
AlOs 3.6% Periclase - MgO 4.1%
MnO 3.7% Akermanite - CazMg(Si207) 2.3%
Fe203 34.5% Merwinite - CazMg(SiO4)2 1.0%
Outros 2.2% Amorphous 72.2%

There is a general concern about the high content of lime (CaO), periclase (MgO) and wustite (FeO) in steel slag,
due to their expansiveness. Because of that, weathering processes are important to neutralize these expansive oxides,
as indicated in literature [ 16]-[18]. The mineralogical phase identification of the steel slag (Table 5) shows low content
of expansive oxides (lime, periclase, and wustite). Most of the calcium, iron, and magnesium are combined in other
phases, this confirms the efficiency of weathering and the stability of steel slag. Also, it is noteworthy that these
expansive oxides are confined in the inner of steel slag particles, the sample preparation allows the access to the
expansive oxides.

Figure 3 presents the thermal analysis of the steel slag. In this sample, it is noticed three main loss ranges emphasized
in the DTG curve. The first range indicates the release of adsorbed or free water. The second one relates to the
dehydration of calcium hydroxide (Ca(OH),). The third one represents the decarbonation of the calcium carbonate
(CaCQO3). The phases detected in the thermal analysis are also comprised in the DRX characterization (Table 5), as
expected.

The content of the phases in the TG/DTA analysis are quantify through the mass loss related to the corresponding
phase decomposition. It is known that 74.09g of calcium hydroxide releases 18.01g of water and 100.09g of calcium
carbonate releases 44.01g of carbon dioxide during their decomposition. Thus, the content of Ca(OH), and CaCO:s are,
respectively, 0.16% and 6.10%, in good accordance with the DRX result (Table 5).
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Figure 3. TG/DTA curves for the steel slag used

When generated, the steel slag has a high content of lime that, in contact with the water, forms calcium hydroxide.
During the weathering process, the remaining lime and the calcium hydroxide are transformed into calcite, which could
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form a white layer outside the steel slag [56]. Thus, weathered steel slag usually has none or low content of calcium
hydroxide [28], [S7]. The TG/DTA result (Figure 3) and the mineralogical characterization (Table 5) present a low content
of Ca(OH); explained for the longtime of weathering of the steel slag. The low content of calcium hydroxide and expansive
oxides (Table 5) are indicatives of the stability of the steel slag and the efficiency of the weathering process.

Additionally, it is known that the reactivity (reaction rate) of a material is directly related with the specific
surface [58], [59]. Only the steel slag in a powder fraction (<75um), with high surface, has the reactivity needed to
hydrate the expansive oxides implying in a dilution of these compounds in the matrix. According to Table 5, the sum
of expansive oxides percentages (CaO, MgO, and FeO) is 8.6%. Artificial aggregates have a content 75-um finer
material under 10%, according to NBR 7211 [32]. Thus, the expansive oxides represent approximately 0.86 wt.% in all
concrete mass, which allows to consider the steel slag as a stable aggregate.

3.2 Technical characterization of the concretes

Table 6 shows the results of the specific gravity of the produced concretes. As expected, the steel slag concretes
presented a higher specific gravity. Neverless, the increase of 38% observed between the specific gravity of steel slag
and reference aggregates become a difference of only 25% in the concrete specific gravity. The NBR 8953 [60]
classifies the reference and steel slag concrete as normal-weight concretes (2-2.8 g/cm®), which allows the use of the
alternative concrete in typical structural applications, as columns and beans. Also, the increase in cement consumption
does not affect the specific gravity of reference or steel slag concretes since the majority of the mixture volume is
composed of aggregates.

Table 6. Specific gravity of the produced concretes

Concrete type Specific gravity (g/cm?)
REF-310 2.14
BOFS-310 2.80
REF-450 222
BOFS-450 2.83

The results of the water absorption test are shown in Figure 4. This property measures the permeable pores of the
matrixes being indicative of their porosity. The full replacement of reference aggregates by steel slag led to a reduction
in water absorption. The reduction in water absorption with the steel slag incorporation is probably related to the
morphology of the aggregate. The reference coarse aggregates are elongated with a high shape index (1.81), while the
steel slag is spherical with a shape index 18% smaller (1.48). In elongated aggregates the water tends to accumulate in
their vicinity generating a more porous interfacial transition zone [31], [61].
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Figure 4. Water absorption of the concretes produced in the hardened state

Figure 5 presents the compressive strength of the concretes with ages of 28, 42 and 84 days. All the data presents a good
correlation with the water absorption results (Figure 4). The incorporation of steel slag improved the mechanical performance of
the concrete produced in all ages. This result is coherent with the literature, that reports enhancement in mechanical performance
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in concretes produced with steel slag aggregates [10], [21], [62], [63]. However, in this research, the mechanical performance of
concrete was improved through total replacement of reference aggregates with steel slag, which can lead to a reduction in the
extraction of aggregates by the construction sector and contributes with the recycling of this residue.
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Figure 5. Compressive strength of the produced concretes

In general, the good performance of BOFS concretes is explained by the better crushing strength of the steel slag aggregate
compared to reference one (7% higher), and the better shape index (closer to 1 - cubic morphology). The aggregates had a
significant contribution in compressive strength, mostly in the concretes with compressive strength up to 40 MPa, where the
rupture happens in the mortar [61]. Due to the equalization of concrete parameters (cement content, water/cement ratio, and
mortar content), it was possible to evaluate the performance of the concretes in the same comparison basis.

At 28 days, BOFS-310 and BOFS-450 showed compressive strength about 156% and 50% higher than the relative
reference concrete. In older ages (42- and 84 days), the steel slag incorporation improved the compressive strength of
the concrete to a lesser extent. The strength enhancement was greater than the specific gravity increase (~30%) provided
by incorporation of steel slag aggregates, offsetting any doubts about the higher structural weight by using steel slag.

These mechanical performance results indicate that it is possible to improve the mechanical performance of the
matrixes using lower cement content, also reducing the hazardous activity of aggregate extraction through the steel slag
incorporation. The lower cement content contributes to reducing the cement production that demands expensive milling
and heating processes resulting in large CO, emissions.

The enhancement in compressive strength in the steel slag concretes with higher cement content (450 kg/m?) is
smaller, because of the strength class of these concretes (higher than 40 MPa). In this case, the rupture happens in the
coarse aggregate, because both concretes had the same mortar content and cement consumption. This explains the
smaller difference in the results.

Another reason for the better mechanical performance of BOFS concrete is the significant content of material finer
than 75um in the fine steel slag aggregate. This finer material on both aggregates are in accordance with the normative
requirements of NBR 7211 [32], although the BOFS aggregate has a content around 50% higher than REF. The steel
slag powder can refine the microstructure of the cement-based composite and has cementitious properties, as stated by
the literature. Carvalho et al. [26] and Roslan et al. [64] reported that the full replacement of cement by steel slag
powder increased the compressive strength of the specimens. Also, Wang and Yan [65] observed that the hydration of
steel slag powder generated similar products of the cement hydration and some small reactivity of steel slag material
finer than 75um is reported in literature [18]. Additionally, the mineralogical composition of steel slag (Table 5)
indicates a high amorphous phase content that could aid in this compressive strength.

The surface of the steel slag aggregate can also contribute to the improvement of compressive strength. Figure 6 shows
images of the surface of steel slag and reference coarse aggregates obtained with a microscope. The rough surface of steel
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slag can increase the micro-adherence between aggregates and mortar. Additionally, this surface allows better hydration
of the cement, and a smaller interfacial transition zone (ITZ) is formed, as reported by Brand and Roesler [66].

a) b)
Figure 6. Microscopy images of aggregates, 15x magnification (a) steel slag (b) gneiss coarse aggregate

Overall, both concretes (REF and BOFS) present an increase in the compressive strength between 28 and 42 days.
This occurs due to the use of a blended Portland cement with a high content of pozzolanic materials (up to 15% of
clinker replacement). Supplementary cementitious materials, as pozzolanas, had a low rate of reaction with a higher
effect in older ages [31], [67]. The increase in the compressive strength between 28 and 42 days is higher in the REF
concrete. The BOFS concretes had a matrix more densely packed, due to the material finer than 75um, the shape, and
the aggregate surface texture. On another hand, the reference aggregates are unfavorable for the densification of the
matrix, thus the effect of pozzolanic material is emphasized. At the age of 84 days, the concrete strength is like the 42
days, indicating an almost constant behavior for both aggregates (BOFS and REF).

The tensile strength of the concretes produced at the age of 28, 42 and 84 days is indicated in Figure 7. In general,
the tensile strength increases in the same manner as the compressive strength. The ITZ and the aggregate's shape and
surface affect the tensile strength of concrete [68]. Then, the utilization of steel slag aggregates increases the tensile
strength of concrete due to their higher strength, with a better shape index and with the contribution of possible
cementitious action by the material finer than 75 um attached in the aggregates.
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Figure 7. Tensile strength of the produced concretes

Figure 8 shows the dimensional variation of concrete specimens produced with steel slag and reference aggregates.
The maximum length variation in the BOFS and REF sample occurs at 30 days being respectively ~0.02%o and ~0.01%eo.

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, e15201, 2022 10/17



L. C. B. Costa, M. A. Nogueira, L. C. Ferreira, F. P. F. EIGi, J. M. F. Carvalho, and R. A. F. Peixoto

Both concretes showed similar behaviors. This small dimensional variation confirms the stability of steel slag
aggregates provided for the weathering process; this result agrees with the findings of Silva et al. [14]. Also, this result
reinforces the discussion about the mineralogical composition of steel slag (Table 2). Only the pulverulent material has
the reactivity needed to hydrate the expansive oxides generating a dilution of these compounds.

The literature reports that the hydration of MgO, CaO, and FeO generates volumetric expansions of approximately
119.5%, 99.4%, and 109.6%, respectively (Weast, 1987). However, the BOFS sample maintained intact during the test
time. This implies that the confinement tension of cement paste is enough to avoid cracks and efflorescence in the
cementitious matrixes containing low contents of expansive oxides.

The enhancement in the compressive strength of BOFS concrete at older ages (Figure 5) is another indication of the
potential applicability of steel slag aggregates to produce cleaner concretes, where its use does not imply reduction in
the concrete performance.
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Figure 8. Expansibility of concrete specimens

3.3 Economic evaluation

Table 7 shows the average cost of the concrete insume. The steel slag cost is equivalent to 6% of the reference
coarse aggregate cost. Despite the demand of processing the steel slag, this aggregate still presenting a competitive
price. This is due to the high efficiency in the recuperation of metallic material in the processing plant, the value spent
in the purchase and processing of steel slag is equal to 24% of the amount obtained by the sale of the metallic
material [1]. Additionally, the reuse of the metallic material aids to reduce the supply of raw materials and the waste
generation in this processing plant. Incorporating steel slag aggregates in construction sector also has other indirect
benefit as creating jobs, boosting the economy grow of local communities, besides other social aspects.

Table 7. Current prices of the concrete inputs in Brazil (reference year: 2020)

Material Average price/unit

Cement CP IV RS USD 4.90/ 50 kg bag
Medium River sand USD 12.56/tonne
Gneiss gravel USD 16.83/tonne
Steel slag aggregate USD 1.00/tonne

The cost of the production of 1 m® of concrete is indicated in Table 8. The benefit of using steel slag aggregates is
clearer in the concretes with smaller cement consumption. These concretes have a higher volume of aggregates that
generates a higher reduction in the cost. The production of BOFS-310 concrete is 36% more economical than REF-
310; for the BOFS-450 the cost decrease is 27% compared to REF-450. Considering the already reported economic
feasibility for the installation of steel slag processing plants [1], the reduced cost for the fabrication of the steel slag
concrete is another indicative of the feasibility of using the steel slag aggregates.
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Also, for the same cement consumption the concretes produced with steel slag have a higher compressive strength
(Figure 5), so the cost per MPa of steel slag concretes is significantly smaller than the reference concretes. For a real
situation, with a specific compressive strength class, the cost saving using steel slag aggregate is higher, since it will
demand a smaller cement consumption to produce some concrete with the same compressive strength.

Table 8. Estimate cost of the concretes produced in this work

Concrete type Average price for 1 cubic meter produced Cost per MPa
REF-310 48.62 USD 2.08 USD/m’?
BOFS-310 31.52 USD 0.77 USD/m?
REF-450 61.58 USD 1.44 USD/m?3
BOFS-450 45.16 USD 0.87 USD/m’

3.4 Environmental performance

The results of the cement intensity of the produced concretes are listed in Table 9. Steel slag concretes had a lower
cement intensity than the reference one. This result was expected since the cement consumption was fixed and the
compressive strength of these concretes was higher. Additionally, the research used a blended cement with a low content
of clinker (50-85 wt.%). It is known that it is possible to save 830 kg of CO, for each tonne of clinker displaced [69].
Thus, despite all the results the concretes produced already have a higher eco-efficiency.

Table 9. Cement intensity of steel slag and reference concretes produced

Concrete Type Cement intensity (kg/m*/MPa)
REF-310 13.29
BOFS-310 7.58
REF-450 10.50
BOFS-450 8.67

Daminieli et al. [51] analyzed several concrete data from around the world and observed that, in general, the cement
intensity is in a range of 5-20 kg/m3/MPa. The concretes produced in this work are among this limit. In general, the
lowest binder intensities reported by Daminieli et al. [51], around 4 kg/m3/MPa, is related to high strength concretes
(superior to 200 MPa) with the incorporation of silica fume, high packing densities, and very low water/cement ratio.
These are very specialized concretes that have little applicability. Besides, the steel slag concretes produced are in the
regular range [51], the complete replacement of the conventional aggregates to steel slag aggregates generated a
reduction in cement intensity of 43% and 17% for the concretes with 310 kg/m? and 450 kg/m?, respectively.

Although the compressive strength class of BOFS-310 is equivalent to REF-450, this indicates that to produce a
steel slag concrete with a compressive strength like the REF-310 is required a small amount of cement. Then, it is
proposed a correction factor in the cement intensity (Cbi). Equation 1 indicates the calculation of the Cbi. The
application of the Cbi in the cement intensity obtained for BOFS-310 indicates a new value of 5.22 kg/m*/MPa, closer
to the inferior limit of Daminieli et al. [51].

.BOFS _ +REF .~ ._310
Je3to :fc450;Cb1:E:0.69 O

Carvalho et al. [52] studied concretes produced with steel slag aggregate and a fine fraction of steel slag in
replacement of cement finding a cement intensity around 3.5 kg/m*/MPa. This low cement intensity is attributed to the
fine fraction of steel slag that requires grinding in a ball mill with at least 200 rpm for more than 180 minutes. Then, a
cement intensity around 8 kg/m3*/MPa of BOFS concretes with less or no processing is an excellent result that could
represent a greater environmental performance than a concrete with a cement intensity of 3 kg/m*/MPa.

Although the cement intensity only measures the environmental effect of cement production, all concrete produced
in this research has the same cement consumption. Considering this, an initial environmental performance related to
the aggregate replacement could be indirectly considered. In general, the use of steel slag in this research represents a
significant reduction in the CO, emission due to a thereduction in cement consumption without using expensive
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gridding procedures or materials. The total replacement of reference aggregates to steel slag represents an effective and
easy way to reduce the environmental impact of the construction sector, contributing to the production of cleaner
concretes. Probably the combination of steel slag aggregates with mineral admixtures producing high strength concretes
can generates a more significant reduction in the cement intensity.

3.5 Consideration about feasibility

Figure 9 summarizes the main data obtained in this research. For the elaboration of the radar chart, all the results
were normalized to a scale of 1 to 5. The mixture design with the best performance in the parameter received grade 5,
and the others were proportionally calculated on this scale. In this way, the most external curve represents the concrete
mixture that encompasses the best technical characteristics, the small cost, and the lower environmental impact. The
steel slag concretes are closer to the outside limit, although the main difference is the cost. Stands out that the reduction
in the cost of concrete production is particularly important in Brazil, which has a housing deficit of 6 million units,
mostly (84%) for low-income families [70]. Because of that, the BOFS-310 is established as the best mixture design.
Also, the BOFS-310 had the smallest cement intensity (7.58 kg/m3/MPa) showing its eco-efficiency. Anyway, steel
slag aggregate revealed a solution to a cleaner production of concrete in construction sector, contributing to the
reduction of natural aggregates mining and the consequent effects in society. The reference concretes were hatched to
simplify the analysis.

— —REF-310

——BOFS-310

-------- REF-450
BOFS-450

Cost/m® index
5

Water
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Compressive
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Figure 9. Radar chart of the technical, economic and environmental performance analysis of the concretes. Parameters are
normalized, where 5 is the best performance and 0 the worst one.

4 CONCLUSION

This work evaluates a cleaner production solution for the steel slag residue which contributes to the promotion of
new strategies of circular economy. The steel slag (BOFS fine and coarse fraction) entirely replaced the conventional
aggregates in the production of eco-efficient concretes. Besides the experimental program to evaluate the durability,
mechanical and physical properties of the steel slag concrete, this work evaluated the economic and environmental
impact of this material. The main findings of this work are:

» The novel data collected in the microstructural analysis of the steel slag stability through different techniques (FRX,
DRX and TG/DTA) indicated the weathered stage of this residue. Additionally, the expansive oxides are accessible
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and reactive only in a powder condition (<75um), which implies in a significant dilution of this compound in the
matrix and its hazardous potential.

» The BOFS aggregates improve the compressive and tensile strength of the concrete due to its hardness and
morphology. Additionally, the material finer than 75pum presented in the steel slag aggregate contributes to the
densification of the matrix acting as a cementitious material. These results associated with the broad explanation
about the steel slag microstructure is important to better understand the various gaps remaining related to the
expansiveness of steel slag and the efficiency of weathering processes.

» The BOFS concrete has a similar compressive strength compared to reference one with a reduction of 140 kg/m?3
(~31%) in the cement content. This enhancement in the mechanical performance of concrete is the main responsible
for the lower environmental impact that results in a more eco-efficient product.

» For the cost estimation, the concretes produced with steel slag aggregates presented a cost 27-36% lower than the
reference ones. This results in the production of a cement-based composite more accessible for low-income
constructions.

* The cost and environmental analysis of steel slag aggregates are new in the literature and indicated that this material
is a preferable alternative to the natural aggregates.

The physical properties results, and expansibility test conducted indicated that steel slag aggregates could be used
in structural elements. This aggregate allows the production of concrete with lower content of Portland cement implying
in a decrease of CO, emission by the construction industry. Additionally, the steel slag aggregate has a lower production
cost compared to the extraction of natural aggregates reducing the total cost of concrete production.

Brazil has a housing deficit of more than 6 million of dwellings, mostly of low-income families [70], so the steel
slag aggregates could aid in the housing problem, since the BOFS concrete is more resistant, durable and have smaller
cost than regular concrete. It is important to point out that historically many communities are born around industries,
so the use of steel slag aggregate in construction sector aids strengthening the economy through job creation and
generation of sustainable businesses.

Besides all the contributions listed above, the use of steel slag aggregates also comprises an economic opportunity
for new cleaner businesses that could provide environmental and social benefits. The results presented in this work
adds in a definition of new strategies for circular economy. It is mandatory to update the productive system and seek
for ways to expand the economy in a sustainable way. The use of steel slag as aggregate is an alternative for the resource
scarcity contributing for reduction in the demand for natural resources of the construction sector and steel industry.
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Received 03 March 2021 Abstract: A procedure to estimate the residual bending moment and the shear load capacity after fire in

Accepted 02 August 2021 reinforced concrete beams was evaluated. The calculation method is based on the 500°C Isotherm Method,
adopting the reduction coefficients proposed by Van Coile et al. (2014) for the steel yield strength. The
proposed method validation was done from experimental results of 62 reinforced concrete beams available in
the literature. It was possible to observe a good approximation of the analytical method with the experimental
data. For the bending moment an average ratio M3 /M of 1.04 and standard deviation of 0.15 was
found. For the shear force an average ratio Vi"® / VP 0f 0.85 and standard deviation of 0.23 was found.

Keywords: residual strength, shear, bending moment, after fire.

Resumo: Um procedimento para estimar a capacidade residual apds incéndio para o momento fletor e o
cisalhamento em vigas de concreto armado foi avaliado. O método de calculo ¢ baseado no Método das
Isotermas dos 500°C, adotando os coeficientes de redug@o propostos por Van Coile et al. (2014) para
resisténcia ao escoamento do ago. A validacao foi feita com resultados experimentais de 62 vigas disponiveis
na literatura e foi possivel observar uma boa aproximagdo com os dados experimentais, apresentando para o
momento fletor uma relagio média M3™ /MS*P de 1.04 e desvio padrio médio de 0.15, e para o esforgo
cortante uma relagio média Vi / VP de 0.85 e desvio padrio médio de 0.23.
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1 INTRODUCTION

It is known that fires can cause serious damage to reinforced concrete structural elements. In particular, the beams
and slabs are located at the top of the building and are more prone to fire damage, as highlighted by Yang et al. [1]. In
the absence of a failure during the fire, measuring the level of damage caused after a fire is essential in deciding either
to release the use, to repair or to demolish the structure.
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Determining the residual capacity of reinforced concrete (RC) beams involves understanding the effects of
temperature on concrete and steel. Concrete has a good fire performance due to its low thermal conductivity and high
thermal capacity but presents loss on the residual strength depending on the severity of the fire [2], [3]. After fire
temperatures between 500 and 600°C, the steel recovers its strength to room temperatures, as indicated by
Neves et al. [4] and Van Coile et al. [5], respectively.

Molkens et al. [6] note that for most fires in buildings with concrete structure, the structural elements do not collapse
during the fire exposure. However, after fire a change in the critical failure mode can occur. Thanaraj et al. [7] reported
experimental series where the elements started to fail due to shear. This same behavior is observed by Diab [8] reporting
that shear failure can be critical on reinforced concrete beams after fire, being an aggravating factor that this is sudden
type of rupture. This tendency to shear failure in RC beams after fire occurs in elements with low compressive strength
concrete, decreasing the shear capacity of the elements because concrete is an important part of shear strength. Other
factors such as w/c ratio, density and reinforcement percentage are also an influence on the failure mode [7].

In the ABNT NBR 15200 [9], Eurocode 1 1-2 [10] and Eurocode 2 1-2 [11] standards, there is no clear
recommendation on the assessment of residual load capacity in reinforced concrete elements after a fire situation. In
the literature, some authors have proposed analytical formulations to determine the residual strength of reinforced
concrete beams and the most relevant references in this regard are here presented.

The residual strength after fire of other materials such as high-strength mortar, wood, and masonry is reported in
the literature. Ciilfik and Ozturan [12] observed a significant loss on mortars residual strength for temperatures up to
600°C and almost full strength loss for temperatures up to 900°C. Sciarretta [13] numerically analyzed masonry walls
after fire and found satisfactory results compared to experimental results available in the literature.

Hsu and Lin [14] proposed an approach based on the ACI 318 [15] considering the deformation compatibility to
evaluating the residual load capacity of beams exposed to fire. It was observed that the reduction on the bending moment
and shear force capacity are different: the shear capacity after fire is about 53.0% and 40.8% of the initial capacity,
while the residual bending moment is about 65.13% and 52.83% of the initial capacity, when the beams are exposed to
fire for 120 and 180 minutes, respectively.

Kodur et al. [16] presented a simplified approach for calculating residual flexural strength of reinforced concrete
beams based on ACI 318 [17], applying the reduction factors for the strength of steel and concrete. The maximum
temperature and duration of the fire were estimated through visual observations of the exposed concrete. As a result,
the residual bending moment was conservative.

Bai and Wang [18] proposed a method based on the design at room temperature for the residual flexural strength of
reinforced concrete beams after fire, considering reducing the concrete and reinforcement steel sections to compensate
the damage caused by the fire. In a parametric study, they concluded that the initial strength of concrete and steel have
few influences on the residual strength results. The percentual strength reduction after fire exposure is near for all the
strength values analyzed.

Xu et al. [19]-[21] presented experimental studies analyzing the residual strength after fire to shear and the bending
moment of reinforced concrete beams with rectangular and “T” sections. In Xu et al. [20] a study on estimating of the
resistance after fire is presented based on the Chinese code [22], reducing the strengths of concrete and steel as a
function of temperature.

Numerical simulations were developed by Kodur and Agrawal [23], Sun et al. [24] and Cai et al. [25], but refined
analysis requires a high computational cost. As it is possible to observe in the available literature, few analytical models
to estimate the residual strength of reinforced concrete beams after fire are formulated. Even more scarce is the analysis
of post-fire shear capacity, as research is often conditioned to the verification of flexural strength.

The present paper aims to validate the application of a simplified procedure to estimate the bending moment and
the shear capacity in reinforced concrete beams after fire. The method is based on the 500°C Isotherm Method [11],
adopting the reduction coefficients proposed by Van Coile et al. [5] to the yield strength of steel.

2 EXPERIMENTAL DATA

2.1 Post-fire moment capacity

A total of 22 beams tested experimentally were used to verify the method for determining the post-fire moment
capacity and are available in the literature. The beams were heated on three faces, without load during the heating phase
and tested post-fire with four-point bending, Figure 1. All beams failed in flexure. More details are present in
Thanaraj et al. [7], Xu et al. [20] and Pereira et al. [26]. It is noteworthy to mention that only beams that lost strength
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after fire are included in the validation. RC beams under short-time heating and low peak temperatures tended to have
no relevant loss of strength.
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Figure 1. Tests (a) heating phase on cross section and (b) four-point bending after fire

The parameters considered in the beams were: cross section, concrete strength, time of exposure to fire, transverse
reinforcement ratio ( p; ), longitudinal reinforcement ratio (p;) and shear span (&), see Table 1

Where: 4;: area of longitudinal reinforcement; 4, : area of transverse reinforcement area; s : stirrups spacing

Table 1. Identification and characteristics of beams analyzed by bending

Ref. ID. Cross Section Fire curve  Time fe P = bAsh pﬁ% ¢=ald
- - - - (min) (MPa) % % -
[20] L5 25x40 ISO 834 60 41.2 1.47% 0.27% 1.51
[20] L6 25x40 ISO 834 60 41.2 1.47% 0.27% 1.71
[20] L7 25x40 ISO 834 60 41.2 1.47% 0.27% 2.22
[20] L9 25x40 ISO 834 120 41.2 1.47% 0.27% 3.31
[26] REC15 210 12x20 NS 210 47.6 0.65% 0.79% 1.43
[26] REC30 210 12x20 NS 210 47.6 0.65% 0.79% 1.57
[7] M20-60 20x20 ISO 834 60 27.09 0.39% 0.62% 1.23
[7] M20-120 20x20 ISO 834 120 27.09 0.39% 0.62% 1.23
[7] M20-180 20x20 ISO 834 180 27.09 0.39% 0.62% 1.23
[7] M20-240 20x20 ISO 834 240 27.09 0.39% 0.62% 1.23
[7] M30-60 20x20 ISO 834 60 37.8 0.39% 0.62% 1.23
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Table 1. Continued...

Ref. ID. Cross Section Fire curve  Time fe P = bASh pﬁ% {=ald
- - - - (min) (MPa) % % -
[7] M30-120 20x20 ISO 834 120 37.8 0.39% 0.62% 1.23
[7] M30-180 20x20 ISO 834 180 37.8 0.39% 0.62% 1.23
[7] M30-240 20x20 ISO 834 240 37.8 0.39% 0.62% 1.23
[7] M40-60 20x20 ISO 834 60 47.31 0.39% 0.62% 1.23
[7] M40-120 20x20 ISO 834 120 47.31 0.39% 0.62% 1.23
[7] M40-180 20x20 ISO 834 180 47.31 0.39% 0.62% 1.23
[7] M40-240 20x20 ISO 834 240 47.31 0.39% 0.62% 1.23
[7] MS50-60 20x20 ISO 834 60 56.67 0.39% 0.62% 1.23
[7] M50-120 20x20 ISO 834 120 56.67 0.39% 0.62% 1.23
[7] M50-180 20x20 ISO 834 180 56.67 0.39% 0.62% 1.23
[7] M50-240 20x20 ISO 834 240 56.67 0.39% 0.62% 1.23

NS — Non-Standard

The influence of the ratio (a/d) on the post-fire moment capacity in the tested beams was not identified. The
procedure was also shown to be applicable to non-standard fire curves. As expected, longer times of exposure to fire
resulted in greater resistance reductions, especially for concretes of lower resistance. The compressive strength also
influenced the failure mode.

2.2 Post-fire shear capacity

A total of 40 beams tested experimentally with results available in the literature were used in the validation of the
procedure to estimate the post-fire shear capacity of reinforced concrete beams. The beams were heated on three faces,
without load during the heating phase and tested post-fire with four-point bending. The identification and characteristics
of the beams are shown in Table 2.

Table 2. Identification and characteristics of the beams analyzed to shear

Ref. ID. Cross Section Fire curve Time fe = Sh P = ﬁ E=a/d a/L
- - (cm) - (min)  (MPa) (%) (%) - -
[27] V120 20x30 ISO 834 120 17.1 0.75% 0.14% 4.4 0.25
[27] V60 20x30 ISO 834 60 17.1 0.75% 0.14% 4.4 0.25
[27] Voo 20x30 ISO 834 90 17.1 0.75% 0.14% 4.4 0.25
[14] test n°17 30x45 ASTM E119 60 34.7 2.53% 0.00% 1.5 0.36
[14] test n°18 30x45 ASTM E119 180 34.7 2.53% 0.00% 1.5 0.36
[14] test n°2 20x30 ASTM E119 60 34.7 1.90% 0.00% 1.5 0.33
[14] test n°27 20x30 ASTM E119 60 60.5 1.90% 0.00% 1.5 0.33
[14] test n°28 20x30 ASTM E119 180 62.5 1.90% 0.00% 1.5 0.33
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Table 2. Continued. ..

Ref. ID. Cross Section Fire curve Time fe p= bA Sh Pt = % =a/ld  a/L
- - (cm) - (min) (MPa) (%) (%) - -
[14] test n°3 20x30 ASTM E119 180 34.7 1.90% 0.00% 1.5 0.33
[14] test n°32 20x30 ASTM E119 60 65.2 3.80% 0.00% 1.5 0.32
[14] test n°33 20x30 ASTM E119 180 66.5 3.80% 0.00% 1.5 0.32
[14] test n°8 20x30 ASTM E119 60 35.8 3.80% 0.00% 1.5 0.32
[14] test n°9 20x30 ASTM E119 180 35.8 3.80% 0.00% 1.5 0.32
[14] test n°14 20x30 ASTM E119 60 34.7 1.90% 0.98% 1.5 0.33
[14] test n°15 20x30 ASTM E119 180 34.7 1.90% 0.98% 1.5 0.33
[14] test n°23 30x45 ASTM E119 180 34.7 2.53% 0.98% 1.5 0.36
[14] test n°11 20x30 ASTM E119 60 35.8 3.80% 0.00% 4.0 0.41
[14] test n°12 20x30 ASTM E119 180 35.8 3.80% 0.00% 4.0 0.41
[14] test n°20 30x45 ASTM E119 60 35.8 5.47% 0.00% 4.0 0.44
[14] test n°21 30x45 ASTM E119 180 35.8 5.47% 0.00% 4.0 0.44
[14] test n°30 20x30 ASTM E119 60 71.6 1.90% 0.00% 4.0 0.42
[14] test n°35 20x30 ASTM E119 60 65.7 3.80% 0.00% 4.0 0.41
[14] test n°25 30x45 ASTM E119 180 35.8 5.47% 0.52% 4.0 0.44
[20] L4 25x40 ISO 834 60 41.2 1.47% 0.00% 2.2 0.36
[21] L4 20x30 ISO 834 60 51.5 3.27% 0.17% 2.7 0.50
[28]  BS5-2.1-f120 25x40 ISO 834 120 31.6 1.96% 0.00% 2.1 0.21
[28] B5-2.1-f60 25x40 ISO 834 60 31.6 1.96% 0.00% 2.1 0.21
[28] B5-2.1-f90 25x40 ISO 834 90 31.6 1.96% 0.00% 2.1 0.21
[28] B6-2.1-90 25x40 ISO 834 90 31.6 1.61% 0.00% 2.1 0.21
[28] B7-2.1-f90 25x40 ISO 834 90 31.6 1.47% 0.00% 2.1 0.21
[28] B4-2.1-90 25x40 ISO 834 90 31.6 1.96% 0.20% 2.1 0.21
[28]  B1-2.1-f120 25x40 ISO 834 120 31.6 1.96% 0.27% 2.1 0.21
[28] B1-2.1-f60 25x40 ISO 834 60 31.6 1.96% 0.27% 2.1 0.21
[28] B1-2.1-190 25x40 ISO 834 90 31.6 1.96% 0.27% 2.1 0.21
[28] B2-2.1-190 25x40 ISO 834 90 31.6 1.61% 0.27% 2.1 0.21
[28] B3-2.1-190 25x40 ISO 834 90 31.6 1.47% 0.27% 2.1 0.21
[28] B5-2.6-190 25x40 ISO 834 90 31.6 1.96% 0.00% 2.6 0.26
[28] B1-2.6-90 25x40 ISO 834 90 31.6 1.96% 0.27% 2.6 0.26
[28] B5-3.3-90 25x40 ISO 834 90 31.6 1.96% 0.00% 33 0.32
[28] B1-3.3-f90 25x40 ISO 834 90 31.6 1.96% 0.27% 33 0.32

* pt =0.00%: no stirrups

A relevant parameter is the ratio (a/d ) that can modify the shear failure mode in reinforced concrete beams, as
highlighted by Nakamura et al. [29]. Plasencia et al. [30] state that the failure of beams with ratio (a/d<2 ) was due to
the rupture of the compression strut. This behavior was also observed in the post-fire shear capacity based on the
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experimental data presented, where the residual strength was influenced by the distance of the load applied to the
support (a), effective height (d) and free span of the beam (L).

It is pertinent to observe that the formulations consider the shear span (¢=a/d ) and the ration (a/L ) in the expressions
to contemplate the “arc effect” that is promoted by the distance between the applied load and the support. It is also
observed that the presence of stirrups changes the behavior of reinforced concrete beams, the calculation method being
different for beams with or without transverse reinforcement.

3 PROPOSED PROCEDURE

The 500°C Isotherm method is applied to estimate the behaviour in fire situation and not to estimate the residual
load bearing capacity of RC beams. The purpose of this paper is to extrapolate and verify its applicability in post fire
situation.

The simplified method proved to be applicable to estimate the residual strength of RC beams independent of two
important phenomena of concrete: (1) strength of concrete preheated to high temperature is after cooling (residual strength)
lower than the strength at high temperature [31] and (2) concrete exposed to simultaneous action of high temperature and
compressive stresses loses its strength much slower than concrete heated only (without compression) [32].

Figure 2 shows a flowchart for determining the residual strength of RC beams.

Thermal analysis
Temperatures on =teel
and comerate
Feduction of the ;{e sgdua} 511311311‘!11]1
cross-section size uction factor of the
steel
Figure 3 Takl= 3
00°C Isotherm Method k=1 to T=A00°C
Geometric and
mechanical properties
Stael and concrete

Post-fire capacity
determined from
expressions
Accordmz 3.1 and 3.2

Post-fire moment and
post-fire shear

Figure 2. Procedure for determining residual strength

Thermal analyses are conducted first to obtain the temperature evolution in the cross section determined by FEM,
through ABAQUS software, with 2D elements of 4 nodes (DC2D4) and 10x10mm mesh. The model accounts for the
properties changes with the increase in temperature, considering the variation in conductivity and specific heat of the
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concrete (1.5% humidity) according to NBR15200 [9], as well as the emissivity of 0.7 and the heat transfer coefficient
per convection of 25W/m?°C.

The residual strength for the concrete was determined according to the S00°C Isotherm Method [11]. In Figure 3, it
is possible to identify the variables for a beam with three faces exposed to fire, where by : it is the reduced width of the

beam after fire (cm); dy : is the effective height of the beam after fire (cm); dsq : depth of the 500°C isotherm (cm).

x300 ba
1

d=ds | 4500

Figure 3. 500°C Isotherm. (Source: Adapted [11])

Steel reinforcement bars have reduced strength using reduction factors (k) proposed in Van Coile et al. [5]
determined by a stochastic model based on experimental results, as shown in Table 3.

Table 3. Reduction factor for residual strength of steel

T (°C) 20 50 100 200 400 550 600 700 850

| - 1 1 1 1 1 1 1 0.7 0.6
Source: Adapted from [5]

It is possible to notice that after fire, the steel reinforcement has a good capacity to recover its initial strength for
temperatures up to 600°C.

The longitudinal steel bars have the temperature measured on their axis, and the respective reducing coefficient is
applied. The transverse steel bars had the reduction factor as a function of temperature at the point recommended in
Eurocode 2 1-1 [33] to find point “P” at height h. s whose value is given by Equation 1:

. h-y9) h
hc’ef:mm 2.5(]’1-d500),( 30),5 (1)

Where: h, : is the height at point P from the beam bottom (cm); h: is the height of the beam (cm); vy : is the position

of the neutral axis after a fire (cm).
The height (b ¢ ) refers to the region where the first shear cracks tend to appear. Other authors such as Xiang et al. [34] used

the temperature at mean height of the stirrup and Diab [8] and Cai et al. [25] used the average over the height of the stirrup.
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3.1 Post-fire moment capacity
The post-fire bending moment is determined from the 500°C isotherm depth (dso) , width of the reduced section
(bg) and the effective depth (d5) which remains the same as the cross section at room temperature. Figure 4 shows the

balance of forces in the bending section.

A fean
F.
d T - Frag -
vel|[® & CT 1 |, - t
Zg df!, + |
o oo v Lo v Las v

bg;

Figure 4. Equilibrium of forces in the bending section. (Source: Adapted [9])

Applying the balance of forces in the cross section, the concrete and steel forces can be calculated, in a procedure
like the guidelines of NBR 6118 [35]. The coefficients «.,y, ¢ y, were adopted equal to 1 and 4, equal to 0.8.

3.2 Post-fire shear capacity

The estimated of the residual shear capacity after fire was based on the Model I proposed by the Brazilian standard [35]
at room temperature that follows the model of classic truss with stirrups at 90° and compression struts at 45°.

Equations 2 to 7 presented below were adjusted based on the observation of the experimental behavior of the beams
analyzed and include the relationships (£=a/d ) and (a/L) in the formulation, discussed in section 2.

a) For beams without stirrups (V"™ =V )

Vo= M, £ <2 The failure occurs in the compression strut of concrete with a value proportional to &. 2)

¢

Veo.£2%, 2<£ <35 The rupture occurs in the diagonal tension under the influence of a.
Ve, &>3.5 Concrete is not influenced by ¢&.

Where:
f
Ve0=0.6-—C-bg; - dsgg 3)
Ve
f,
VRd2=0.27 -ty -~ bg; - dsgg 4)
C
f,
ayy=1-—K 5
v2 250 ( )

Where: v : is the residual shear force; Vry, : is the shear force relative to the compression strut of concrete; Vg : it
is part resisted by complementary mechanisms.
b) For beams with stirrups (V" =Vrg )

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15202, 2022 8/15



L. M. Costa, J. J. R. Silva, T. A. C. P. Oliveira, and D. C. L. Duarte

In the case of deep beams (¢ <2) with shear reinforcement, the contribution of steel is reduced to smaller ¢&.
(Hayashikawa et al. [36] apud Nakamura et al. [29]).

Vro=

de2 + VSW § <2
§1+a/L &

Shear capacity provided by compressive strength of the concrete in the strut and the steel loses efficiency due to the
proximity of the load applied with the support.

7,
Jeo iy ace<as (©)
égl—a/L

Shear capacity provided by complementary mechanisms of concrete and steel has its effective contribution.
VeotVsw, £>3.5
Concrete and steel are not influenced by ¢&.

A fyk
Vsw= :W Ky }/L dsgo (7
s

Where: V, : shear capacity provided by shear reinforcement. The coefficients y, and y,; equal to 1.

4 RESULTS AND DISCUSSIONS
4.1 Post-fire moment capacity
Table 4 presents the results found for the residual bending moment and the relationships M3" /M$*P between the

analytical model and the experimental data.

Table 4. Analytical and experimental results for bending moment

Ref. ID. MEP m2pa M2 MEP
R - (KNm) (kNm) -
[20] L5 196.0 210.9 1.08
[20] L6 200.0 210.9 1.05
[20] L7 197.0 210.9 1.07
[20] L9 167.0 169.6 1.02
[26] RECI15 210 13.1 10.5 0.80
[26] REC30 210 12.2 10.6 0.87
[7] M20-60 9.2 11.8 1.28
[7] M20-120 6.5 8.1 1.24
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Table 4. Continued. ..

Ref. ID. Y e M M MEXP
- - (kNm) (kNm) -
[7] M20-180 5.6 6.9 1.23
[7] M20-240 52 6.0 1.16
[7] M30-60 11.3 12.0 1.06
[7] M30-120 7.5 8.2 1.09
[7] M30-180 5.8 7.0 1.21
[7] M30-240 4.9 6.1 1.24
[7] M40-60 13.6 12.2 0.89
[7] M40-120 8.7 8.3 0.95
[7] M40-180 7.0 7.1 1.01
[7] M40-240 5.5 6.2 1.12
[7] M50-60 15.8 12.3 0.78
[7] M50-120 9.8 8.3 0.85
[7] M50-180 8.0 7.1 0.89
[7] M50-240 6.9 6.2 0.90
Mean 1.04
Standard Deviation 0.15
Confidence Interval 0.98-1.08

The analytical-experimental results compiled in Table 4 result in an average ratio M3* /MZ*P of 1.04 with a standard

deviation of 0.15. The confidence interval was calculated with a 95% confidence level. Figure 5 plots the residual
strength compared to the safety margin of = 10%. Some samples of [7] showed a M3? /M&*P >1.2 ratio, which may

have been caused by the small cross-sectional dimensions of the beams and because exposure to the fire curve for a

longer time.

Mr anabytical (kMN.m)

Figure 5. Post-fire moment capacity: analytical vs. experimental.
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Figure 6 presents the results without the data from [20], which allows to analyze in more detail the group of beams
that had a lower failure load and that consist of most of the data. The difference between the moments is justified by
the large width dimension of the cross section (25x40cm) of the samples from [20].
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Figure 6. Post-fire moment capacity: analytical vs. experimental.

It is noteworthy to point that 14 beams showed a ratio M2* /M greater than 1, with an average value of 1.13.

It is suggested, then, the proposition of a correction factor equal to 1.2 to match the model results, resulting in an
average ratio M%?*/M{® of 0.86 with a standard deviation of 0.13. Figure 7 shows the results corrected by the

coefficient.
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Figure 7. Post-fire moment capacity: analytical vs. experimental.

A total of 5 beams (22.72%) presented analytical results with ratio M3 /MJP greater than 1, with an average value

of 1.04 and coefficient of variation of 1.92%. No value was greater than the safety margin of 1.1. According to
Coelho et al. [37], even though this may indicate that the results are less safe, they converge with the philosophy
presented in the Eurocodes, where a prediction model must predict the phenomenon on its average, with the security of
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the model provided by safety factors. Therefore, the analytical procedure to measure the residual bending moment in
reinforced concrete beams after fire, although simplified, can predict the bending resistance of beams after fire.

4.2 Post-fire shear capacity

Table 5 presents the results found for the shear by the analytical model compared to the experimental results through
the ratio Vi /v .

Table 5. Analytical and experimental results for shear force

Ref. ID. veP v v rvee
- - (kN) (kN) -
[24] V120 474 459 0.97
[24] V60 71.9 71.7 1.00
[24] V90 61.9 55.0 0.89
[11] test n°17 468.3 484.1 1.03
[11] test n°18 279.0 3873 1.39
[11] test n°2 213.9 209.8 0.98
[11] test n°27 3375 321.9 0.95
[11] test n°28 229.5 136.7 0.60
[11] test n°3 188.8 87.1 0.46
[11] test n°32 4714 312.3 0.66
[11] test n°33 246.5 140.5 0.57
[11] test n°8 321.0 198.8 0.62
[11] test n°9 220.7 89.4 0.41
[11] test n°14 270.6 326.4 1.21
[11] test n°15 243.1 139.7 0.57
[11] test n°23 467.6 462.3 0.99
[11] test n°11 89.2 493 0.55
[11] test n°12 413 222 0.54
[11] test n°20 211.9 123.2 0.58
[11] test n°21 117.2 98.5 0.84
[11] test n°30 89.8 75.8 0.84
[11] test n°35 130.3 67.5 0.52
[11] test n°25 311.1 195.6 0.63
[17] L4 97.0 80.0 0.82
[18] L4 147.0 50.4 0.34
[25] B5-2.1-f120 60.0 65.1 1.08
[25] B5-2.1-f60 80.0 76.6 0.96
[25] B5-2.1-f90 713 72.8 1.02
[25] B6-2.1-f90 79.0 72.8 0.92
[25] B7-2.1-f90 80.0 72.8 0.91
[25] B4-2.1-f90 132.5 114.7 0.87
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Table 5. Continued. ..

Ref. ID. ver v v vee
- - (kN) (kN) -

[25] B1-2.1-f120 132.5 1324 1.00
[25] B1-2.1-f60 145.0 139.8 0.96
[25] B1-2.1-f90 137.5 137.3 1.00
[25] B2-2.1-90 135.0 137.3 1.02
[25] B3-2.1-90 130.0 137.3 1.06
[25] B5-2.6-90 70.0 66.4 0.95
[25] B1-2.6-90 125.0 131.9 1.06
[25] B5-3.3-90 55.0 57.5 1.05
[25] B1-3.3-90 115.0 128.1 1.10
Mean 0.85
Standard deviation 0.23

Confidence Interval 0.78-0.92

Figure 8 presents the results found experimentally and analytically for all the beams analyzed.
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Figure 8. Residual shear force: analytical vs. experimental.

Analyzing the data in Table 5, it is possible to find an average ratio of Vi /v = 0.85 and an average standard

deviation of 0.23. The confidence interval was calculated with a 95% confidence level. A total of 47.5% of the beams
are within the range V™ /v of 0.90 and 1.10 and only two beams (5%) outside the adopted safety margin

( Vi /vEP>1.1): the samples “test n°14” and “test n°18”.
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The results showed to be more conservative for samples submitted to longer fire times (180min), however, due to
the sudden and undesirable shear failure, it is prudent that the procedure has this premise. The analytical proposal,
therefore, succeeds to estimate with reasonable precision and with safety the residual shear capacity of reinforced
concrete beams after fire.

5 CONCLUSIONS

The study evaluated an analytical procedure for determining residual capacity for the bending moment and shear
force of reinforced concrete beams after fire. The proposal was evaluated from experimental results of 62 reinforced
concrete beams available in the literature. With the results, it is possible to conclude:

» The 500°C isotherm method associated with the reduction coefficients presented here allows the assessment of
residual strength to the bending moment with a correction factor of 1.2;

» The shear residual capacity to considering the influence of the ratio (a/d ) applied to the 500°C isotherm method and
associated with the reduction coefficients presented here made it possible to predict shear capacity without the need
for a correction factor;

» Shear capacity after fire can become the primary failure mode and needs to be considered in the analysis of strength
after fire.
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provide sufficient guidelines for their use, resulting in poor construction. A research program was developed
for solid slabs through computational and experimental simulations to minimize errors in the cover by
assessing different reinforcement bar diameters and spacer distribution, considering realistic element
construction and standards, combining theory with practice. The results show that the use of spacers does not
guarantee the design cover for some reinforcement bar diameters, as 4.2 and 5.0 mm, and regardless of the
spacer distribution configuration assessed, these meshes undergo permanent deformation, thereby damaging
the cover and consequently impact structural performance. Meshes of 6.3 and 8.0 mm diameters present
deformation within the cover tolerance. Therefore, it is preferable to choose bigger diameters and larger mesh
spacing to guarantee the projected cover, contributing to the correct performance of the structures, solving
one of the major problems in this type of construction.
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Resumo: A espessura de cobrimento adequada contribui para o desempenho das estruturas de concreto
armado. Espagadores sdo recomendados por normas para obter o cobrimento de concreto, entretanto, muitas
dessas normas ndo fornecem informagdes suficientes para o uso destes dispositivos, resultando em falhas de
construgdo. O programa deste trabalho foi desenvolvido para lajes macicas através de simulagdo
computacional e experimental, como forma de minimizar erros de cobrimento avaliando diferentes didmetros
de armadura e distribui¢des de espagadores, considerando a construgdo do elemento e as normas vigentes,
combinando teoria e pratica. Os resultados mostraram que o uso de espagadores ndo garante o cobrimento de
armadura para algumas malhas de armadura, como 4,2 ¢ 5,0 mm, independentemente da distribuigdo de
espagadores avaliada, essas malhas sofrem deformagdo permanente elevada e, consequentemente, impactam
no desempenho estrutural. Malhas com barras de didmetro 6,3 e 8,0 mm apresentaram deformagdes dentro da
tolerancia de execugdo. Assim, ¢ preferivel optar pela utilizagdo de malhas mais abertas com didmetros
maiores apara garantir o cobrimento especificado em projeto, contribuindo para o correto desempenho das
estruturas, auxiliando um dos maiores problemas neste tipo de construgao.
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1 INTRODUCTION

A durable reinforced concrete structure should maintain its original shape, quality, and ease of maintenance when
exposed in the environment throughout its projected service life [1]. To protect against aggressive agents, the
reinforcement is encased in a concrete cover layer [2], [3], which is defined as the distance between the outer face of
the structural member to the nearest bar, including the stirrup and secondary reinforcement [4], [5]. The minimum cover
implemented should ensure safe transmission of bond forces, protection of steel bars against corrosion (durability) and
adequate fire resistance [6].

The end of the service life of the structure or structural component is associated, among other factors, with the loss
of the protection capacity of the concrete cover [3], [7]. Thus, several analysis are developed to predict the effect of the
penetration of aggressive agents on the structure, as well as its durability, to assist in prevention strategies [8], [9]. Most
models of service-life prediction are correlated with durability and, subsequently, cover.

The cover protection provided is only achieved by the adequate quality of the concrete (composition, production, transport,
concreting, thickening, finishing and curing) and sufficient thickness (quality and distribution of the spacers) [10], [11].

The cover thickness specified in the project is related to the environmental aggressiveness class and intended working
life, varying according to the standards applied in each country. For reinforced concrete slabs with at least 50 years of
service life: in Brazil, nominal standardized covers vary from 20 mm to 45 mm [12]; in the UK., from 25 mm to
60 mm [13]; and in the U.S.A., from 20 in to 75 in [4]. Moreover, such covers require a minimum execution tolerance.
This tolerance, in standards, is usually related to quality and execution controls [6], [12]-[14], with inspections that include
measurements of the cover, and could also be associated with the effective depth of the element [4].

Spacers are used in concrete structures to support the reinforcement and construction loads during construction, so
that the required concrete cover is achieved [15], [16]. They are mentioned in the main design and execution standards
for reinforced concrete structures [5], [12], [17]-[23], consisting of an essential component that is placed and left
permanently in the structure in large quantities [24]-[26]. Despite its importance, limited studies have investigated the
effect of spacers on the concrete structures [25], [26].

Some aspects should be considered when choosing the spacer type to be used, such as the product performance [11],
the structural element to be concreted, the reinforcement characteristics [10]. Also, the spacer correct quantity and
position are essential because the distance between them has a significant influence on the final cover in slabs [27].
Their distribution should consider that an excessive spacing between spacers could cause bars to flex, especially during
concreting process. On the other hand, scarce spacer distances promote higher consumption of this material, spending
more money, and introducing more points of weakness in the system [15], [25], [26], [28].

For slabs, the normative recommendations indicate a maximum distance of 500 (50 times the reinforcement
diameter) limited to 100 cm for positive reinforcement, and a maximum distance of 500 (50 times the reinforcement
diameter) limited to 50 cm for negative reinforcement [17], [19], [29].

Noncompliance in the cover thickness can be related to several factors, such as defects in design and detailing,
execution, or materials supply [30]. Such factors interact with one another, so the failure in one could compromise the
system [31]. For example, failure to indicate standardized specifications in the project could accumulate successive
errors starting from the design stage [32].

Many researchers report the failure to obtain the cover thickness specified in the current reinforced concrete
structure constructions [27], [30], [31], [33], [34], where the probability of inefficient cover varies between 38.7% and
88.8% in solid slabs [30]. In general, the design reinforcement position is not achieved even before construction [35].

Among the structural elements, the slabs are one of the most damaged elements as a result of insufficient cover
thickness [27]. Unsatisfactory covers could be a consequence of uneven placement or insufficient quantity of spacers,
lack of formwork leveling [35], [36], spacers with a poor performance [11], wrong choice of spacers, or workers
walking through the reinforcement meshes [34]. Furthermore, the minimum cover execution tolerance value of 5 mm,
which is related to a good execution quality control, are not met, being directly related to the reduction of building
durability [32], [34].

In this context, this study aims to assess the influence of standards’ spacers distribution to obtain the concrete cover
on solid slabs, considering the reinforcement plastic deformation occurred during the construction. Then, this
deformation is compared and its effects are analyzed based on the designed cover thickness. All this, considering
concrete construction practices (workers walking over the reinforcement before and during the concrete construction
process) and accomplished by combining factors presented in regulatory references.
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2 METHODS

To achieve the main goal, a computational simulation was developed to analyze the reinforcement deformation of
a solid slab mesh under temporary construction loads. After that, an experimental simulation was performed in a
laboratory to validate the computational simulation.

2.1 Computational simulation

The simulation was carried out by the Displacement Method.

The slabs were chosen because they are one of the hardest elements to obtain the intended design concrete cover [30] and
due to their solid characteristic they are evaluated in a number of studies [30], [32], [34]-[37]. To perform this work, the slabs
with 200 x 200 cm dimensions were cast with a reinforcement mesh spacing of 20 cm. This mesh spacing was chosen because
it is the largest allowed by standards, and it represents the lower stiffness between the available mesh spacing. Therefore, any
mesh with a spacing smaller than 20 x 20 cm is stiffer, having a better structural performance against the concrete cover.

The meshes were composed of steel for reinforced concrete with a tensile strength of 500 MPa and 600 MPa. The
diameters of the bars were 4.2 mm, 5.0 mm, 6.3 mm and 8.0 mm. The 4.2 mm diameter is permitted in welded meshes
and is more common in waffle slabs. This diameter is not typically used in solid slabs, however it was considered in
this laboratory investigation because it is allowed by the standard [12]. The other diameters are frequently used in solid
slabs [27], [34], [37]-[39] and were chosen for verification in structural design.

The concrete covers varied from 15 to 45 mm and are typically referenced in standards and used in design for this
type of structure.

The construction loads can influence the permanent deformation of the steel bars, affecting the projected cover thickness due
to direct contact with the reinforcement. A load of 1 kN was considered, representing a variable construction load, equivalent to
the weight of a person plus tools [40], distributed evenly by reinforcement bar surface and idealized as a rectangle of 10 x 30 cm,
representing a step of a worker walking on top of the reinforcement during the concrete construction process (Figure 1).

10 kgf/em

/\ Spacer of interest
A Adittional support
® . Adittional node

N
oo o
= Reinforcement after load

(contact with formwork)

@ Spacers
[Z Spacer of interest
€: Spacers distribution (20x20; 60x60; 100x100 cm)

Figure 1. Load application and spacer distribution on the mesh.

Maran [32] simulated the load contribution of the wet concrete weight, and it was not considered in this study
because it is minimal (0.0289 kg/cm) compared to a worker’s weight (10 kg/cm). The same author reported that wet
concrete weight was not significant due to their involvement and accommodation around the bars and the formwork,
acting as a support for the reinforcement.
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The load was applied near the spacer to consider it in only one steel bar (local effect), as a way to simulate the most
critical load simulation in a more concentrated form of application. It was applied transversely to the reinforcement,
equivalent to a linear load of 10 kgf/cm. The spacers were modeled as a pinned rigid support and their stiffness was not
taken into account. The spacer of interest was modeled with displacement restriction in X, Y and Z directions in the
mesh plane, while the other spacers had restriction only in the Y direction. The spacer distribution was made based on
regulatory guidelines [17], [29]. The cover used for all configurations was 3.0 cm, as it allows a more significant
displacement of the bars during the tests.

To perform the simulation, some variables were controlled that directly influence the mesh behavior, listed in Table 1.

Table 1. Variables considered in the simulation.

Variables Levels Units
Mesh opening 20 cm
Steel type CA 60 and CA 50
Reinforcement bar diameter 4.2;5.0;6.3;8.0 mm
Load 10 kgf/cm
Standard spacer distribution 500; Medium; 100 cm
Distribution of spacers 20x20; 60x60; 100x100 cm
Cover thickness 15; 20; 25; 30; 35; 40; 45 mm

The reinforcement mesh modeled considers a rigid union between the bars, with a coupling between torsion and
bending. Nevertheless, the meshes were composed of independent steel bars with only one coupling against the vertical
displacements due to the tying. To adjust this characteristic, the bar’s torsional stiffness was reduced to a value close
to zero. In the computer simulation, the load and displacement analysis was applied only to the lower bar of the mesh.
The analyzed cover thickness included the nominal cover and the minimum cover (reduced permissible execution
tolerances), to map the behavior of the mesh with the contact with the formwork.

The reinforcement mesh was modeled with nodes in the bar junctions. In the surrounding area of the central spacer,
the analyzed reinforcement bars were modeled with segments of 2 cm as additional nodes, allowing, through links in
these nodes, the simulation of additional formwork supports when the bar comes into contact with it (Figure 1).

If the displacement is less than the cover thickness, it means that the reinforcement does not lean against the
formwork. Otherwise, if the displacement is more than the cover thickness, the steel bar leans against the formwork
providing additional support and modifying the moments. As a solution, other additional supports with a prescribed
displacement equal to the cover were added through iterative method update, simulating the contact of the reinforcement
and the formwork.

The analysis was based on the bending moment generated by the construction load and its deformation, according
to Figure 2 adopted for computational analysis.

When the bending moment is higher than the limit, it represents the plastification of the reinforcement, permanent
deformations, and therefore, reduction of the design cover. The calculations of plastification moments of the bars were
generated as a function of the diameter, through Equation 1 (moment of initial plastification) and Equation 2 (moment
of total plastification).

3

Mpy [%]a (1)
3

Mpr = [%] o @)

Where: Mp - initial plastification moment (kN.cm); R =radius of the steel bar (cm); o, = steel yield strength (kN/cm?);
M pr = total plastification moment (kN.cm).

The positive and negative bending moments obtained in the simulation were compared with the bending moments
of the bar plastification (Table 2).
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Figure 2. Simulation flowchart.

Table 2. Moment of plastification as a function of the reinforcement bar diameter.

Bending moment (kN.cm)

Reinforcement bar

Mpei Mper
(CA60)D 4.2 43.64 74.09
(CA60)D 5.0 73.63 125.0
(CA50)06.3 122.74 208.37
(CA50)@ 8.0 251.33 426.67

Note: Mp; =Moment of initial plastification; Mpr = Moment of total plastification.
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The initial plastification moment (Mpr) indicates when the permanent deformation begins. Bending moments were
accepted below Mpy, as the deformation reverses after removing the load, since the deformation is elastic.

The total plastification moment (Mpr) defines the reinforcement resistance limit, i.e., the maximum value that the
bar can support, behaving like a plastic hinge for increasing loads.

The representative diagrams of the initial and total plastification bending moments are shown in Figure 3.

oe ce
MPI MPI < M.active < MPT MPT
oe oe oe
2) b) ©)

Figure 3. Stress distribution in the cross-section of the bar: a) initial plastification moment;
b) partial plastification moment; c) total plastification moment.

The computational simulation analysis was performed by the linear elastic regime, which allows the identification
of permanent deformations, but not their magnitude. Thus, critical values of bending moments for the plastification of
the steel bars were experimentally tested in the laboratory to validate the simulation results.

2.2 Experimental simulation

The experimental simulation is complementary to the computational simulation since this did not present values for
the deformation of the bars, and consequently, the reduction of the cover, being restricted to the supply of the bending
moment generated for comparison with the deformation moments. In addition, the experimental simulation was
developed to validate the results of the computational simulation.

Reinforcement meshes with 200 x 200 cm dimensions, 20 cm opening, diameters varying from 4.2 mm to 8.0 mm, with
spacer distribution of 20 cm, 60 cm and 100 ¢cm, concrete cover of 3 cm (intermediate evaluation thickness), and tied in bars
intersection with nylon clamps (facility of execution and replacement of steel bars) were reproduced in the laboratory. The
load was the same one used in the simulations (1 kN), replicated as a worker steps on the reinforcement. For that, the worker
weight was measured and complemented with tools until reaches the test load (1 kN). The foot was measured to confirm the
10 cm of local load application. This situation was represented in Figure 4. The cover was measured before and after the
worker step with a pachymeter along the bar, in each additional nodes represented in Figure 1 and Figure 4b.

b)
Figure 4. Experimental simulation: (a) load calibration; (b) additional node; (c) deformation caused by loading application.
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The load application and displacement analysis of the bar were done in the center of the mesh (spacer of interest),
considering that this reinforcement had a 30 mm cover (lower bar) and the mesh’s upper bar had a cover of 30 mm
more the bar diameter (30 mm + Q).

The test was directed to the two bars located at the central point. The application of the load was performed through
predetermined points where each central reinforcement bar received only one load application, and then it was changed
to another. For each configuration, three exchanges of central reinforcement bars were done.

3 RESULTS AND DISCUSSIONS

3.1 Computational simulation

The results of the computational simulations were compared with the initial and total plastification moment of the
steel bar (Table 2). The effects of the construction load on the bars, relating to the worker walking on the reinforcement
mesh with a 20 cm opening, are shown in Figure 5.
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Moment of initial plastification: —e—Mp; Moment of total plastification: ~—#— Mpy
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Figure 5. Behavior of the meshes with accidental loading.
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Table 3 presents the comparison between reinforcement displacement (d) and concrete cover (c) to inform the
formwork contact. The configurations that resulted in displacement greater than the cover mean the contact of the steel
bar with the formwork. The meshes with 8.0 mm bar diameter did not come into contact with the formwork, regardless
of the configuration, due to the stiffness of the reinforcement.

Table 3. Comparison between reinforcement displacement (d) and concrete cover (c).

Reinforcement bar Spacer Concrete cover (cm)

diameter (mm) distribution (cm) 1 1.5 2 2.5 3 3.5 4 4.5
20x20 d>c d>c d>c d>c d>c d>c d>c d>c
4.2 60x60 d>c d>c d>c d>c d>c d>c d>c d>c
100x100 d>c d>c d>c d>c d>c d>c d>c d>c
20x20 d>c d<c d<c d<c d<c d<c d<c d<c
5.0 60x60 d>c d>c d>c d>c d>c d>c d>c d>c
100x100 d>c d>c d>c d>c d>c d>c d>c d>c
20x20 d<c d<c d<c d<c d<c d<c d<c d<c
6.3 60x60 d>c d>c d>c d<c d<c d<c d<c d<c
100x100 d>c d>c d>c d>c d>c d>c d>c d>c
20x20 d<c d<c d<c d<c d<c d<c d<c d<c
8.0 60x60 d<c d<c d<c d<c d<c d<c d<c d<c
100x100 d<c d<c d<c d<c d<c d<c d<c d<c

d<c No contact with formwork

d>c Contact with formwork

The meshes with smaller diameters (@ 4.2, @ 5.0), irrespective of the distribution of spacers or cover thickness,
have a permanent deformation, as the bending moment generated from the application of the load is higher than the
initial plastification moment and the total plastification moment calculated.

For an intermediate mesh diameter (@ 6.3), the bending moment of the bars is close to the total plastification moment
of the reinforcement but still higher. That is, there is a decrease in cover caused by the plastic deformation of the bar.
However, this deformation is smaller compared to 4.0 and 5.0 mm diameters bars.

For the reinforcement with larger diameter assessed (@ 8.0), an elastic behavior occurs with a plastification start,
but all simulated configurations present bending moments much lower than the moment of total plastification, which
did not happen with the meshes of the others diameters analyzed. No larger diameters were assessed than those
presented in this study, probably because their behavior would be better than @ 8.0.

In the smaller diameter bars (@ 4.2; @ 5.0), the bending moments are much higher than the total plastification
moments, indicating that the permanent deformation of the reinforcement occurs in a generalized way, making it
impossible to obtain the specified cover.

3.2 Experimental simulation

The initial reinforcement cover, measured before the load application, is presented in Table 4.

Table 4. Initial cover thickness in experimental simulation.

Medium concrete cover (mm)

Spacer distribution (cm)

3 4.2 mm 3 5.0 mm 9 6.3 mm 9 8.0 mm
20x20 30.21 30.24 30.56 30.85
60x60 30.50 30.13 31.12 30.02
100x100 29.42 29.88 30.30 30.22

After the load application, the reinforcement plastic deformations were measured. The plastic deformation was
defined by the difference between the initial cover (bar without any load) and cover after application and removal load
(residual deformation). The maximum displacement (Max.), which is the bigger plastic deformation between the
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measured points, the mean (Mean), standard deviation (SD), and coefficient of variation (COV), for each bar, with a
different diameter measured, are presented in Table 5.

Table 5. Permanent displacement values in experimental simulation.

Permanent deformation of the steel bar (mm)

Bar diameter 9 4.2 mm (CA-60) 9 5.0 mm (CA-60) 9 6.3 mm (CA-50) 0 8.0 mm (CA-50)
Spacer Distribution (cm) 20 60 100 20 60 100 20 60 100 20 60 100
Max. (mm) 11.36 7.48 5.79 8.05 6.05 5.69 1.21 1.86 1.80 0.53 1.39 1.32
Mean (mm) 9.62 6.77 4.98 6.29 4.75 3.79 1.17 1.42 1.44 0.42 0.96 1.14
SD 2.08 0.63 0.71 1.52 1.24 1.65 0.06 0.43 0.31 0.16 0.51 0.16
cov 0.22 0.09 0.14 0.24 0.26 0.44 0.05 0.30 0.22 0.39 0.53 0.14
Formwork contact Yes Yes Yes No Yes Yes No No Yes No No No

The reinforcement bars with diameters of 4.2 mm and 5.0 mm did not present sufficient stiffness to prevent their
contact with the formwork in the application of the accidental load, regardless of the distribution of spacers. It also
occurs a reinforcement plastic deformation. Consequently, the bars adjacent to the load application region were lifted,
uncoupling the spacer, which generally does not have an adequate fixation, making it even more challenging to obtain
the design cover specified.

The meshes with 6.3 mm bars diameter lean on the formwork for the spacer distribution of 100 cm. Thus, the
deformation of the mesh occurs at load application, although, to a lesser extent, compared to meshes with a diameter
of 4.2 mm and 5.0 mm.

The reinforcement bars with 8.0 mm diameter did not provide contact with the formwork at any spacer’s
configuration. It was observed during the application of the load that the bars of the mesh perimeter lifted, allowing the
displacements of the unfixed spacers.

The experimental simulations were controlled, but the situation found in the constructions is often more unfavorable,
such as the deformation of the steel bars before the assembly of the reinforcements, the non-interconnection between
all steel bars, the quality of spacers, among others.

3.3 Computer simulation versus experimental simulation

The numerical modeling presented the software limitation not to indicate the deformation of the steel bar
quantitatively. However, the computer simulation allowed the mapping of critical situations with the indication of the
critical bending moment and the formwork contact. Another computational program, which measures the reinforcement
deformation, can be future used to compare numerically the experimental deformations obtained.

All observations during the experimental tests about the reinforcement contact with formwork are consistent with
the results of the computer simulations. Also, the bending moments generated on the computational analysis are
proportional to the displacements achieved in the experimental simulation.

The bars with a diameter of 4.2 mm showed a more significant deformation than the other meshes investigated,
being an expected result due to the small diameter of the steel bar. It was observed that, regardless of the configuration,
the bars get in contact with the formwork when the load was applied. This situation also was confirmed by the software.

Another factor that can be observed is that the international regulatory guidelines [17], [29], [41], which determine
the minimum spacer distribution of 500, are inefficient, since they do not mention the limitation of the reinforcement
diameter used in the project. With this recommendation, the application of loads on the bar causes a positive bending
moment with a value above that of the corresponding elastic limit of the material, generating permanent deformations.
The formwork acts as a maximum displacement limiter. As the reinforcement, which does not have enough stiffness,
the bar leans against the formwork under the action of the load applied, and smaller spacers distribution generates
greater curvature and, therefore, a bigger bending moment, as shown in Figure 6.

H 1 HooH

Figure 6. Deformation caused by the same loading at different distances between spacers.
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The deformation caused by the worker single trampled on the reinforcement, for a mesh with 4.2 mm diameter and
500 spacer distribution, is much higher than the cover recommended tolerance of 10 mm in the standards. In turn,
meshes of 4.2- and 5.0-mm diameters do not meet the minimum regulatory execution tolerance of 5 mm.

The meshes of diameter 6.3 mm presented deformations inside the regulatory limit of the cover execution tolerance,
in which all values were below 5 mm. Thus, it is possible to state that the reinforcement with a diameter of 6.3 mm,
regardless of the distribution of the spacers (until 100 cm), fulfills the regulatory guideline, making it possible to
guarantee the specified cover thickness.

The deformation, resulting from the load application for the meshes, with a minimum 8.0 mm diameter bar, were
satisfactory, being below the regulatory limit of the cover execution tolerance. Additionally, during the application of
the load, the reinforcement had no contact with the formwork, as presented in the computer simulation.

The deformation was analyzed considering only one load application (one worker), however during the structure
execution the intense traffic of workers can cause bigger deformations.

Again, the deformation values, obtained in the experimental simulation presented in the distribution of the spacers
were consistent with the computational simulation, in which the smaller spacer distribution (20x20 cm) presents a
higher bending moment due to the application of the accidental load compared to the larger spacing (100x100 cm).

When the bar stiffness is enough to prevent the reinforcement from leaning against the formwork, this results in a
the larger spacing between spacers, less curvature, and a smaller moment.

The results indicate that for reinforcement meshes with smaller diameters bars (4.2 mm and 5.0 mm), there is no
guarantee of the design cover, as they present plastic deformation higher than the minimum recommended execution
tolerance (5.0 mm) in standards, irrespective of the spacers distribution.

This corroborates the situation found in loco by [37], in which slabs with larger reinforcement diameter, under the
same conditions, presented a higher probability of meeting the minimum project cover.

As the tests were carried out computationally and laboratory experimentally with meshes with fastening in all nodes,
and since this configuration only happens in practice with welded meshes, the deformations under usual execution
conditions tend to be higher than those obtained in this study. To obtain the design cover, it is advisable to discontinue
the use of reinforcements with these diameters with free traffic of workers on the mesh.

In more critical situations, such as in negative reinforcement, meshes with smaller diameters are very deformable,
damaging the cover of the building. Thus, it is preferable to use bars with larger diameters, 8.0 mm and above to ensure
the positioning and rigidity of the reinforcement during concrete construction.

For meshes with an intermediate diameter bar (6.3 mm), permanent deformations can occur, causing problems if
there is no control over the spacers. Therefore, it is advisable to adhere to the international regulatory recommendation
that defines the distribution of spacers as 500 to 100 cm until studies can corroborate the possibility of using spacings
greater than 100 cm.

Finally, for meshes of diameter 8.0 mm and higher, any spacing of spacers, up to 100 cm, can be used.

4 CONCLUSIONS

This study aimed to assess the influence of the spacers distribution to obtain the reinforcement concrete cover of
solid slabs, considering some factors that could affect it during the concreting process. The results obtained and the
analyses carried out during this study concern solely the sample in question under the evaluated conditions.

The meshes with 4.2 mm diameter resulted in non-executable scenarios, as they presented deformations that do not
exceed the standard cover execution tolerance of 10 mm, while meshes with 5.0 mm steel bars result in unworkable
cover values in works that consider a high execution control, as they present deformation greater than 5 mm, irrespective
of the distribution of spacers. In the daily practice of the designer, this means that the adoption of 4.2-mm meshes for
slabs is not recommended, and in case of adoption of 5.0 mm diameter meshes, it is not advisable to reduce the tolerance
of the concrete cover.

Although a 4.2 mm diameter is not common in solid slabs, it is permitted by standard and it is frequently designed
for waffle slabs, which are constructed under the same scheme considered in this study. The design of 5.0-mm diameter
meshes is very common in solid slabs as it is presented in most studies that investigate concrete covers, usually
combined with a concrete cover tolerance reduction. However, mesh with 5.0-mm diameter is permitted by standards,
this study proves that its performance is not satisfactory to achieve the concrete cover designed.

The intermediate 6.3 mm diameter bar showed plastification in the computer simulation, as confirmed in the
experimental simulation. Nevertheless, the deformation can be considered within the tolerances of execution, as the
obtained deformation were lower than those indicated in standards for the cover tolerances.
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The reinforcement meshes of larger diameters, 8.0 mm and higher, presented satisfactory performance, because
regardless of the distribution spacer configurations the reinforcement does not undergo significant permanent
deformation.

When the traffic of workers and equipment are directly on the reinforcement, the existence of the total execution
tolerance is crucial. The indicated value for a rigorous cover execution of 5 mm seems insufficient for the configurations
considered for diameters smaller than or equal to 5.0 mm.

In the case of using reinforcement with diameters 4.2 or 5.0 mm, it is preferable to adopt larger diameters with larger
mesh spacing, which has an equivalent reinforcement rate. For example, 5.0 mm diameter meshes with 10 cm opening are
equivalent to 6.3 mm diameter meshes with 15 cm opening, so the last mesh cited is preferable to obtaining the concrete
cover. In another example, it is preferable to have 8.0-mm meshes with a 20 cm opening rather than 6.3-mm meshes with
a 12.5 cm opening. Although smaller open meshes were stiffer than the bigger ones, the diameter of the reinforcement is
more influential, so the bigger diameters were better to achieve the concrete cover.

These small adoptions can contribute significantly to obtaining the concrete cover, a crucial aspect to structural
performance, and it is not achieved in its totality without sudden changes during construction (such as the prohibition
of traffic directly on the reinforcement), and thus realistic (yet temporary) construction loads need to be considered.
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Abstract: This work deals with the evaluation of the design criteria and security check (Ultimate Limit State
- ULS) of the American (ACI-440.2R, 2017) and European (FIB Model Code, 2010) standards of reinforced
concrete structures strengthened with Carbon Fiber Reinforced Polymers (CFRP), by the technique of
Externally Bonded Reinforcement (EBR). It is intended to evaluate if, for a given database of 64 experimental
tests of beams and slabs, the obtained results respect the safety conditions according to the mentioned
standards, to increase the efficiency of this reinforcement technique and to lead to the establishment of
regulatory design criteria in Brazil. Results show a conservative match among experimental and theoretical
values calculated according to the two guidelines and it is concluded that a future regulation in Brazil on this
subject should be based on the FIB Model Code.

Keywords: carbon fiber reinforced polymers (CFRP), bending strengthening, ACI-440 (2017), FIB Model
Code (2010), regulation in Brazil.

Resumo: Este trabalho trata da avaliagdo dos critérios de dimensionamento e verificagdo de seguranga ao
Estado Limite Ultimo (ELU) da norma americana (ACI-440.2R, 2017) e europeia (FIB Model Code, 2010)
de estruturas de concreto armado refor¢adas a flexdo com Polimeros Refor¢ados com Fibras de Carbono
(CFRP), pela técnica de colagem externa (EBR). Considerando uma dada base de 64 dados de ensaios
experimentais de vigas ¢ lajes, avaliou-se se os resultados obtidos respeitam as condigdes de seguranga
segundo as normas referidas, com o propdsito de aumentar a eficiéncia dessa técnica de reforgo e conduzir ao
estabelecimento de critérios regulamentares de dimensionamento no Brasil. Os resultados obtidos mostram
uma proximidade conservadora entre valores experimentais e tedricos calculadas de acordo com as duas
recomendagdes e conclui-se que uma futura regulamentagdo no Brasil sobre esse tema deve-se ter como
premissa o modelo do FIB Model Code.

Palavras-chave: polimeros refor¢ados com fibras de carbono (CFRP), refor¢o a flexdo, ACI-440 (2017), FIB
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1 INTRODUCTION

In recent years, the development of new materials, the improvement of execution techniques, and the greater
knowledge about the behavior of structures, in conjunction with a greater concern about the durability of constructions,
have made repair, strengthening, and retrofit of concrete elements one of the most evolved areas in engineering.
Structures are required to sustain critical loads under challenging environmental conditions such as heavy traffic
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density, impact from debris flow and highly corrosive environments. Therefore, strengthening is frequently required in
reinforced concrete (RC) structures to meet the adequate strength requirements and extend the service life [1].

As described by Toutanji et al. [2], one of the techniques developed during the last decades to strength reinforced
concrete beams in bending is the use of fiber-reinforced polymers (FRP) through the externally bonded reinforcement
(EBR) technique. Increases in the strength of global flexion from 10 to 160% were reported in prior studies [3]-[8].
These materials feature good properties of non-corrosiveness; high longitudinal tensile strength, high stiffness, high
strength-to-weight ratio, insect and fungal resistance chemical attack resistance, low thermal transmissibility, and
simple installation; which supported their popularization in the structural reinforcement market [9]-[13].

Currently, the use of FRPs in buildings and bridge repair, strengthening and maintenance is most pronounced due
to their efficient and economical nature [14], [15]. In recent years, the construction sector has become one of the world’s
largest consumers of polymer composites [16]-[20], indicating that FRP materials are part of the modern construction
industry.

However, in Brazil there is still no specific standard for strengthening projects related to the use of composite
materials. Strengthening concrete structures with FRP are carried out following international standards and
recommendations, as well as manufacturer specifications [21]. The main design recommendations for strengthening
with FRP are the American Concrete Institute (ACI) - Committee 440 [22] and the European standard “FIB Model
Code - Task Group 9.3” [23].

To resolve this issue and propose a Brazilian guideline, it is necessary to evaluate and discuss the design parameters
and methodologies suggested in the literature and compare them with a variety of experimental results.

This study aims to provide fundamentals to assist in deciding about the design procedures to be adopted in Brazil
in structural strengthening projects with FRP composites. Therefore, discussion and evaluation of both design criteria
and safety factor assessment (Ultimate Limit State - ULS) of ACI-440 [22] and FIB Model Code [23] are presented
and some parameters and methodology highlighted as important to be considered in the future development of code
design criteria in Brazil.

2 STATE OF THE ART

This section discusses analytical design models applied to projects of concrete beams bending strengthening with
FRP.

2.1 Basic design assumptions
According to ACI 440 [22] and FIB [23], the following assumptions are applied in the strengthening of bending

design elements:

» The strain in the concrete and reinforcement are directly proportional to their respective distances to the neutral axis
of the section. Flat sections before loading remain flat after loading (Euler-Bernoulli's assumption);

* The maximum compression strain in the concrete is 0.003 (ACI) or 0.0035 (FIB);

* The tensile strength of concrete is neglected;

» The stress vs. strain diagram of the steel is elastic-linear until its yield point, followed by perfectly plastic behavior;

o Itis admitted that FRP are characterized by an elastic-linear stress-strain behavior to rupture;

* The shear strain in the adhesive layer is neglected, given that this layer is very thin with small variation in its
thickness.

2.2 Rupture modes of FRP systems
The bending capacity of a reinforced member is related to its rupture mode. The following rupture modes may occur
in a bending member strengthened with FRP:
*  Crushing of the compressed concrete (CC) before the yielding of reinforcement;
* Yielding of reinforcement (FY) followed by the failure of the FRP system (FR);
* Yielding of reinforcement (FY) followed by the concrete crushing (CC);
* Debonding of the FRP (FD);
* Delamination of the FRP system from concrete substrate (FD).
According to Juvandes [24], the first three types constitute the group of modes where the section presents a perfect
bond between adhesive, FRP and concrete interfaces until rupture (classic rupture - RC). The two remaining cases (FD)
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define the group of premature failure of the FRP (premature rupture - RP). Debonding is known to occur at low axial
strain level of FRP, thus externally bonded systems often do not yield full tensile strength of FRP [25]-[27].

As shown by Kalfat et al. [28], different types of intermediate anchorages, including U-jacket anchors, mechanically
fastened anchors, and FRP anchors, have been used to prevent early debonding failure. Metallic clamps have been used
to prevent delamination and to increase ductility [29]. These anchors delay debonding by enabling the continuation of
the load path between FRP concrete and increasing bond strength [30].

2.3 ACI-440.2R-17 model [22]

The strength design approach requires that the design flexural strength of a member exceed its required factored
moment, as indicated by Equation 1:

oM, > M, (1)

where ¢ = strength reduction factor; M, =nominal flexural strength; and M, = factored moment at a section.

As described previously, one of the consequences of the use of FRP in strengthened concrete structures is the
reduction of the ductility of the original element. In some cases, this loss is negligible, but sections that may have
significant ductility losses should be checked. For reinforced concrete elements, adequate ductility is achieved if the
strain in the steel is at least equal to 0.005 at the instant of the concrete rupture or the debonding/delamination of the
FRP system,

ACI-440 [22] recommends using the strength reduction factor ( ¢ ), which is a function of the yielding strain of the
steel (¢, ) and the unitary net tensile strain in steel (¢, ) according to Equation 2, 3 and 4:

@ = 0.90 para &, >0.005 2)

025(5; —z4)
0.005 &,

0=0.65+ to &, <& <0.005 3)

9= 0.65 10 £ <0.005 £, @)

The bending strength capacity of the section of an element strengthened with FRP can be determined through the
compatibility of strain, balance of internal forces and control of the failure mode. The nominal flexural strength capacity
of the section ( M, ) can be calculated as Equation 5:

M, = A, f, [df%jﬂ//fAffﬁ[hf%)JrAvs f,s(/)’]zc 7d,] "

where 4, = area of nonprestressed steel reinforcement; 4'; = area of the compression reinforcement of the section;
f, = stress in steel reinforcement; / = total height of the section; d = useful height of section; ¢ = position of the neutral
axis; 4, = FRP area; and [, = effective stress in FRP.

The application of the coefficient of reduction in the strength of the FRP, denoted by y, in the portion that

simulates the contribution of FRP to the resistant moment is defined in ACI 440 [22], item “10.2.10”. According to
Okeil et al. [31] it is based on reliability analyses that in turn is based on the statistically calibrated properties of the
bending strength.

The terms o, and f; in the equations below are parameters that define a rectangular stress block in concrete
equivalent to a non-linear stress distribution. Considering a; = 0.85 (Whitney stress block) it is possible to obtain
reasonably accurate results for a rectangular section. In addition, f; = 0.85, when 17MPa < f°. < 28MPa. For
f’e > 28MPa, the value of f; is provided by the general expression (ACI-318), presented in Equation 6:
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A :1.05—0.05(-’%) (6)

Where f; > 0,65. The depth of the neutral axis (c) is found by satisfying the internal balance of forces and the
compatibility of strain according to the following Equation 7:

_ Ay fs + Affe —As s
C( & /' Bb J )
The effective strain (&) that can be achieved by the FRP is defined as Equation 8:
d/ —C
£ fe =Ecy —epi ey (®)

Where ¢;,; = pre-existing strain when the FRP is installed; ¢, = effective depth of FRP; ¢, = ultimate axial strain of

the unconfined concrete corresponding to 0.85 1 ; and ¢, = effective strain in FRP reinforcement attained at failure.

Regardless of where the neutral axis of the analyzed section is, the failure controlled by the FRP debonding may
govern the procedures. Thus, to prevent crack induced debonding failure mode, the effective strain in FRP should be
limited to the strain at which debonding may occur as defined in Equation 9:

£y =041 ngfctf <0.9¢, )

where the maximum allowable strain in FRP (¢, ) is a function of the thickness of each layer of FRP (1), the number
of layers of FRP (n) and the modulus of elasticity of FRP (£, ).

As reported by Arduini and Nanni [32], it’s important to note that carbon fiber stiffness, fiber direction, and number
of plies can significantly affect the performance of strengthened beams. Toutanji et al. [33] observed that not only
ductility of strengthened beams tends to significantly reduce with the increase on the number of bonded sheets, but also
the failure mode of strengthened-specimens changes. For instance, wrapping of FRP sheets perpendicular to edges of
strengthened beam (and on top of longitudinally applied FRP sheets) can be effective in anchoring bonded CFRP sheets
and delays debonding of FRP strengthening system. However, though anchor system enhanced the capacity of the
strengthened beam significantly, it reduces the overall ductility [34].

2.4 FIB Model Code (2010) [23]
In the FIB Model Code 2010 [23], the calculation of the resistance design moment ( My, ) of the strengthened section
is also based on the design principles of reinforced concrete, according to the Equation 10:

MRd :ASlfyd (d—ﬂx)+AfEf5f(h—ﬂx)+A52Esgsz (ﬂ.x—dz) (10)

The neutral axis is determined from the compatibility of the strains and internal equilibrium of forces as
Equation 11:

N feabx + AgEsecy = A fya + ArE g6 ¢ (11)
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where the terms 1 e 7 in Equations 10 and 11 are parameters that define a rectangular stress block in the concrete

equivalent to a non-linear stress distribution, according to Equations 12 and 13 below. These equations provide
reasonably accurate results for a rectangular section.

0.8 to f.4 <50MPa
A - 12
0.8—% t0 50< f.; <100 MPa (12)
1.0 t0 f.4 <50 MPa
- _ 1
7 1.0—-’%’;750 1050 < f.; <100 MPa (13)

As sudden failures with little or no warning are undesirable, the ductility index of the strengthened element must
exceed a certain value. With respect to this issue, the FIB Model Code [23] gives the following limitation on the depth
of the compression zone at ultimate: ¢<0,45 (for concrete type C50/60 or lower) or £<0,35 for concrete above C5567,

where:

&= (14)

£
d

The maximum allowable strain in the FRP to prevent debounding failure due to concrete crack may not exceed the
limit indicated by the FIB Model Code [23] and supplemented by the FIB-14 [35] through the Equations 15 and 16:

gfd < 0.9£fu (15)
_Ir
T vy (16)

Where y, (FRP material partial safety factor) is given in Table 3.1 of FIB-14 [35], with y,=1.35 for any strengthening

system with low-quality control of the application on the construction site.
The maximum tensile stress in the FRP limited by the connection to concrete in a single anchorage zone
(not cracked) is given by Equations 17 and 18 of FIB Model Code, 2010 [23]:

2F ¢
Ftom :KmeﬂLz}t—;-fem“ (17)
o = 27bf/b o1
N e (1)

where ¢, = thickness of the FRP layer FRP; g, = is the anchorage length factor of the FRP; K : structure shape factor;
by : FRP section width; b: width of the concrete section; and £ : the modulus of elasticity of the FRP.

3 DESCRIPTION OF DATA EXTRACTED FROM THE LITERATURE

For further investigation of the design parameters, a set of 64 experimental data were selected according to the
following criteria:
* Type of structural element: slab and beam;
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* Reinforcement technique: EBR;

* Type of reinforcement: carbon fiber reinforced polymers (CFRP) (sheet and laminates).

The data, which are shown in Tables 1 and 2, were collected from the following experimental studies:

» Slabs: Juvandes [24], Dias [37].

* Beams: Gamino et al. [21], Dias [37], Beber [38], Brosens [39], Matthys [40], Pinto [41], Travassos [42].

Note that CFRP was employed because this type of reinforcement is widely used and studied, resulting in a greater
sampling of available experimental elements. Tables 1 and 2 include the failure modes observed for the 64 collected
data and the level of strain of the CFRP at the moment of rupture (¢, ). For 12 experimental beam data, these strain

values are unknown. It can be observed that in both slabs and beams, approximately 40% of the samples presented

classic ruptures.

Table 1. Summary of the 12 experimental slab data used in this study*.

Reinforced concrete element

CFRP System

Author Exp. Type .

Data b h As Ps flem  En  &na bn trt An pr e Type

- Nbf1 Nift
(em) (em) (em?) (%) (MPa) (GPa) (%o) (mm) (mm) (cm?) (%) (%o) Rupt.
LA3R S. 440 7.6 085 031% 633 230 15 140 0.1 1 2 0.311 0.09% 11.1 RC
LBIR S. 440 81 0.85 028% 633 230 15 140 0.11 1 2 0.311 0.09% 12.0 RC
_ LA4S L. 440 80 0.85 0.29% 633 160 20 32 120 1 1 0384 0.11% 9.7 RP
E LB2S L. 440 85 0.85 027% 633 160 20 32 120 1 1 0384 0.10% 9.2 RP
.é LD3BL L. 440 85 0.85 027% 49.7 150 14 32 140 1 1 0448 0.12% 9.6 RP
LD4BL L. 440 8.1 0.85 0.28% 49.7 150 14 32 140 1 1 0448 0.13% 104 RP
LE3I L. 440 82 0.85 0.28% 49.7 160 15 32 140 1 1 0448 0.12% 8.6 RP
LEA4I L. 440 7.8 0.85 030% 49.7 160 15 32 140 1 1 0448 0.13% 10.2 RP
¥ LC3R S. 440 81 0.85 028% 633 230 15 140 0.1 1 2 0.311 0.09% 109 RC
% LC4R S. 440 7.7 0.85 030% 63.3 230 15 140 0.1 1 2 0.311 0.09% 103 RC
g LC1S L. 440 81 0.85 028% 633 160 20 32 120 1 1 0.384 0.11% 103 RP
= LC2S L. 440 84 0.85 027% 633 160 20 32 120 1 1 0.384 0.10% 11.8 RP

* RC = classical failure; RP = premature failure; &g, = ultimate FRP strain during tests; py = FRP reinforcement ratio; ps = reinforcement ratio; f*il.;, = mean

compressive strength of concrete cylinders; L = Laminate; S = Sheet

Table 2. Summary of the 52 experimental beams data used in this study.

Reinforced concrete element

CFRP System

Exp. .
Author " Type b b A p fw  En e

b

tr

(cm) (cm) (ecm?) (%) (MPa) (GPa) (%) (mm) (mm)

Nbf1  Mif1

An

pt

Efu

Type

(em?) (%) (%o) Rupt.

~ V2 S 120 18.0 1.01 0.52% 41.0 240 15 70 0.11 1 2 0.155 0.07% 8.1 RP
o V3 S 12.0 18.0 1.01 0.52% 410 240 15 70 0.11 1 2 0.155 0.07% 8.1 RC
g V4 L 120 180 1.01 0.52% 41.0 200 11 20 140 1 1 0.280 0.13% 69 RP
A N L 120 180 1.01 0.52% 41.0 200 11 20 140 1 1 0.280 0.13% 7.2 RP
o VI L 150 450 6.03 098% 348 165 17 50 120 2 1 1.200 0.18% 52 RP
E ¥ V3 L 150 450 6.03 098% 383 165 17 50 120 3 1 1.800 0.27% 54 RP
= V5 L 150 450 6.03 097% 347 165 17 50 120 3 1 1.800 0.44% 4.6 RC
% VR3 L 120 250 1.57 0.57% 336 230 15 100 0.11 1 I 0.111 0.04% 5.6 RC
% VR4 L 12.0 25.0 1.57 0.57% 33.6 230 15 100 0.11 1 1 0.111 0.04% 7.1 RC
% VRS L 12.0 25.0 157 0.57% 336 230 15 100 0.1 1 4 0444 0.15% 7.1 RP
M VR6 L 120 25.0 1.57 0.57% 33.6 230 15 100 0.11 1 4 0.444 0.15% 7.5 RP
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Table 2. Continued...

Reinforced concrete element CFRP System

Author gz?a Type » h As Ps flma  En  &na bn tn An pr & Type
Nbf1 Iif1

(cm) (cm) (cm?) (%) (MPa) (GPa) (%o) (mm) (mm) (em?) (%) (%o) Rupt.
VR7 L 12.0 25.0 157 0.57% 336 230 15 100 0.1 1 7 0.777 0.26% 5.2 RP
VR L 12.0 25.0 157 0.57% 336 230 15 100 0.1 1 7 0.777 0.26% 5.6 RP
VRO L 12.0 250 157 057% 33.6 230 15 100 0.11 1 10 1.110 0.37% 4.8 RP
VRIO L 120 25.0 1.57 0.57% 33.6 230 15 100 0.11 1 10 1.110 0.37% 4.7 RP
Al2 L 20.0 40.0 4.02 0.59% 385 242 16 200 0.11 1 3 0.666 0.08% 8.0 RP
— Al4 L 20.0 40.0 4.02 0.59% 385 242 16 200 0.1 1 1 0.222 0.03% 6.2 RC
g A32 L 20.0 40.0 4.02 0.59% 385 242 16 200 0.1 1 3 0.666 0.08% 7.2 RP
é A33 L 20.0 40.0 402 0.59% 385 242 16 200 0.11 1 1 0.222 0.03% 3.2 RC
§ All L 20.0 40.0 4.02 0.59% 344 242 16 200 O0.11 1 1 0.222 0.03% 6.7 RC
s A21 L 20.0 40.0 942 1.39% 344 242 16 200 0.11 1 1 0.222 0.03% 9.2 RC
a A3l L 20.0 40.0 4.02 0.59% 344 242 16 200 0.11 1 3 0.666 0.08% 10.6 RP
A34 L 20.0 40.0 4.02 0.59% 344 242 16 200 0.11 1 1 0.222 0.03% 84 RC
BF2 L 200 450 8.04 096% 365 159 19 100 120 1 1 1.200 0.13% 6.7 RP
= BF3 L 200 450 8.04 096% 349 159 19 100 120 1 1 1.200 0.13% 7.2 RP
L BF4 L 20.0 450 8.04 096% 308 159 19 100 120 1 1 1.200 0.13% 6.8 RP
E» BF5 L 20.0 450 8.04 096% 374 159 19 100 120 1 1 1.200 0.13% 5.7 RP
5 BF6 L 20.0 450 8.04 096% 359 159 19 100 120 1 1 1.200 0.13% 7.1 RP
= BF8 L 20.0 450 4.02 048% 394 159 19 100 120 1 1 1.200 0.13% 5.8 RC
BF9 S 200 450 4.02 0.48% 337 233 13 100 0.11 1 2 0.222 0.02% 10.0 RP
Al S 125 225 1.01 041% 410 235 15 75 0.17 1 2 0.251 0.09% - RP
B1 S 125 225 1.51 0.62% 460 235 15 75 0.7 1 2 0.251 0.09% - RP
5 Cl S 125 225 1.51 0.62% 430 235 15 75 0.7 1 2 0.251 0.09% - RP
Z C2 S 125 225 1.51 0.62% 430 235 15 75 0.17 1 2 0.251 0.09% - RP
% D1 S 125 225 1.51 0.62% 380 235 15 75 0.17 1 2 0.251 0.09% - RP
&4 El S 125 225 1.51 0.62% 33.0 235 15 75 0.17 1 2 0.251 0.09% - RP
F1 S 125 225 129 0.52% 43.0 235 15 75 0.17 1 2 0.251 0.09% - RP
Gl S 125 225 2.07 0.85% 43.0 235 15 75 0.17 1 2 0.251 0.09% - RP
VROl L 7.5 150 0.62 0.62% 450 230 15 75 0.13 1 1 0.098 0.09% 13.3 RC
VRO2 L 7.5 150 0.62 0.62% 450 230 15 75 0.13 1 1 0.098 0.09% - RC
VRO3 L 7.5 150 0.62 0.62% 450 230 15 75 013 1 1 0.098 0.09% 11.8 RC
VRO4 L 7.5 150 0.62 0.62% 450 230 15 75 013 1 1 0.098 0.09% 12.6 RC
E VROS L 7.5 150 0.62 0.62% 450 230 15 75 013 1 1 0.098 0.09% 114 RC
— VRO6 L 75 150 0.62 0.62% 450 230 15 75 013 1 1 0.098 0.09% - RP
g VRO7 L 75 150 0.62 0.62% 450 230 15 75 0.13 1 1 0.098 0.09% - RP
g VRS L 7.5 150 0.62 0.62% 450 230 15 75 0.3 1 1 0.098 0.09% - RP
‘e VR0 S 7.5 150 0.62 0.62% 450 235 15 75 011 1 1 0.083 0.07% 53 RC
S  VRIO S 7.5 150 0.62 0.62% 450 235 15 75 0.1 1 1 0.083 0.07% 6.4 RC
VRI1 S 7.5 150 0.62 0.62% 450 235 15 75 011 1 2 0.165 0.15% 6.6 RC
VRI2 S 7.5 150 0.62 0.62% 450 235 15 75 0.1 1 1 0.083 0.07% 4.3 RC
VR13 S 7.5 150 0.62 0.62% 450 235 15 75 011 1 1 0.083 0.07% 44 RC
VR14 S 7.5 150 0.62 0.62% 450 235 15 75 0.1 1 1 0.083 0.07% 3.9 RC

3.1 Design model in ULS

The calculation methodology indicated in the ACI440.2R-17 [22] and FIB Model Code [23] standards was used to
evaluate the bending safety factor of experimental data of reinforced concrete strengthened with CFRP.

Table 3 presents the criteria defined for such analysis, with 2 cases without partial safety factors (for comparison
with the experimental data collected) and 2 cases with partial safety factors (verification of global safety).
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Table 3. Criteria defined for analysis.

Parameters established for the analysis criteria
Partial safety factor

C.1 C.2 C.5 C.6
Design equations. (ACI) (FIB) (ACI) (FIB)
Material properties (ACI) (FIB) (ACI) (FIB)
Ultimate compressive strain of concrete; (&cu) 3%o 3.5%0 3%o 3.5%o
Limit of tensile strain in steel (&s.lim) - - - -
Strength reduction factor (¢p) 1 1 (Ags) Verification
FRP Strength reduction factor (yr) 1 1 0.85 -
Partial safety factor for steel (ys) 1 1 1.10 1.15
Environmental reduction factor (Cg) 1 1 0.85 0.74

As indicated in Figure 1, by imposing one of the failure modes and limiting the strain in the conditioning material,
it is possible to determine the position of the neutral axis and obtain the effective strain in the FRP. Furthermore, the
stresses and strains in the internal reinforcement in the FRP and in the concrete can be determined. However, in these
calculations, it is necessary to consider the hypothesis of occurrence of premature failure characteristic in structures
strengthened through EBR technique. Owing to the difficulty in detecting them, ACI440 [22] and FIB [23] limit the
strain of FRP (¢, ) to increase the reliability of the reinforcement.

Debonding strain of
externally bonded FRP
reinforcement - (gra)

Design rupture strain of
FRP reinforcement - (&f)

| ! ]
¥
Neutral axis position is arbitrated - (c) <

Calc. of effective strain in FRP (sz),
considering &.= €. = 3%o

(en) < {(eq); (re)} Rupture of FRP - (FR) -
if (sre) < {(=a) ; (Eru)}  fommmii Concrete crushing - (CC) -
(era) <{(2u) ; (Era)} i Debonding - (FD) -

T

Calculation of strains - (&1, &, g5y, €'sy)

¥

Calculation of stresses - (fr, fs, f's)

¥

Calculation of the neutral axis position - (c)

v
(c) =(c)

Calculation of My

r 3

Figure 1. Flowchart of the calculation methodology adopted for the FIB and ACI models.
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4 RESULTS AND DISCUSSIONS

4.1 Analysis of collected experimental data

Note in Tables 1 and 2 that both for the slabs and for the beams, approximately 60% of the experimental data present
premature rupture. The experimental data show that the slabs present larger strain values (¢4 ) when compared to

beams strengthened by the same externally bonded technique (EBR).
In the slabs case, given that the shear is not very pronounced in these models, the strain in CFRP shows high values
(emea = 11%0), especially when rupture is controlled by classical failure. However, even in situations of premature

failure, accurate results can be observed from these experimental data ( ¢,,,; = 9%o).

These results are evidenced in studies of several authors, namely ACI-440 [22], Juvandes [24], FIB-14 [35], Brosens [39],
Matthys [40], and Azevedo [43], concluding that in beam models the develops lower strain values than in the slab models.

Important to note that the collection of data presented in this paper reveals an interesting variation in reported test
results. As presented by Naser et al. [15], this can be attributed to significant variation in tested specimens, material
types, loading configurations, experimental procedures, and test arrangements, etc., which make interpretation of test
results complex. This demanded a standardization on testing procedures, and some tests are published, [44] and [45].

4.2 Ultimate flexural strength analysis (ACI x FIB)

To perform the statistical analysis of the ratio between the ultimate theoretical and experimental moments, the
Proportion ( Myeorerica/ Mexp. ) Of the 64 experimental data was assessed in this study for the corresponding criteria (C.1

and C.2). Such values are plotted in Figure 2, 3 and 4. The mean, standard deviation (SD), and coefficient of variation
(CV) were calculated; they are presented in Table 4.
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16
'Y ¥

+20%

-20%
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0
0 4 8 12 16
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Figure 2. ACI440 x FIB - Analysis of the ultimate strain ( &peorerical / €exp ) for slabs (a).
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0
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Figure 3. ACI440 x FIB - Analysis of the ultimate strain ( &eorerical / exp ) fOr beam (b).

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, €15204, 2022 9/15



1. D. G. Orlando, T. N. Bittencourt, and L. C. Meneghetti

M;/M,,, - Sheet

0.6 0.7 08 0.9 1 1.1 1.2

Slab

VI )

A

Brossens [39]

!

DA

2

~

7
7

777

N

77777

A

=y

Y,
2

777
\ \GZZZ

Standard: OACI @ FIB

§

1.3 14

Slab

Beam

A

M,/ M., - Laminate
06 0.7 08 09 1 1.1 1.2 1.3 1.4

==

2

" [

7/

§{l.

—

—

£

(=

a
=

5

2

[-M

—
—
=
i
=
=
—
=
g
i

k.

Standard: @D ACI EFIB

Slab

Beam

M;/M,,, - Laminate

Gamino [21]
A

06 0.7 08 09 1 1.1 1.2 1.3 14

Y=

2

:

|

\

g

Z

8 <

&

g -

: |

£

-1

> |
—h

b
Standard: @ACI BEFIB

Figure 4. ACI440 x FIB - Analysis of the ultimate moment of the 64 experimental data ( M yeorerical / Mexp )-

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15204, 2022



1. D. G. Orlando, T. N. Bittencourt, and L. C. Meneghetti

Table 4. Mean, standard deviation (SD), and coefficient of variation (CV) of the ratios (Myeorerical / Mexp) and (Gpeoreticat / €oxp) -
FIB x ACL

(Mipeoret./ Meyp-) 0f 64 experimental data

ACI  FIB
(C.1) (C.2)
ACI FIB Slab Mean 0.75 0.82
a
(C1) (C2) (Laminstes) SD 005 0.5
Tota] _Mean 088 092 CV(%) 628 571
ACI  FIB S(l)a?) SD 021  0.17 Mean 115 114
(C.1) (C2) CV(%) 2331 18.19 Slab (Sheet) SD 0.08  0.08
Mean 092 0.95 CV(%) 723 723
Total SD 0.15 0.15 Total Mean 0.93 0.96 B Mean 0.97 0.98
CV(%) 1673  16.04 ota SD 0.15  0.15 cam SD 0.5  0.13
Beam (Laminates)
CV(%) 1602 1571 CV(%) 1511 13.73

Mean 0.85 0.86
Beam (Sheet) SD 0.13 0.16
CV(%) 14.88 18.20

(Etheoret./ exp-) Of 52 experimental data*

ACI FIB

(C.1) (C2

ACI FIB Slab Mean 0.69 0.81

(C.1) (C2) (Lami?lates) SD 0.08 0.08

Total Mean 0.89 0.97 CV(%) 11.39 10.17

ACI FIB Slab SD 0.31 0.24 Mean 1.30 1.27

(C1) (C2 CV(%) 34.65 24.89 Slab (Sheet) SD 0.08 0.08

Mean 1.32 1.38 CV(%) 6.27 6.27

Total SD 0.79 0.84 Total Mean 1.44 1.50 Beam Mean 1.29 1.28

CV(%) 60.19 61.08 SD 0.85 0.92 . SD 0.83 0.78
Beam (Laminates)

CV(%) 58.82 61.09 CV(%) 6421 60.62

Mean 1.99 2.27
Beam (Sheet) SD 0.73 1.00
CV(%) 36.53  43.99

* 12 of 64 experimental strain data collected (&.xp) are unknown.

According to Figure 4 and Table 4, concerning the cases of slabs, it is observed that the FIB model code [23] yields more
consistent results (ratio near to 1.0) than the ACI440 model [22]. In the case of slabs strengthened with laminate, the prediction
of the moment capacity of the slab is quite conservative according to these two philosophies, and the ACI440 [22] proved to
be more conservative than FIB [23]. Note that while the ACI [22] criterion is generally more conservative than FIB [23], both
seem to better reflect the behavior of beams than the behavior of slabs (expressed by a ratio Mo rericar / Mexp <1,00, and by

values closer to the experimental results and with less dispersion). This can be explained by the fact that in slabs the shear is not
pronounced, making the FRP more effective in these cases. Since two guidelines do not differentiate between beams and slabs;
the estimated failure moment values are over conservative for the slabs case. Itis also noted a difference in the behavior between
sheets and laminates, demonstrating the need to separate their specification in a future code.

Concerning beams strengthened with laminates, the ultimate behavior of design models is foreseen with high accuracy
( Mypeoretical/ Mexp = 1.0) and low dispersion (CV = 15%) according to the ACI and FIB criteria. In contrast, the models
reinforced with sheets lead to more conservative ultimate moments average.

As observed in Table 4, the increase on the concrete ultimate strain from 3.0 %o (ACI [22]) to 3.5 %o
(FIB [23]), set out in criterion C.2, resulted in a small increase in the mean ratio ( Myeprer./ My, ) Of the 64

elements, due considering the remaining resistance in the compression of the reinforced element. This
demonstrates the importance of assessing the strength reserve in the compression of a structure to be
strengthened, being, in most cases, the mandatory factor of design to strength a structure. To be noted that
ABNT NBR6118 [36] specifies the same concrete ultimate strain value as FIB [23].
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In general, when compared to the ACI440.2R-17 model, the FIB model code [23] presents a smaller dispersion of
values and analytical results closer to the experimental values, expressed by the ratio Mo rerica / Moy, near 1 presented

on Table 4. Some of these evidences agrees with the studies by Pham and Al-Mahaidi [46] and Toutanji et al. [47].

4.3 Analysis of maximum strain of FRP (ACI x FIB)

From Figure 2, Figure 3, and Table 4, comparing beams and slabs, it can be concluded that in both codes
the slabs presented ultimate strain with a closer and conservative approximation of the theorical results when
compared to experimental results, and with a reasonable dispersion of values, reflected by an average value of
0.89 (ACI)/0.97 (FIB) and a CV of 34.65% (ACI) / 24.89% (FIB). The beams analyses led to theoretical values
higher than those obtained in the experimental tests. This difference in behavior between beams and slabs can
be explained because of the occurrence of premature failures earlier than expected in the beam models.

When compared to the FRP sheet models, the FRP laminates showed a better approximation on the ultimate
theorical strain compared with experimental results (for beams and slabs).

Comparing the ACI and FIB models, it can be concluded that for slabs the FIB model fits better to the maximum
strain of the FRP, with an average of the ratio ( &yeorericar/ €exp ) Closer to 1 and a smaller dispersion of results than the

ACI model. However, in general, as observed in Figure 2 and 3, different from the relation between the ultimate
moments ( Myeorerical/ Mexp )> the strain shows remarkable dispersion of values (CV>50%), proving not to be a good

parameter for analysis and convergence of values.

4.4 Analysis of the global safety factor (ACI x FIB)

To carry out the analysis of the global safety factor, it was calculated the ratio C.1/C.5 for ACI and C.2/C.6 for FIB,
where C.1 and C.2 are the ultimate moment of the strengthened member without consideration of partial safety factor and
C.5 and C.6 are the same moment including partial safety factors, as shown in Table 5.

Table 5. Global safety factor obtained - FIB x ACIL.

Global safety factor (C.1/C.5) - ACI

Mean 1.35
Mean 1.31 FR SD 0.06
Slab SD 0.07 CV(%) 4.19
Mean 1.28 CV(%) 5.66 Mean 1.27
Total SD 0.05 FD SD 0.04
CV(%) 3.97 Mean 1.27 CV(%) 3.20
Beam SD 0.04 Mean 1.25
CV(%) 3.12 CC SD 0.02
CV(%) 1.24
Global safety factor (C.2/C.6) - FIB
Mean 1.35
Mean 1.26 FR SD 0.03
Slab SD 0.09 CV(%) 2.40
Mean 1.32 CV(%) 7.25 Mean 1.24
Total SD 0.08 FD SD 0.06
CV(%) 5.88 Mean 1.33 CV(%) 5.01
Beam SD 0.07 Mean 1.37
CV(%) 5.40 CC SD 0.03
CV(%) 2.47
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Table 5 shows an average value of 1.28 for the global safety factor obtained for the ACI (C.1/C.5). However, when
comparing the global safety factors of ACI440, and separating them by the type of failure, note that the largest global
safety factor occurs when the analytical mode failure is due to the rupture of the FRP (FR). This can be explained by
the environmental reduction factor (CE) being directly associated with this mode of failure. Concrete crushing presented
the lowest global safety factor, but still with values within the parameters found in the literature.

From Table 5, the global safety factor obtained (C.2/C.6) for the FIB Model Code [22] is a mean value of 1.32.
However, the highest global safety factor occurs when the failure mode of the structure is due to the rupture of the FRP
and concrete crushing. This can be explained due to the partial safety factor of the FRP material ( y, ), which limits the

maximum strain of the FRP, being directly associated with this mode of failure (FR). For concrete crushing, the partial
safety factor of concrete y, is directly associated with the global safety factor values, and according to FIB-14 [35],

this value is setas y. = 1.5.

5 CONCLUSIONS

* The design procedures presented in the ACI440 and FIB Model Code design guides have differences in the approach
of'the FRP subject, however, without large discrepancies of results, considering the FRP to be a recent reinforcement
system. The importance of this topic demonstrates the need to create codes on these matters in Brazil.

¢ The FRP strain analysis ( &yeorerical / €exp ) Presented large coefficient of variation, proving not to be a good parameter

to be assessed for convergence of values. Therefore, future regulation in Brazil should be mainly based on flexural
strength principles.

» For structures strengthened with FRP by the EBR technique, when compared to ACI440 design guide, the design
methodology specified by FIB Model Code leads to analytical results closer to the experimental values, with smaller
results dispersion, expressed as the 1atio Myepne;. / My, close to 1.0.

* Both design models (ACI440 and FIB) seem to better reflect the behavior of beams than slabs. The account for the
different element types (slabs/beams and laminates/sheets) is not considered in the FIB neither ACI models nor
should be developed in future studies in Brazil.

» Itis noted that in 9 of 64 experimental data that the rupture of the member started after excessive steel yielding, and
in one of these cases the failure was due only to excessive plastic deformation of steel, pointing to a need to limit
the excessive steel yielding, especially in cases where the amount of reinforcement is an important factor for the
service life of the structure. ABNT NBR6118 limits the strain of the reinforcement to ( &g, j,, = 10%o), and this may

be an important factor to be adopted in a future Brazilian codes on FRP;

* In general, the Brazilian code for Concrete Structures is like the European standard (Eurocode) one. Therefore, the
FIB Model Code 2010 model presents a calculation methodology and partial safety factors that can be more easily
related to the future Brazilian code on Reinforced Concrete Structures Strengthened With CFRP.
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Abstract: The partial replacement of clinker by complementary cementitious materials can significantly
contribute to the reduction of carbon emissions in the production of concrete. Another alternative to reduce
these emissions is to increase the efficiency of the concrete, achieving higher compressive strength with lower
consumption of cement. Particle packing models are efficient tools to optimize the composition of the matrix
and contribute to the production of more eco-efficient concretes. In this context, the objective of the present
study is evaluating the production of concretes with partial replacement of cement by stone powder, optimized
by Alfred’s particle packing model, seeking to reduce cement consumption and CO, emissions per MPa of
compressive strength. The replacement content of cement by stone powder was 20% by mass (equivalent to
22.4% by volume). Concretes were produced with different distribution factor (q) - 0.37; 0.21; 0.45 - to verify
the influence of fines on the flow between particles and on the efficiency of the produced concrete. The
analyses were carried out in terms of properties in the fresh state, hardened state, and sustainability parameters
(cement consumptions and CO, emissions). The application of the proposed method resulted in a higher
compressive strength than the expected for the water/cement ratio used (0.5). The most efficient concrete
reached the compressive strength of 68 MPa with 240 kg/m® of cement, which represents 3.5 kg of
cement/m’*/MPa and 3.1 kg of CO,/m’/MPa, a value below the references found in the literature for
conventional concretes. Therefore, the proposed method allows to produce more eco-efficient concrete,
contributing to the use of waste and reducing CO, emissions.

Keywords: particle packing, Alfred model, stone powder, eco-efficient concrete.

Resumo: A substitui¢ao parcial do clinquer por adi¢des pode contribuir de maneira significativa na mitigagéo
da pegada do carbono dentro da cadeia produtiva do concreto. Outra alternativa para reduzir essas emissoes ¢
o aumento da eficiéncia do concreto, atingindo maiores resisténcias com menores consumos de cimento.
Modelos de empacotamento de particulas sdo ferramentas eficientes para otimizar a composi¢do da matriz e
contribuir para a producdo de concretos mais ecoeficientes. Nesse contexto, o objetivo do presente estudo ¢
avaliar a produgdo de concretos com substituigdo parcial do cimento por p6 de pedra, otimizados pelo modelo
de empacotamento de particulas de Alfred, buscando reduzir o consumo de cimento e as emissdes de CO, por
MPa de resisténcia a compressao. O teor de substituigdo do cimento Portland por pé de pedra foi de 20% em
massa (equivalente a 22.4% em volume). Foram produzidos tragos com diferentes médulos de distribui¢do
(q)-0,37;0,21; 0,45 —a fim de verificar a influéncia dos finos no escoamento entre as particulas e na eficiéncia
dos concretos produzidos. A analise foi realizada em termos de propriedades no estado fresco, estado
endurecido e pardmetros de sustentabilidade (consumo de cimento e emissdes de CO,). A aplicagdo do método
proposto permitiu obter resisténcias superiores as esperadas para a relagdo dgua/cimento utilizada (0,5). O
trago mais eficiente atingiu a resisténcia 2 compressdo de 68 MPa com 240 kg/m® de consumo de cimento, o
que representa 3,5 kg de cimento/m*/MPa e 3,1 kg de CO»/m*/MPa, valores abaixo das referéncias encontradas
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na literatura para concretos convencionais. Portanto, o método proposto permite produzir concretos mais
ecoeficientes, contribuindo para a utilizagdo de um residuo e reduzindo as emissoes de CO,.

Palavras-chave: empacotamento de particulas, modelo de Alfred, p6 de pedra, concreto ecoeficiente.
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1 INTRODUCTION

Civil construction has a high participation in the world economic and social, being the concrete its main input.
However, this activity represents a major environmental impact, mainly in Portland cement (PC) production, which
that may reach up to 5% to 7% of the global CO, release [1]-[4]. These values are expected to increase to 30% by 2050,
if no action is taken [5]. The strategy used by PC producers to reduce the environmental impact involves promoting the
production of cement types with lower clinker content. This strategy is based on the hypothesis that some additions,
which are waste from other production chains, reach the cement industry with zero environmental impact [4], [6]-[12].
A material that has shown great potential for the replacement of PC is the waste generated during the aggregate
production process in quarries: the stone powder (SP), due to its continuous granulometry, which contributes to the
packing particles [13], [14]. This material typically remains stored in quarries as a waste material, obstructing the
drainage of channels and generating dust during crushing operations. Apart from bringing greater profitability to
companies, taking advantage of this SP would also benefit the environment.

In the same context, a subject studied by materials microstructure engineering that has the purpose of optimizing
the concrete mixes reducing cement consumption without compromising mechanical performance, while still being
ecological and economical is in the packing particles [15]. Concrete mixtures with better-accommodated particles tend
to reduce the space required for filling with cement paste, demonstrating less PC consumption per m* of concrete and
theoretically indicating higher compressive strength [16]. Highly efficient packing reduces the intergranular voids in
the paste through the combination of fines materials with different particle sizes and optimizes the granular skeleton of
the aggregates to reduce paste consumption [17]. Additionally, particle packing optimization provides a guided
replacement of fine materials to primarily control matrix fracture properties.

Particle packing models are divided into two main types: discrete and continuous. Discrete models consider
multimodal distributions containing ‘‘n” discrete size classes of particles rearrange by- themselves to reach the
maximum packing density [3]. Some models, such as the compressible packing model (CPM), present good precision
in their results [14]. This model defines the packing density of granular assemblies from the granulometric distribution
and allows the consideration of the type of compaction applied. It also allows the consideration of aspects such as grain
morphology, the presence of water and admixtures in an indirect manner since the packing density of each class of the
grains component of mixtures must be determined experimentally. Recent studies have demonstrated the efficiency of
this model in the production of high-strength and eco-efficient concretes [13], [17]. Conversely, continuous models
consider continuously sized particles. Moreover, it assumes a similarity condition for particle packing; i.e. the array of
particles (granulation image) surrounding every particle in the distribution should be similar, regardless the size of the
particle [3].

The search for the ideal granulometric curve for the continuous models aroused the interest of several researchers
in the early twentieth century. The first model, proposed by Fuller and Thompson [18], is a power curve that accounts
for two variables: the distribution factor (q) and the largest particle size (D). The curve is described by Equation 1, with
a distribution coefficient (q) equal to 0.5 to obtain a curve with minimum voids.

- (M

100 \D

cPrr _(d !
D

where CPFT = the cumulative (volume) percent finer than d, d = the particle diameter, D = the larger particle diameter,
and q = the distribution coefficient.

Some researchers tried to improve this curve, like Andreasen and Andersen [19]. They proposed the use of an
exponent q in the range of 0.33-0.50. This adjustment factor q had to be determined experimentally and, therefore, can
vary according to the characteristics of the particles. However, Ortega et al. [20] concluded that besides the above two
parameters, the smallest particle size would also influence the packing density of granular systems. Therefore, in 1980,

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, €15205, 2022 2/14



H. F. Campos, A. L. Bellon, E. R. Lara e Silva, and M. Villatore Junior

Funk and Dinger [21] improved Equation 1 by accounting for the smallest particle diameter (DS). The latter was defined
as Alfred model and is presented by Equation 2. They proposed an adjustment factor q = 0.37, determined by computer
simulations, which provides the maximum packing density.

q
CcPFT | DP? -Ds? ?)
100 D14 —ps?

where CPFT = the cumulative (volume) percent finer than DP, DP = the particle diameter, DL is the larger particle
diameter, Ds = the smaller particle diameter, and q = the distribution coefficient.

Among the particle packing models, Alfred's is considered the one that best adapts to the real conditions of particle
size distribution and is widely used in the manufacture of ceramics and porcelain tiles [22].

With the possibilities listed, research aimed at reducing CO, emissions and the use of SP, optimized by particle
packing models can add significant progress towards obtaining more eco-efficient concretes. In this context, the
objective of the present study is evaluating the production of concretes with partial replacement of PC by SP, optimized
by Alfred’s particle packing model, seeking to reduce cement consumption and CO, emissions per MPa of compressive
strength .

2 MATERIALS AND EXPERIMENTAL PROGRAM

2.1 Materials

The PC used was the Brazilian cement type CP V-ARI, whose characteristics are described by the standard ABNT
NBR 16697:2018 [23]. This type of cement is composed of up to 10% limestone filler in addition to the clinker. Its
specific gravity is equal to 3,090 kg/m?. The SP used is a waste material from the limestone sand production process.
It was obtained from the quarry and then dried in a laboratory oven at 60°C. Its specific gravity is equal to 2,670 kg/m?.
The SP was classified as inert according to the Brazilian standards that determine the pozzolanic activity with lime [24]
and the performance index with PC [25]. Table 1 presents the chemical compositions of both materials, as obtained by
the X-ray fluorescence (XRF) (Panalytical, model Axios Max with Rhodium tube 4 kV).

Table 1. X-ray fluorescence of the fine materials.

Chemical composition

Parameter analyzed PC SP
ALLO3 4.1% 3.0%
SiO2 18.7% 6.1%
Fe20s 2.8% 1.3%
CaO 60.6% 48.6%
MgO 4.1% 1.2%
SO3 3.0% 0.2%
CaO free 0.6% -
Insoluble residue 0.7% -
Alkaline equivalent 0.7% -
K20 - 0.6%
SrO - 0.2%
Na,O - 0.1%
TiO2 - 0.1%
P20s - 0.1%
Cl -
MnO - <0.1%

In Table 1, it is evident that PC and the SP exhibit high calcium oxide content in their chemical compositions. Figure 1
presents the particle size distribution of the PC and the SP. The test was performed by laser diffraction (equipment Malvern 2000)
after 1 minute of ultrasound. Artificial limestone sand (S) and two limestone coarse aggregates were used: gravel with a
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maximum particle size equal to 9.5 mm (G9.5) and gravel with a maximum particle size equal to 19 mm (G19). The particle size
distribution of the three aggregates, tested according to the standard ABNT NBR NM 248: 2003 [26] are also presented in
Figure 1. The matrix rock of all aggregates is limestone. The characterization of the aggregates is shown in Table 2 according
to: ABNT NBR NM 248: 2003 [26]; ABNT NBR NM 46: 2033 [27]; ABNT NBR NM 45: 2006 [28]; ABNT NBR NM 52:
2009 [29] ; ABNT NBR NM 53: 2009 [30]; ABNT NBR 7211: 2009 [31].

100 ’ —

i PC f
90 +

80 1T f

: s ¢
70 I /
- —4—G9.5 ¢
E 60 | 3
> | ——G19 !
g :
% 50 F f
40 ¥ !

30 |

10 100 1000 10000 100000
Diameter (um)

Figure 1. Particle size distribution of the materials.

Table 2. Physical characteristics of the aggregates.
PROPERTY S G9.5 G19

G9.5 and G19: ABNT NBR NM 53 (ABNT 2009b) S:

; ; 3
Specific gravity (g/cm’) ABNT NBR NM 52 (ABNT 2009¢) 2.4 2.7 2.6
Bulk density (g/cm?) ) 1.8 1.5 1.5
Void index (%) ABNT NBR NM 45: 2006 26.7 42.2 42.6
Material finer than 75 um (%) ABNT NBR NM 46: 2003 11.9 0.2 0.1

S: Artificial limestone sand. G9.5: Gravel with a maximum particle size equal to 9.5 mm. G19: Gravel with a maximum particle size equal to 19 mm

As evident in Figure 1, the particle size distribution of the PC and the SP are continuous and like each other. The
diameter D50 is equal to 12.0 mm for the PC and 10.6 mm for the SP. It was also noted that the coarse aggregates
showed grain uniformity, which can be verified by the small slope of the granulometric curve. On the other hand, sand
presents a more continuous distribution.

In Table 2, as expected, it is noted that the artificial limestone sand had the highest amount of material finer than
75 pm. Artificial sands tend to present granulometry different from natural ones, generally with a higher content of
fines [13]. This artificial limestone sand was chosen because it is common in the region and it is an artificial sand,
considering the environmental impact related to the extraction of natural sand. Informality in natural sand extraction
processes aggravates the environmental impact of concrete production. As an alternative, replacing natural sand with
artificial one reduces environmental impacts. In addition, its production is carried out in the quarries, which reduces
transport costs. The amount of material finer than 75 pm observed in the artificial limestone sand was high, thus helping
to fill voids in the larger grains and, consequently, increasing the packing density. The same reasoning can be observed
in G9.5, which obtained a powdery material content higher than that of G19.

The chemical admixture used consists of a third-generation superplasticizer with a density of 1,100 kg/m?® and a
solid content of 46.68%, according to the manufacturer. It meets the requirements of ABNT NBR 11768: 2011 [32],
being compatible with all types of Brazilian PC. Superplasticizer content was fixed at 0.9% relative to the weight of
the solids. This value was obtained from the saturation dosage test [13].
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2.2 Experimental program

To define the content of each material in the composition of the concretes, to reduce the empty spaces in the cementitious
matrix and increase the compactness, the action of increasing the packing of the particles was adopted. This action was obtained
through the more efficient distribution of the grain sizes of the materials and using a theoretical distribution model [17], [33]. The
model adopted for the packing curve was Alfred's, according to Equation 2, with three different distribution-factors (q): 0.37;
0.21; 0.45. As previously explained, the value of q = 0.37, through experimental checks, has been shown to result in maximum
particle packing [34]. The values below the value of g=0.37 favor an increase in the amount of fines, while values above provide
residual porosity. Thus, the lowest value analyzed (q = 0.21) seeks to evaluate the mixture with the highest content of fines. The
highest value used (q = 0.45) intends to evaluate mixtures with lower levels of fine materials and the results in terms of efficiency
(cement consumption/MPa), even knowing that in these mixtures, there is probably a lack of paste to involve the aggregates.
With this discrepancy in values for the granulometric distribution module, it became possible to check the influence of fines on
the flow between the particles and in terms of the efficiency of the produced concrete. For all mixtures, it was decided to keep
the water/cement (w/c) constant and equal to 0.5, with the expected resistance of about 31 MPa, due to the empirical relationship
of Abrams' Law [35].

In the first mixture, only PC was considered as a fine material, without the use of SP, as a reference mixture and
with the value q = 0.37. From the second mixtures and for the others, the objective of the study was achieved with the
partial replacement of CP by SP. SP was used as a PC partial replacement by percentage, since the particle size curve
of the materials (Figure 1) were quite similar. The literature indicates the replacement content of 20% by mass as being
ideal to produce more eco-efficient concretes [14], [17]. It is important to highlight that the models are applied in
volume, since the packing is related to the spatial occupation by the particles in the composition, and not directly to its
weight. Subsequently, applications will be made in weight, to ensure the necessary precision. Correlating with the
appropriate specific gravity of the materials (section 2.1), in volume the substitution is equivalent to 22.4% of SP and
77.6% of PC.

For a better distribution of the theoretical curve, 15 different diameters were considered, the smallest in the series
10 pm and the largest 19000 pm, considering the diameter through which 50% of the smallest particles pass (SP, with
D50 = 10.649 um) and 50% of the largest particles (G19, with D50 = 19000 um). Then, using Equation 2, the
accumulated percentage of particles for each diameter of the series was determined. So that the proportion of each
component material in the concrete could be defined, being divided into fines, sand, and coarse aggregate. Three distinct
zones were considered in the model: a) fine materials: all material up to 100 um; b) sand: from 100 to 4800 pm; c)
coarse aggregates: from 4800 to 9500 um (G9.5) and the remaining G19 (up to 19000 pum). Other authors have also
used this methodology in applying Alfred's model [11].

Table 3 shows the application of the model considering q = 0.37.

Table 3. Application of the Alfred model with q=0.37.

Diameter (pm) CPFT (%) Discrete (%) Volume (%)
10 0% 1%
15 1% 2%
30 3% 3% 11% PC
60 6% 3%
100 9% 2%
150 11% 5%
300 16% 7%
600 23% 9% 46% S
1200 32% 11%
2400 43% 14%
4800 58% 7%
6300 64% 12% 27% G9.5
9500 76% 9%
12500 85% 15%
19000 100% 0% 15% G19

Table 4 shows the application of the model with q = 0.21.
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Table 4. Application of the Alfred model with q=0.21.

Diameter (um) CPFT (%) Discrete (%) Volume (%)
10 0% 2%
15 2% 4%
30 7% 5% 20% PC + SP
60 12% 4%
100 16% 4%
150 20% 7%
300 27% 8%
600 35% 10% 49% S
1200 45% 11%
2400 56% 13%
4800 68% 6%
6300 74% 9% 21% G9.5
9500 83% 6%
12500 89% 11%
19000 100% 0% 1% G19

Table 5 presents the volumes obtained with the application of the model with q = 0.45.

Table 5. Application of the Alfred model with q = 0.45.

Diameter (um) CPFET (%) Discrete (%) Volume (%)
10 0% 1%
15 1% 2%
30 2% 2% 8% PC +SP
60 4% 2%
100 6% 2%
150 8% 4%
300 13% 6%
600 18% 8% 44% S
1200 26% 11%
2400 37% 15%
4800 52% 7%
6300 59% 13% 30% G9.5
9500 72% 10%
12500 82% 18%
19000 100% 0% 18% G19

From each corresponding diameter and discrete percentage of particles, the curve of the model was done. It is shown
in Figure 2 for all the q values (0.37; 0.21; 0.45).

100%

10%

% CPFT

1%

0%

0,1 1 10 100 1000 10000 100000
Diameter (um)
q=0.37 —+—q=021 —e—q=045

Figure 2. Particle size distribution curve for q =0.37, q =0.21 and q = 0.45.
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It is important to highlight the increase in the content of fines (PC and SP) evidenced by the lower value of q, from
11% with q = 0.37 (Table 3) to 20% with q = 0.21 (Table 4). The same occurred with the sand, from 46% (q=0.37) to
49% (q=0.21). As for the coarse aggregates, the levels increased with the reduction of the value of q, from 27% to 21%
(G9.5) and 15% to 11% (G19). As expected, the increase in the q value (q=0.45) caused a smaller volume of fines (8%
PC + SP and 44% S) and an increase in the content of coarse particles (30% G9.5 and 18% G19) in the mixture
composition, as shown in Table 5 and Figure 2.

With the volume of different materials defined for each curve plotted, the study proceeded to effectively obtain the
mixtures in weight. The ratio of PC to other materials was calculated in weight from the volume contents and the
respective specific gravity. Equation 3 was used to calculate the PC per m3 of concrete, using the specific gravity of the
materials that make up the concrete. The air content of 1.5% was considered, due to the packing of the particles, which
provides a lower void content [13].

1000 - (air%x10)
1, ale a 3)
yPC ywater ysand ygraves

C=

where C = PC content (kg/m®); y = specific gravity; a = sand content, related to PC (PC: S) in mass; p = graves content,
related to PC (PC: G) in mass.

Table 6 shows the consumption of materials in each mixture obtained with the application of the method.

Table 6. Consumption of materials in each mixture

Mixture Volume (m?) Content related to PC Weight (kg)
PC 0.11 1 1 300.31
S 0.46 3.21 a 964.15
M1 G9.5 0.27 2.08 . 623.45
G19 0.15 1.16 347.67
Chemical admixture 0.0025 - - 2.7
TOTAL 1.00 6.44 m -
PC 0.09 1 1 240.32
SP 0.03 0.25 59.94
S 0.46 4.14 a 994.25
M2 G9.5 0.27 2.68 p 642.91
G19 0.15 1.49 358.53
Chemical admixture 0.0020 - - 2.7
TOTAL 1.00 8.30 m -
PC 0.15 1 1 390.07
SP 0.04 0.25 97.29
S 0.49 2.48 a 967.75
M3 G9.5 0.21 1.17 p 458.12
G19 0.11 0.59 229.51
Chemical admixture 0.0032 - - 4.39
TOTAL 1.00 4.24 m -
PC 0.06 1 1 181.60
SP 0.02 0.25 45.29
S 0.44 5.36 a 973.48
M4 G9.5 0.30 4.02 p 729.63
G19 0.18 2.36 429.04
Chemical admixture 0.0015 - 2.04
TOTAL 1.00 11.74 m -

Comparing the consumption of each mix with the replacement of PC by SP, the use of q=0.21 resulted in a CP
consumption 62% higher than the mixture with g=0.37. For q = 0.45 consumption was close to 75% if also compared
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with the mix obtained with q = 0.37. Evidencing the higher and lesser amount of fines in the mixture by applying the
Alfred model varying the q value.

The procedure used for mixing the materials to produce the concretes was adapted from Campos [13] and Damineli [5].
The first step consists of manual homogenization of the fine materials in the dry condition and their addition to a concrete
mixer. Thereafter, half of the water and superplasticizer volumes are added to the concrete mixer in a constant and controlled
flow for approximately 30 seconds with the mixing equipment on. The coarse aggregates are then added to the concrete mixer
in a constant flow for approximately 1 minute, followed by 1.5 minutes of mixing time. The next step involves the addition
of sand in a constant and controlled flow for 2.5 minutes. The addition of the remaining water and superplasticizer volumes
is then performed in a controlled and constant flow for approximately 30 seconds with the mixing equipment on. Finally, the
materials were mixed for 10 minutes, resulting in a 16-minute mixture.

After mixing, eight cylindrical specimens were molded for each concrete mix with dimensions of 100 x 200 mm
for the tests in a hardened state. The compaction was performed with a vibration table in four layers for 15 seconds
each. The specimens were kept at the formworks at laboratory temperature for 24 hours and covered with a plastic film
to prevent water loss. Thereafter, the concrete specimens were placed in a chamber with > 95% humidity and
temperatures of 23 + 2 °C until the date of the test.

In the fresh state, specific gravity and consistency were determined. The specific gravity was obtained according to
the procedure described in ABNT NBR 9833: 2008 [36]. The consistency was evaluated by the slump test, dictated by
ABNT NBR NM 67: 1998 [37]. In the hardened state, the compressive strength test was carried out at 7 and 28 days,
performed as established by ABNT NBR 5739: 2007 [38] with a ZwickRoell press with a capacity of 100 tons. The
specimens were polished for the test using a concrete surface grinding machine. This process consists of the removal
of a thin layer of top material by mechanical means.

The sustainability analyses were performed considering the CO, emission factors obtained from the literature for
each material used. Efficiencies were calculated considering the cement consumption and CO; emissions required to
obtain 1 MPa of compressive strength, as proposed by Damineli et al. [39]. The emission factors used were obtained
from the following references: PC: 0.863 kgCO,e/kg [40], [41]; SP: 0.0016 kgCO»e/kg [42]; S: 0.0016 kgCOe/kg [42];
(G9.5: 0.00155 kgCOze/kg [43]; G19: 0.00155 kgCOse/kg [43]; Chemical admixture: 1.133 kgCOse/kg [44].

4 RESULTS AND DISCUSSIONS
Table 7 shows the specific gravity and the slump for each mixture.

Table 7. Results in fresh state

Mix q Specific gravity (kg/m?) PC (kg/m?) Chemical admixture (%) Slump (mm)
M1 0.37 2303.37 300.31 0.9 13.0

M2 0.37 2410.63 240.32 0.9 20.0

M3 0.21 2223.68 390.07 1.2 >250
M4 0.45 2150.13 181.60 0.9 -

The partial replacement of PC by SP in the composition allowed the reduction of cement consumption by 20%,
comparing the M1 and M2 mixtures, which have the same q value in the application of the method. However, the
greater presence of SP fines demanded more water, which resulted in a lower slump (slump = 2.0 cm), given that the
w/c ratio was kept constant, as observed in Table 7. The demand for water is a function of the specific surface of the
particles: the larger the specific surface of the particle, the more water will be needed to wet it, consequently the smaller
the water layer thickness and workability. For the same amount of water, with a larger surface area, the thickness of the
water film will be thinner and the flow capacity will be less and vice versa [45]. In addition, clusters of fine particles
act as larger particles, which modifies the particle size distribution and hinders the mobility of flow lines, since clusters
move more slowly and act as blocks to smaller particles, increasing viscosity and generating voids [5]. Other studies
have also noted the loss of slump with the use of SP [13]. Still comparing mixtures M1 and M2, the greater specific
gravity of the second indicates less voids content, therefore greater packing due to the fines of the SP.

In the M3, due to the lower q value, the loss of workability was even more pronounced, which resulted in the choice
to increase the chemical admixture content to 1.2%, increasing the slump. It is noteworthy that with the higher amount
of PC and SP the larger the specific surface, therefore, requiring more water. To use the w/c ratio for all mixtures, the
additive content was increased from 0.9 to 1.2% to avoid difficulties in molding the mixture. As a result, M3 was very
viscous, with a slump greater than 25 cm.
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The last mixture, with the highest value of q (0.45) obtained a higher volume of aggregates at the expense of fines
and cement. The opposite occurred in M3, as q adopts values above 0.37 residual porosity [34] is verified, also
evidenced by the low consumption of PC in the mixture. Mixture M4 lacked cement paste, not being enough to cover
the aggregates, making them apparent. With the low consistency, it was not possible to measure the slump since the
mixture disintegrated when removing the specimens. Also in Table 7, the specific gravity of M4 was the lowest
obtained, which demonstrates the highest void content of this mixture, as expected by the q value used. Figure 3 shows
the specimens one day after production, illustrating the highest void content in M4.

Figure 3. a) M1; b) M2; ¢c) M3; d) M4.

Figures 4 show the results of compressive strength at 7 and 28 days.
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Figure 4. Compressive strength.

Figure 4 shows that, due to the use of high initial strength cement use, the values of compressive strength at 7 days
proved to be high. Not only regarding the PC, but the application of the Alfred particle also packing model demonstrated
the production of concretes with higher compressive strength than expected by Abrams’s Law [35]. Only exception
was M4, considering the w/c ratio high for this compressive strength range (w/c = 0.50). Yousuf et al. also verified that
concretes optimized by Alfred's model obtained compressive strengths above the target before 28 days [11]. To reach
compressive strength close to 50 MPa, the w/c ratio around 0.40 is indicated [46]. The sole use of Abrams’ law is not
precise enough to predict the behaviour of highly packed systems designed using advanced techniques such as particle
packing models [3]. The authors explain that particle packing models may enhance the particle size distribution of
granular systems, reducing the material’s porosity and consequently increasing the system packing density. Recent
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studies have shown that the use of particle packing models results in a reduction in concrete porosity, with a significant
increase in concrete electrical resistivity and ultrasonic pulse velocities [14], [17]. Therefore, an increase in the
compressive strength of the concrete is observed. So, the application of particle packing models, to increase the density
of the granular system in cementitious materials, shows as a key parameter for obtaining concrete with high mechanical
and durability performance [16].

It also can be seen, in Figure 4, that the mixture with the highest compressive strength was the M2, with 118% of
the value expected by Abrams' Law [35]. It is also noted that the replacement the PC by SP in M2 provided greater
compressive strength as compared to M1, for the same q value. Even though it is an inert material, the granulometric
curve of the SP, and its amount of fines contributed to filling the voids, demonstrated by the compressive strength 19%
higher than M2 compared to M1 with less PC consumption. This also indicates greater packing, as observed in other
studies that used SP as a partial replacement for PC [13], [14], [17]. M3 obtained a PC consumption 62% higher than
M2. However, its average compressive strength was 26% lower, proving that the greater packing (given by q=0.37)
resulted in higher compressive strength, even with less PC consumption. Due to the lack of fines, M4 presented many
voids and low compressive strength, being 80% lower than M2 with a 24% lower PC consumption.

Figure 5 show the consumption of PC per m? of concrete to obtain 1 MPa of compressive strength, to analyze the
efficiency of the mixtures produced.

135
118
82 7g
72
6 5.3
4 I I
2 I
0
M1 M2 M3 M4

7 days m28 days

kg/m*MPa
=]

Figure 5. kg/m*/MPa.

It can be seen, in Figure 5, that M2 is the most efficient, with the lowest consumption of cement/MPa (3.5).
Damineli et al. [39] showed that a large part of the Brazilian market for concretes, with most concretes produced in the range of
40 MPa of compressive strength at 28 days, present the index above in the range between 7 and 14 kg/m*/MPa. The literature
commonly presents values from 9 to 14 kg/m*/MPa for conventional situations [3]. For high-performance concretes, the level is
in the range of 5 kg/m*/MPa [39]. Toralles et al. [47], to compare three mix methods for conventional concrete fixing the same
desired compressive strength, show that for the ABCP (Brazilian Portland Cement Association) method the PC consumption of
418 kg/m* and w/c ratio of 0.49 reached 36.3 MPa. For the same w/c ratio, the O'Reilly method, with cement consumption of
412 kg/m?, reached 36.5 MPa. Finally, the last method, from IPT (Institute of Technological Research), for a w/c ratio of 0.59
and cement consumption of 314 kg/m?, obtained 27 MPa. For these mixtures, the binder index was between 7 and 14 kg/m*/MPa,
confirming the values indicated by Damineli et al. [39]. The most efficient concrete in this study, by the O’Reilly method, reached
11.29kg/m*MPa. Lopes [15] analyzed the application of Alfred's particle packing model in the production of optimized
concretes, to reduce cement consumption. For comparison, the author opted to produce conventional and high strength concrete
using the IPT and modified IPT methodologies. In the study, the concrete with the highest compressive strength, optimized by
the Alfred model, resulting in 83.25 MPa with cement consumption of 420.82 kg/m®. The corresponding reference mixture,
produced by the modified IPT method, presented 62.37 MPa with cement consumption of 654.15 kg/m?. The reference mixture
had a binder index of 10.49 kg m*/MPa and the optimized one reached 5.05kg m*/MPa. Thus, it is noted that the most efficient
mixture of the present study (M2) had lower cement consumption per MPa, compared with data from the literature.

The present study searched the production of optimized concretes in the compressive strength range of conventional
ones, but with less consumption of PC necessary to reach this level. The compressive strength achieved by M1 and M2
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concretes put them at the same level as high-performance concretes. M1 presents a binder index close to 5 kg/m3/MPa.
In M2, the partial replacement of PC by SP not only provided less cement consumption, but also greater packing and
compressive strength gain, as previously mentioned exposed. As a result, M2 received a value of 3.5 kg/m? to deliver
1 MPa of compressive strength, the lowest amount observed in the optimized concretes of the study. This value is 50%
below the minimum value observed for conventional concretes (7 kg/m*MPa) and 29% below that noted for high-
performance concretes (5 kg/m*/MPa). Comparing M1 and M2 mixtures, the replacement of PC by SP in M2 allowed
the reduction of the binder index by 45% at 7 days and by 32% at 28 days. Mixtures M3 and M4, the first for presenting
the highest PC consumption between the mixtures and the second for the lowest compressive strength achieved, fit in
the range of conventional concretes between 7 and 14 kg/m*/MPa.

Figure 6 shows the kgCOze to produce 1 m3 of concrete.
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Figure 6. kgCOze/ m®.

It can be seen, in Figure 6, that the mixture that presented the lowest emission index was M4. This fact is linked to
its low PC consumption, predicted by the high q value uses (0.45), which represents a lower content of fines (PC+SP).
M2 was in second place in this indicator, with M3 remaining in the sequence. Recalling that the q value was the same
for the two mixtures (q = 0.37 for M1 and M2), only the replacement of PC by SP in M1 promoted a 20% reduction in
the CO; emissions per m® of concrete. M3, for presenting the highest amount of fines obtained the highest consumption
of PC and, consequently, the highest indicator of emissions per m>.

Figure 7 shows the efficiency of the concretes in terms of CO; emissions.
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Figure 7. kg CO2e/m*/MPa.
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It as can be seen in Figure 7, that M4, which obtained the lowest emissions per m?, now attests to the worst
performance due to its low targeted compressive strength. Again, when comparing M1 and M2, the replacement by SP
in the second mixture resulting in lower PC consumption and higher compressive strength, resulted in a 33% reduction
in kgCO,e/m*/MPa. The measured compressive strength of M3 was satisfactory when compared to conventional
concretes. However, the consumption of PC higher than the other produced mixes made it intermediate in relation to
this index over the others, being 54% above M2 (most efficient). In Costa's research [48], the author raised quantities
of CO; emitted in the production of materials used in civil construction. Concretes produced with CP V ARI in the
range of 50 MPa with a standard mixture of cement consumption close to 400 kg/m?, it would take the level of emissions
at 485 kgCOre/m3, witch results in 9.7 kgCO,e/m*/MPa. It is noted that the values obtained in the present research were
satisfactory, with the best concrete produced (M2) reaching 213.09 kgCOe/m? and 3.15 kgCO,e/m>/MPa.

5 CONCLUSIONS

After performing the experiments and analyzing the obtained results, the following conclusions can be made:

 The application of the method resulted in concretes with cement consumption of 300.31 kg/m® for M1 (q = 0.37
without replacing PC by SP), 240.32 kg m? for M2 (q = 0.37 with the replacement of PC by SP), 390.07 kg/m? for
T3 (q=10.21) and 181.60 kg/m® for T4 (q = 0.45).

* In the fresh state, the slump was reduced in the mixtures with the replacement of PC by SP due to the higher content
of fines in the SP. These fines result in a greater specific surface; therefore, more water was needed to wet the
particles, consequently, the water layer thickness and workability were smaller. On the other hand, the use of SP,
due to the greater packing provided by the fines of its composition, increased the specific gravity comparing M1
(without SP) and M2 (with replacement of 20% of PC by SP). In the third mixture (M3), due to the lower q value
(0.21), the loss of workability was even more accentuated. It is noteworthy that with the greater amount of PC and
SP composing the mixture, the larger the specific surface, therefore, requiring more water. To use the same w/c
ratio for all mixtures, the additive content was increased from 0.9 to 1.2% to avoid difficulties in molding the
specimens. As a result, M3 was very viscous, with a slump greater than 25 cm. In the last mixture (M4), with the
highest q value (0.45), residual porosity was noted. This feature exhibited little paste, not enough to cover the
aggregates. With the low consistency, it was not possible to measure the slump.

* In the hardened state, the M2 mixture showed the highest compressive strength - 67.8 MPa at 28 days. Comparing
the M1 and M2 mixtures (q = 0.37), the first without and the second with the partial replacement of PC by SP, the
modified mixture showed higher compressive strength, indicating that the SP favored greater packing. Even though
it is an inert material, the SP allowed 19% higher compressive strength with 20% less PC consumption. M3
(q = 0.21) presented compressive strength 16% below M2 (q = 0.37), for a 62% higher PC consumption. This fact
demonstrating that the value q = 0.37 resulted in greater packing and, consequently, higher compressive strength,
even with less PC consumption. M4 had the lowest compressive strength of the mixtures, due to the lower
consumption of PC and higher voids content. The application of the Alfred particle packing obtained highest
compressive strength than expected (31 MPa), except for T4, considering the high w/c ratio used (w/c= 0.50).

 In terms of efficiency, the M2 binder index, which showed the best results, was 3.5 kg/m*/MPa, lower than the values
observed in the literature. M1 presented a binder index 48% above M2 due to its higher CP consumption and lower
compressive strength, both factors are related to the partial replacement of PC by SP. As cement is the component material
of concrete that most emanates CO, emissions for its production, the lower consumption of cement in the mix implies lower
CO»e emissions per m® of concrete. Thus, the mixture that presented the lowest emission values per m® was M4. However,
in terms of efficiency, M2 proved to be the most eco-efficient, with only 3.15 kgCO»/m*/MPa.

It is concluded then that the method proved to be simple to be applied, providing a lower volume of voids in the
concrete that resulted in less consumption of paste needed to fill these spaces. Consequently, it was possible to produce
concrete with lower cement consumption and CO, emissions per MPa. SP as a partial replacement for PC provided greater
compressive strength, even though it is an inert material. Sustainable concretes proved to be very efficient, with a lot of
potential yet to be explored. So, as a suggestion for future work: verify the method by applying other residual materials in
substitution of PC; evaluate the rheological parameters of concretes optimized by the particle packing technique.
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smartphones in the calibration and correction of the sampling rate for natural frequency and damping
identification. Three concrete bridges were used in the case studies. The results indicate that smartphones can
be used to understand some dynamic parameters.

Keywords: accelerometers, smartphones, calibration, MEMS, modal.

Resumo: a continua evolugdo dos smartphones despertou o interesse da comunidade cientifica para aplicagdes
deste aparelho em situa¢des ligadas a engenharia estrutural. Em um caso mais especifico, os acelerdmetros
MEMS que equipam aparelhos de telefonia moével tem se mostrado Uteis para a realizagdo de monitoramentos
da satde estrutural SHM. O objetivo deste trabalho ¢ apresentar o uso de MEMS do celular junto a calibragdo
e corregdo da taxa de amostragem, as quais sdo necessarias para a identificagdo dos pardmetros modais de
frequéncia natural e amortecimento. Os estudos de caso sdo trés estruturas — dois viadutos em concreto armado
e uma passarela em concreto protendido. Os resultados indicam que ¢é possivel utilizar este aparelho em casos
onde ¢ necessario o conhecimento de algumas propriedades dindmicas ao alcance da mao.
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1 INTRODUCTION

Structural health monitoring (SHM) has undergone continuous development in civil infrastructure since the 1970s.
This methodology, also known as St-1d, uses nondestructive methods composed of numerical models and experimental
data to assess structural performance and aid in decisions regarding structural management and rehabilitation [1].

The evolution of SHM can also be seen on mobile sensors and wireless devices; for example, current smartphones
are embedded with MEMS accelerometers. The use of wireless devices has become more appealing because it allows
faster monitoring and is feasible in both public and private infrastructures.
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MEMS accelerometers in smartphones have been studied [2]-[12]. In some of these studies they show monitoring
using smartphones at different levels and situations, not necessarily from an SHM approach. These examples consider
the adaptability and capability of smartphones.

When smartphones are used for SHM, concerns arise regarding data accuracy and calibration. According to
Kuhlmann et al. [13], if the angle installation is in the range of 0.5° to 3°, the data accuracy can be compromised.
Moreover, civil structure strains are in the range of —5° — 5° [14]. Therefore, in extreme situations where the device is
installed incorrectly, the data from smartphones can correspond to an 8° inclination. Data accuracy can also be
jeopardized by incorrect device operation, resulting in the disposal of samples taken using the smartphone. Other error
sources include inadequate manufacturing, voltage instability, and temperature effects [15].

The calibration of the MEMS accelerometer of a smartphone can be performed before any sample extraction and
has simple computational steps that do not require special training [ 16]. The approach uses two special fixtures to record
the acceleration in six positions, assuming constant gravitational force (g). The position angle of the smartphone during
calibration has been previously defined [14].

Moreover, smartphone sensors show low quality at a frequency range below 0.5 Hz. This behavior is characteristic
of colored noise, where the low-frequency spectrum is predominant [17]. Thus, a 1 Hz first-order natural frequency
higher pass filter should be used to reduce unwanted frequency components [4], [18].

Another potential problem is that the smartphone’s real sampling rate is lower than the target frequency [19]. This
characteristic does not change the answers in the frequency peaks but modifies the amplitude values. A correction
should be performed considering the ratio of the target frequency to the real frequency.

Although the mobile accuracy degree is lower than that of commercial accelerometers, their results are very
similar [20]. Professional sensors have a 10”g resolution and measurement range below + 1 g, while smartphone
resolution is in the range of 0.1 to 15 mg with the measurement range of + 4 g [5]. In this study, signals were assessed
using the Root Mean Square (RMS) power data from before and after the filter application phases, and decibels are used
to define attenuation or gain.

Smartphone mounting is performed by using double-sided tape to pin the smartphone to the structure to avoid local
vibration during structural vibration measurement [3]. Stud mounting of accelerometers was used to analyze extremely
high natural frequencies, as in the case of mechanical systems [21], [22]. Civil structures generally have very low
natural frequencies. To avoid the interference from mounting the smartphone, a nondestructive method, such as
structural adhesives or magnetic mounting, is ideal. This allows for more accurate assessments of structural damage,
human comfort, and ground-borne noise applications; therefore, these techniques are more convenient and widely used.

The use of smartphones in monitoring activities is not restricted to one specific model or manufacturing company,
which can expand the use of this device. Simple operation based on friendly applications is another reason for their
implementation. Moreover, data can be saved, stored, and sent to data clouds, and some apps allow the definition of
dynamic parameters, such as natural frequencies and damping rates, immediately after the measurements are taken.

According to Debona and da Silva [23], wired devices may cause involuntary accidents, such as the dragging of the
device owing to pedestrian walking. To avoid these types of accidents, wireless devices must be implemented.

Studies have used different apps, such as the Accelerometer analyzer app developed by Mobile Tools [20],
iDynamics app [5], and the phyphox app [12], in a controlled environment; however, in [24]. Phyphox was created to
aid physics teaching using the smartphone sensors.

Because of the low costs associated with the use of MEMS accelerometers, they have been widely considered in
the monitoring of civil structures. Considering that this type of device is found in most mobile devices, it can easily be
applied to engineering issues.

In this study, one measurement point was adopted as nonofficial to discard commercial accelerometers. This
configuration can present the influence of different vibration modes on the acceleration readings according to specific
traffic conditions [25].

Three study cases located in Passo Fundo/RS were used to validate the process: two reinforced concrete bridges and
a prestressed concrete footbridge. The bridges were 22.5m in width and 36.0m in length, with a common structural
solution in Brazil: two cantilever girders simply supported with one span. The dimensions of the bridges were obtained
from the structural design and retro analysis. The footbridge has a T cross-section and a length of 23.4m; although its
dimensions were provided by the builder company, no additional information, such as cable positions, prestress force
magnitude, or concrete strength class, was supplied. To verify the experimental dynamic parameters, finite element
models and literature values were used as references.

Among the study cases, a minimum degree of comfort must be attained for the footbridge. Researchers and design
standards have provided natural frequency values that guide this study. For instance, concrete footbridges with a span
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length of 23 m have a natural frequency in the range of 3.05 — 5.05 Hz [26]; natural frequencies higher than 5 Hz do
not demand deeper evaluation related to pedestrian effects [27]; according to the Brazilian concrete standard [28],
critical natural frequency (feri) should be 4.5 Hz and reach a design stage of (f> 1,2f.i) vertical natural frequencies
lower than 5 Hz should be avoided [29]; and finally, natural frequencies should be higher than 2 Hz, which is the natural
frequency of human walking [30].

In the case of the footbridge, its maximum damping ration is 1.7% [30]. Low damping ratios can vary in the range
of 0.5% — 1% [26].

In the case of bridges, natural frequencies are directly related to the span length [30]. The damping ratios cannot
exceed 2%. In the case of simply supported, reinforced concrete bridges, damping should not exceed 3.5% [31].

The goal of this study was to demonstrate the use of a smartphone in infrastructure monitoring. The steps for
calibration and frequency sampling rate correction are explained by considering the natural frequency and damping
ratios from the case study definitions. To verify the results, numerical models were created obeying the real dimensions
obtained from the structural designs and the national standard of the material properties [28], [32]. In addition, this
paper presents a high-pass filter application. The authors have only defined two angles for calibrating the vertical
positions related to the gravitational force axis: first, with the screen upward, and the second, with the screen upside-
down.

The results showed that it is feasible to define the dynamic parameters from the case studies. However, smartphone
limitations must also be considered. Thus, an indication of the behavior of the dynamic parameters can be reached with
the MEMS accelerometers of smartphones in a simplified manner.

2 MATERIALS AND EXPERIMENTAL PROGRAM

2.1 Measurement points

Figure 1 shows the measurement points used in the case studies and smartphone positions. As shown in Figure 1a,
the smartphone’s position had already been identified, and ‘X’ represents the vandal load application point on the
footbridge. In Figure 1b, the smartphone’s position on the bridges has already been identified.

The excitation force on the footbridge was exerted by one person jumping over three different points: 1/2 L, 1/4 L,
and 3/4 L. This excitation force is known as the vandal load [33] and was used because of the low population density
(people/m?) and the difficulty in exciting the footbridge. The jumps were performed only once at a point. Although the
continuous jumping over the structure is an application of forced excitation force, the vibration source was applied only
once over the structure, and the vibration decreases until it reaches the resting state.

In the case studies, the measurement point was located at the middle of the bridge span. Measurement points closer
to the boundary conditions exhibit higher stiffness than the central regions [34]. This is because superstructure and
mesostructure elements interact and can influence the natural frequency values.

In the bridges, the measurement point was located at the middle of the span, more precisely, on the lateral walkway.

Figure 1: Measurement points on the (a) footbridge and (b) the bridges
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Figure 2a shows the total length of the footbridge and Figure 2b shows its T cross-section on AA’.
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Figure 2: Footbridge length and cross-section (dimensions in centimeters).

2.2 Materials

The vibration test was performed using a Motorola Moto Z Force 2 smartphone, which has an LSM6DSM
accelerometer with a 0.0023956299 m/s? resolution and a 428 Hz sampling rate.

This accelerometer can be used for vibration monitoring [35], and can function at 0.65 mA, be used to record the
triaxial acceleration, . In addition, it operates in the temperature range of —40 — +85°C.

In this study, we used the Vibration Alarm app, developed and distributed for free by MobileTools, because it can
record and store acceleration data. The version used in this study has four different sampling rates, namely 7, 27, 33,
and 428 Hz; sampling rate of 428 Hz was used in this study.

Acceleration data processing was performed using Microsoft Excel and Scilab, through which we selected the
acceleration data, its processing, and the definition of the dynamic parameters. ANSYS Mechanical APDL 2020 R2
Academic was used to create finite element models.

2.3 Methods

2.3.1 Extraction data

Six data extractions were performed for each case. For bridges, the samples were 5 min in length. The beginning of
the vibration test did not follow any special traffic conditions. On the footbridge, the samples have a shorter duration
following jump execution. The smartphone was mounted using a double-sided tape on the back of the smartphone.
Thus, during the vibration test, the smartphone was oriented such that its screen was in the upward direction.

2.3.2 Calibration

The calibration was performed using two fixtures created in a lathe machine using industrial nylon, with dimensions
to couple the phone during the calibration operation. Using this apparatus, the smartphone’s alignment is guaranteed to
be in the three orthogonal axes: X, Y, and Z. The fixtures allowed the touchscreen to remain operable. Figure 3 shows
the smartphone and the fixtures used in the calibration.
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Figure 3: Smartphone during calibration

The calibration explores the fact that the gravitational force, g, is constant for a resting sensor. The method
determines six positions for smartphone placement: three with positive gravitational force and three with negative
gravitational force. In each position, one axis reads the acting g force. Figure 4 shows the six positions of the smartphone
during calibration.

¥
o i
Ist triplet P .
2nd triplet 3 :
e
y
1st pair 2nd pair 3rd pair

Figure 4: Calibration method [16]

Twelve calibration parameters were defined from the calibration matrix, Cs, and zero-level offset ag to correct the
acceleration values from the case studies. This method performs static compensation, which is considered a source of
invariant time errors.

The calibration matrix, Cs, is obtained through the combination of the positive and negative static acceleration
matrices, Ag+ and As-. These are 3 x 3 matrices, and they assume the same value as the mean acceleration values for
each axis. The calibration matrix, Cs, is defined as,

Cy=2(Ag, —4,_)" (M
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where Cs is the calibration matrix (m/s?), 4+ is the static matrix considering a positive force, g, acting on the X, Y, and
Z axes on the first set of calibration measurements (m/s?), and A4;. is the static matrix considering a negative force, g,
acting on axes X, Y, and Z on the second set of calibration measurements (m/s?).

The other parameters were obtained from the zero-level offset ag, which requires the determination of the Ao matrix.
Each A matrix column presents a zero-level offset ag obtained from a measurement pair. The A matrix is determined
as follows:

2
_ Ay +dy () 2
4= 2
The zero-level offset ag is
(g, +4, )i (05 3)
W

where i is a 3x1 order vector of 1.
The Cs matrix and ao parameter are inserted in equation 4 to correct the acceleration data from the case studies:

a=CS(aS—ao) 4)

where a is the corrected acceleration (m/s?), Cs is the calibration matrix (m/s?), a, is the acceleration data from the
structure (m/s?), and ay is the zero-level offset (m/s?).

In this study, only the data from vertical acceleration was corrected. The calibration samples had a one-minute
length and 28,597 acceleration reads for each axis. Better calibration results would be obtained if the calibration samples
were larger.

2.3.3 Angle between the smartphone vertical axis and gravitational acceleration vector during calibration

Angles were defined using the gravity vector and vertical axis acceleration. The inverse tangent function provides
more accuracy [14].

Angles refer to the calibration step, and their purpose is to verify the effectiveness of the special fixtures that were
built for this application. Considering that only the vertical axis acceleration is used in the processing phase, the angles
used in this study are those related to the positive and negative vertical positions. This assumes that the calibration
matrix and the zero-level offset are known, because their values are combined from the other two matrices. Angles
from the mean acceleration are defined as

2 2
Ax,ot + Ay,ot
A ®)

A

o=tan"
z,0t

where @ is the angle between the smartphone vertical axis and the gravitational acceleration vector in degrees (°), and
Asx.ot, Ay.or, and Ay o are the acceleration means obtained from the vertical positions extracted during calibration (m/s?).

2.3.4 Data processing

A Butterworth High-Pass filter (BHP), which has a 1 Hz natural frequency and one pole, was applied to minimize
the influence of the colored noise influence. This is the simplest filter configuration [36].

The signal power was defined from the relation between RMS [37] using the ratio before and after the application
of the BHP filter. This procedure gives a result in voltage, which is later converted into decibels and defines the
attenuation or grain of the signal.
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Peak picking was used to identify the natural frequencies. This method was applied owing to the simplicity and fastness
of the application, but it is very difficult to determine the natural frequency with a greater degree of accuracy [38].

The damping ratios were defined using the logarithmic decrement method in the time domain. The property’s
definition was based on the visual recognition of the logarithmic decrement pattern in one of the acceleration peaks.
Eleven acceleration peaks were used to minimize identification errors [39].

2.3.5 Sampling rate corretion

This correction is necessary because of the measurement quality variation, which considers the accelerometer’s
sampling rate and sampling delay [19]. Real sampling can be defined from timestamp analysis, total time, and
acceleration readings in one sample. The sampling correction factor, kcorrecion, considers the target and achieved
sampling rates of the smartphone:

fs achieved
Keorretion == ( 6)
f starget

where keorreciion 1S the sampling rate correction ratio, fSachieves 1 the real sampling rate, and fSiarqe: 1s the smartphone app
sampling rate.

The correction is performed by multiplying the amplitude values that are already available in the frequency domain.
Real frequency, frea (Hz), is defined as

Sreal = fidentiﬁed X keorrection 7

where figenifiea 1S the natural frequency identified by the sensor (Hz).

2.3.6 Numeric models

The meshes of the numeric models of the study cases were defined with the aid of mesh tests, which started with a
size of 50 x 50 c¢cm, decreasing 5 cm each time. The testing was stopped when the modal parameters did not show a
significant variation. Moreover, meshes obeyed the nodal limitations from the student version and avoided mesh errors.

The numerical model of the footbridge was a solid created in two stages: first, the T cross-section was built from
the PLANE183 element. Second, the area was extruded longitudinally, transforming PLANE183 into SOLID186. This
element is a 3D element with 20 nodes and exhibits a quadratic displacement behavior. It has three degrees of freedom
per node: translation in the X, y, and z directions [40].

The material properties of the footbridge were a 33 GPa Young’s modulus, with a density of 2500.00 N/m?. The
footbridge is simply supported at the ends, and transversal displacement is avoided through the boundary conditions in
the flange. Tension stress was not considered. Mesh size was 15 x 15cm.

Bridges V1 and V2 were created from shell elements using SHELL181. The material properties of the V1 bridge
have a Young’s modulus of 25 GPa according to Brazilian concrete standard correlations [28], with a density of 2533.58
N/m3, which considers the pavement depth, New-Jersey concrete barrier, railings, girders, beams, and decks. Simply
supported boundary conditions were applied to the nodes that matched the abutments. The boundary conditions avoided
transverse displacements on the first and last transverse beams. Mesh size was 15 X 15 cm.

The material properties of the V2 bridge were a 20 GPa Young’s Modulus and 2536.78 N/m?® density, considering
their masses as existing, as done previously in the other study cases. The boundary conditions and mesh size are the
same as those applied at the V1 bridge. The Poisson’s ratio was 0.2.

3 RESULTS AND DISCUSSION

3.1 Calibration

Calibration was performed on a planar surface. The Cs calibration matrix results are as follows:
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2y x| [01017656  0.0006339 —0.0003295
Cy=|z »y x|=|—0.0003608 0.101254  0.0004612
z3 y3 x| | 0.0045794  —0.0009603 0.1031238

The zero level offset ag was

zag —0.0521225
ay =| yag |=|-0.0093539
Xay —-0.0224103

The Cs and ay matrices were placed to correct the acceleration data from the study cases.

3.2 Angles between the smartphone vertical axis and gravitational force during the calibration process

The angle obtained with the positive position with the screen upward was:

0 \/(—0.0765406)2+(—0.O43384)2
9.7588723

o =tan =0.5165°

The angle obtained with the negative position with the screen upside-down was:

| \/(0.0458722)2+(—0.1067092)2
-9.8908458

o=tan =-0.6728°

As shown above, the angles are lower than 1°. However, values greater than 0.5° can influence the vibration data
[13]. Therefore, the fixtures require further improvement, or the manufacturing method may need to be altered to yield
a higher level of accuracy.

3.3 Natural frequency correction

Text files from the acceleration app were analyzed. The timestamp identification was not properly discovered
because the app only presented the first millisecond algorithm. Thus, for a 428 Hz sampling rate, the timestamp was
0.002336 s. In the text file, only the “2” algorithm is presented.

In the same text file, the timestamp failed to create an algorithm equal to 3 in several readings. Therefore, the
timestamp that considers this millisecond algorithm can vary in the range between 255 Hz and 0.003922 s to 333 Hz
and 0.003033 s.

Data processing was performed with both timestamps, but they did not change the resultant natural frequency from
the study cases. Sampling rates vary from the 428 Hz sampling rate from a range of 18.69% to 8.88% for 348 Hz to
390 Hz, respectively. This behavior is expected because the natural frequency correction remains the same [19]. The
results shown in this study refer to a sampling rate of 390 Hz.

The results show that the sampling rate decreases after each sample in 0.07%.

3.4 Experimental vibration parameters
The mean natural frequency obtained from the footbridge was 4.90 Hz. The difference between the highest and
lowest natural frequencies was 2.41%. An additional vibration mode was identified to be closer to 35 Hz.

The mean footbridge damping ratio was 1.32%. The results vary between the ranges of 1% and 1.7%; this damping
range is greater than the lowest damping e, which is lower than the maximum damping. Therefore, the damping obtained
in this study is acceptable.

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15206, 2022 8/13



J. D. Braido and Z. M. C. Pravia

The footbridge’s natural frequency is greater than 2 Hz [30], [26]. However, it requires a deeper evaluation [27].
Moreover, it does not meet specifications [28], [29]. Figure 5 shows the footbridge samples in the time domain after
the BHP filter application in (a), frequency domain in (b), and samples for damping estimation in (c). Acceleration
peaks refer to the execution of one jump, with 0.08 m/s? as the highest value. The power spectral density (PSD) showed
a frequency peak close to 4.9 Hz and another with a dip close to 35 Hz.
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Figure 5: Footbridge accelerations recorded and PSD

Table 1 lists the experimental results of the footbridge. RMS showed lower results after the application of the filter
and of the attenuations of —4 and —9 dB, the minimum and maximum values, respectively, between the six samples.

Table 1: Footbridges’ experimental results

sampling frequency

Sample Excitation source point (Hz) & (%) f(Hz)
1 %L 389.72 1.64 4.92
2 Y L 389.58 1.58 4.92
3 YL 389.46 1.34 4.89
4 %L 389.37 1.28 4.97
5 Y L 389.26 1.23 4.86
6 YL 389.17 0.81 4.85
Mean 1.32 4.90
Standard deviation 0.298 0.044
Variance 0.089 0.002

The mean natural frequency of the V1 bridge was 12.20 Hz. The difference between the highest and lowest values was
4.86%. The mean damping of the V1 bridge was 2.17%. Damping fell between the range of 2% and 3.5% [30], [31].

Figure 6 shows the V1 bridge samples in the time domain that followed the BHP filter application in (a), frequency
domain in (b), and samples for damping estimation in (c). The highest acceleration peak was 0.2 m/s?. Moreover, it was
possible to identify peaks closer to 17 and 35 Hz.
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Figure 6: V1 bridge accelerations recorded and PSD
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Table 2 shows the V1 experimental results. RMS showed lower results after the application of the filter and the
attenuations of —1 and —2 dB, minimum and maximum values, respectively.

Table 2: V1 experimental results

Sample Sampling frequency (Hz) & (%) f(Hz)
7 390.61 1.09 12.44

8 390.56 1.46 11.86

9 390.44 2.58 11.84

10 390.42 2.70 12.43

11 390.24 2.58 12.39

12 390.11 2.60 12.24
Mean 2.17 12.20

Standard deviation 0.702 0.282

Variance 0.493 0.079

The V2 bridge exhibited different vibration modes with respect to its natural frequency. Two samples provided
natural frequencies close to 5.30 Hz, while the other four samples presented natural frequencies closer to 16.70 Hz.
These two natural frequency peaks can be easily identified among the acceleration samples from this bridge. These
different natural frequency peaks from the same measurement points can cause the need to create additional modal
identification methods or planning for additional measurement activities.

In addition to these two peaks, there were low peaks close to 25 Hz. Owing to different results, the mean natural
frequency, standard deviation, and variance are not presented. Figure 7 shows the V2 bridge samples in the time domain
following the BHP filter application in (a), frequency domain in (b), and samples for damping estimation in (c). The
highest acceleration peak was 0.06 m/s.

Sample 13
Acceleration vs Time Sample “i‘ Frequency vs Magnitude
Sample 15 1o
Sample 16 1652
Sample 17 }'\

Damping - Acceleration vs Time

e
=
®
e
=)
&

e
=
it
Y
Y
S

. ‘.IM b
T TR
St o oS

[~

-4
=3
5

PSD (Acceleration - g*/Hz)

Acceleration (m/s?)
o

S
=)
=]

0 100 200 300 400 00 0 0 20 30 40 50 08 ' 1.6
Time (s) Frequency (Hz) Time (s)
(a) (b) (©)

Figure 7: V2 bridge accelerations recorded and PSD

Table 3 shows the V2 experimental results. RMS showed lower results after the application of the filter and of the
attenuations of —4 and —8 dB, minimum and maximum values, respectively.

Table 3: V2 experimental results

Samples Sampling frequency (Hz) & (%) f(Hz)
13 390.57 1.62 16.52
14 390.36 2.04 5.42
15 390.22 1.99 16.83
16 390.13 1.66 16.95
17 390.14 2.71 5.26
18 389.94 2.91 16.62

3.5 Numeric models

For the footbridge, the first natural frequency presented is 4.01 Hz with a torsion modal shape; the second natural
frequency is 6.99 Hz, with a bending modal shape; the third natural frequency is 13.69 Hz, with a lateral modal shape.
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The numerical footbridge model was created from a constant T cross section; however, this representation is a
simplification. The real structure has a rectangular cross section above the abutments. In this case, the results were
preliminary and therefore were not useful for comparisons or structural behavior assessments. Moreover, no prestressed
normal force is considered in the model.

For the V1 bridge, the first modal shape is torsion, with a natural frequency of 11.50 Hz; while the second modal
shape was bending, with a natural frequency of 11.83Hz, and the third modal shape is torsion, presenting a natural
frequency of 13.39 Hz.

For the V2 bridge, the first modal shape is torsion, and its natural frequency is 6.60 Hz; the second modal shape is
bending, with a natural frequency of 6.84 Hz . The third modal shape is lateral, with a natural frequency of 8.57 Hz.
The fourth bending modal shape has a natural frequency of 15.14 Hz.

The numerical models applied in the study case were created following Brazilian concrete standards. Destructive
tests were not performed. Moreover, it is possible to verify that there are simplifications in the models that can influence
the behavior; thus, only preliminary observations should be made regarding dynamic parameters.

Figure 8 shows the modal shapes from the study cases, which had numerical natural frequencies closer to the
experimental values. The modal shapes of the footbridges are as follows: (a) footbridge torsional modal shape, (b) V1
bending modal shape, and (¢) V2 bending modal shape.

[Ty £ — ANSYS| | crucomn

2020 R2 2020 R2)

ACADEMIC

ez e
2:10:15

2020 R2|
ACADEMIT

. L0 2
L asziid

ACADEMIC

(@) | (b) (©)

Figure 8: Study cases modal shapes

3.6 Applied methods assessment

The process assessment showed that the smartphone could define the natural frequencies and damping ratios in the
case studies. However, calibration and sampling rate corrections are necessary.

The calibration method was straightforward and its execution was simple; the nylon industrial fixtures did not
interfere with the touch screen, allowing the smartphone to operate normally. However, they did not guarantee precise
readings; therefore, they did not present an acceptable degree of accuracy, which influenced the acceleration values.

The correction of the natural frequency resulted in a lower real sampling rate than the value indicated by the app. A
negative aspect of the app refers to the timestamp presentation in the acceleration text file, which only provides the first
millisecond algorithm. This feature can help one choose which app should be used: the ideal app should present the
complete timestamp for each reading.

The experimental results from the study cases show that the footbridge and V1 bridge have similar natural
frequencies to the numerical models. The footbridge also showed values that were close to those reported in previous
literature. The V2 bridge showed two different natural frequencies and thus demands a different method of measurement
or the modal identification method.

Attenuation was higher on the footbridge and on V2 than on V1, and it represented a greater noise reduction before
the modal identification phase. Small vibration amplitudes are characteristics that indicate low signal quality [5].
Furthermore, structures with larger amplitudes result in better vibration parameter results when monitored with
smartphones.

Numerical models, especially footbridges, are simplifications of the real structure and can represent non-official
behavior. The obtained numerical values were close to the experimental values, but destructive tests were not performed
to define the real properties of the materials. Thus, experimental vibration parameters prevail against the numerical
results because they present the real behavior of the structure.
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4 CONCLUSIONS

The purpose of this study was to demonstrate the use of one smartphone for monitoring vibration activities. Three
study cases were used: two bridges and one footbridge. Calibration and frequency sampling rate corrections were
presented, and errors from accelerometer mounting and timestamp imperfections were minimized. After analyzing the
results, we can conclude the following:

* A MEMS accelerometer embedded in a smartphone is an alternative for obtaining natural frequencies and damping
ratios.

* The calibration method and sampling rate correction are essential because smartphones are not specifically designed
for monitoring operations.

* The calibration results should improve the accuracy degree by using more precise calibration devices.

» Experimental vibration parameters are very similar to numerical results.

The smartphone was able to record acceleration data for natural frequencies and damping ratios after definition from
study cases and corrections on calibration and sampling rate.

However, professional accelerometers should not be replaced by smartphones’ MEMS accelerometers. This
alternative could be useful for the engineering team if method limitations and corrections are considered before its
application.

The use of the procedure shown in this paper, attests that the use of smartphones’ MEMS accelerators can provide
a less accurate alternative structural behavior definition at one’s fingertips.
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structure. Yet, in the construction of regular frames, symmetry and regularity are often exploited, resulting in
the same design for each element type. This is despite of different load effects on different parts of the
structure, which leads to significant variations in the failure probability of the elements. Hence, in this paper,
we investigate the reliability of members and the distribution of load effects in regular RC frame buildings,
considering intact and column loss cases, where symmetry is lost. Results show that the ratios of normal-to-
bending loads change significantly along building height, and this has a significant impact on reliability of
individual columns.

Keywords: structural reliability, regular frame structures, reinforced concrete structures, discretionary
column removal.

Resumo: O projeto de estruturas aporticadas de concreto armado ¢ feito elemento a elemento. Da mesma
forma, a confiabilidade de vigas e pilares de concreto armado ¢ frequentemente estudada, na literatura,
considerando elementos isolados do restante da estrutura. Entretanto, na construgdo de porticos regulares, ¢
usual explorar a simetria e regularidade, resultando no mesmo dimensionamento para cada tipo de elemento.
Porém, com esforgos solicitantes diferentes atuando em diferentes partes da estrutura, variagdes significativas
podem ocorrer na probabilidade de falha dos membros. Neste trabalho, ¢ investigada a confiabilidade dos
elementos e a distribuicdo de esforgos em estruturas aporticadas de concreto armado, considerando casos
intactos e com remogdo de colunas, nos quais a simetria ¢ perdida. Os resultados mostram que as razdes
normal — momento fletor variam significativamente ao longo da altura do edificio, exercendo um impacto
consideravel na confiabilidade dos pilares de cada lance.

Palavras-chave: confiabilidade estrutural, estruturas aporticadas regulares, estruturas de concreto armado,
remocao discricionaria de coluna.
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1 INTRODUCTION

In the design of building structures, one needs to consider the uncertainties affecting the strength of structural
materials, the expected loads on the structure, and the accuracy of engineering calculation models. The design of
building structures is made using design codes, which employ partial safety factors to overcome the uncertainties and
produce safe and reliable structures. More recently, structural reliability theory has allowed a more comprehensive
understanding of the impacts of uncertainties in structural design.
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Loading in structures include those that the structure will certainly be exposed to, although of unknown intensity,
but also exceptional loads due to accidental or malevolent actions, to which the structure is exposed to with smaller
probability. One exceptional loading condition is loss of a load-bearing element due to accidental or malevolent action.
Accidental actions include traffic accidents (impact of moving truck on a wall or column), accidental explosions (like
gas, for instance), major fire, or gross human error. Malevolent actions include bomb detonations, as in terrorist acts.
Some recent occurrences of whole frame collapses, following initial damage of limited proportions, have raised the
necessity for robust structural design. A structure is said to be robust if it can withstand local damage, which does not
propagate in a manner which is disproportional to the extent of the initiating damage event.

Brazilian design codes do not have specific requirements with respect to structural robustness, other than the
requirement for appropriate binding of slabs, and for continuity of lower beam reinforcements [1]; see a review of
Brazilian normative in [2]. Yet, progressive collapse events have been observed in Brazil, for example: rupture of
balconies of 15 floors of Edificio Don Gerdnimo, Maringa PR (2008); full collapse of Edificio Real Class, 34 floors,
Belém do Para AM (2011); full collapse of the Liberdade building in Rio de Janeiro RJ (2012); partial collapse of
Edificio Senador, 13 floors, Sdo Bernardo do Campo SP (2012); the almost-complete collapse of Poty Shopping Center,
Teresina PI (2013), during construction; and more recently, the full collapse of Andrea building in Fortaleza CE (2019)
due to inadequate maintenance of columns.

Under multiple hazards, the probability of structural collapse is given by [3]-[5]:

pe=P[C]=) "> PlawD.H]P[LDH]P[H] (M

H LD

where C is for collapse, LD islocal damage, and # is a hazard, like fire, traffic accident, explosion, etc. In Equation 1,
P[H] is the probability of occurrence of hazard #, P[LDIH] is the conditional probability of local damage, given

occurrence of a hazard, and P[CILD,H ] is the conditional probability of collapse, given hazard and local damage. The

sum over # and LD considers all relevant hazards and local damages a structure may be exposed to. Local damage
may be in terms of localized strength reduction, due to a fire or vehicle impact; or the loss of load-bearing structural
elements, such as walls or columns.

Following Equation 1, it is possible to reduce the probability of collapse in three ways: a) by limiting the threat
probability (installing screening barriers, limiting speed of vehicles, prohibiting inflammable and explosive substances);
b) by limiting the probability of local damage, given hazard (safety barriers for impact, local strengthening measures);
and c) by reducing or arresting damage propagation (by proper design including alternate load paths). This paper
addresses damage propagation by looking into the conditional failure probability of neighboring beams and columns,
considering discretionary column loss events.

Many works in the published literature have addressed the resisting mechanisms, and formulated methodologies for
modelling and verification of structures exposed to progressive collapse due to local damage: Starossek [6] studied and
classified the damage propagation in buildings, Izzuddin et al. [7] proposed a simplified dynamic assessment for
progressive collapse, Khandelwal and El-Tawil [8] investigated the robustness of building systems by the pushdown
analysis, Masoero et al. [9] presented an analytical model for PC of 2D frames, Oliveira et al. [10] used a high-fidelity
FE model to investigate the safety of structures after the loss of a column.

International design codes present both direct and indirect measures for design against progressive collapse. Indirect
measures address the problem qualitatively, by prescribing minimal levels of ductility, strength, and continuity [11].
Direct design measures against progressive collapse are presented in North-American guidelines such as [12] and [13],
which include local strengthening and design for alternate load paths. In the so-called Alternate Load Path Method
(APM), it is warranted that the structure has the required strength to re-distribute loads initially sustained by the
damaged column, bridging over it, for a period sufficient for repair action to be taken. This “bridging” strength refers
to the term P[ClLD,H | in Equation 1. Following [3]-[5], the conditional collapse probability can be accepted to be

between about 0.01 and 0.1 since, even if local damage is certain given hazard ( P[LD|H |=1), hazard probabilities are

usually small (between 10 and 107 for typical hazards like explosions and fire). References [14]-[16] address the
hazard probabilities for which the APM design becomes cost-effective, from a risk-management perspective.

Based on APM requirements, many studies have addressed the behavior of beams and slabs, responsible for the
reserve strength, and considered as the last line of defense against progressive collapse [17]. However, in column loss
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situations, the overload on adjacent columns is also significant. As the main elements in bearing the vertical loads,
special attention also needs to be given to columns in PC situations.

Interestingly, most studies on the reliability of RC beams and columns address individual elements which are
“detached” from the main structure. This may be a consequence of the usual design procedures, where elements are
designed on an element-by-element basis. Focusing on results published in Brazil, studies on the reliability of
“detached” beam elements include [18]-[23] and “detached” columns include [24]-[29]. Studies addressing “detached”
beams and/or columns, based on Brazil and elsewhere, include [30]-[32]. Yet, to facilitate construction of regular RC
buildings, it is usual to consider the same beams and slabs throughout the building, and to produce similar columns
(same cross section dimensions) over the height of the building, perhaps differentiating interior and facade columns.
As load effects and normal-to-bending action ratios are not the same throughout the building, design for beam and
column regularity produces variations in the reliability of elements located in different parts of the building. These
variations have not been thoroughly studied in the literature. Importantly, building regularity is lost in case of a column
failure.

Within this framework, this paper presents a study on the spatial distribution of load effects in regular RC frames,
and the impact on the reliability of beams and columns located in different parts of the structure. We address the cases
of intact frames, and the situation of discretionary column removal. The study includes frames of four and eight stories,
with removal of internal and external (facade) columns. Under column removal, we consider usual frames (not
strengthened), and strengthened following ASCE 7-16 [33] recommendations for abnormal loading condition. Our
study is limited to gravitational loads and to linear structural behavior. Albeit simple, the linear model captures the
distribution of load effects in the structure, and the interaction between normal and bending load effects in columns.
Non-linear material modelling will be considered in future research. Horizontal loading and out-of-plumbness will also
be addressed in the future.

2 RELIABILITY ANALYSIS BY FORM

Probabilistic analysis of structures is a field of research that has been extensively developed since the second half
of the 20th century, when works of Freudenthal [34], Cornell [35] and Hasofer and Lind [36] revolutionized the
assessment of structural safety and laid the foundations for structural reliability.

The reliability of a structure refers to a degree of belief that it meets its technical design requirements during a
specified lifetime and respecting operational conditions [37]. The technical design requirements can be defined by limit
state equations, which represent a boundary between desirable (safety or service) and undesirable state (failure) of the
structure. These limit states are given for each failure mode of each element of the structural system:

g(X)=g(X1,X5,....X,)=0 2)

where X is a random variable vector. Negative values of the limit state equation represent failure, whereas positive
values represent survival. The boundary between failure (Q ) and survival (Q,) domains is given by g(x)=0, such

that:
Q={x|g(x)<0} 3
Q ={x|g(x)>0} 4)

Thus, the failure probability, which is the probability of limit state violation, can be evaluated by a multi-
dimensional integration of the joint probability density function fx (x) over the failure domain:

p, =P[Xx EQ/]:P[g(X)SO]=J‘ﬂf‘\(x)dx )
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The solution of Equation 5 can be performed by Monte Carlo simulation or transformation methods. In this paper,
the First Order Reliability Method (FORM) is used, by way of the UQLab software [38] in a MATLAB environment.

The FORM method consists in mapping the joint probability density function from the original design space X to
the standard Gaussian space Y through the Principle of Normal Tail Approximation [39] and the Nataf
transformation [40]. In this space, the limit state equation is approximated by a tangent hyper-plane at the design point.
This point represents the most probable point in the failure domain and is obtained by the constrained optimization
problem:

find : y*

which minimizes: d = ly =4/y'y (6)

subject to : g(y) =0

where y is the random variable vector in the standard Gaussian space, y" is the design point and 4 is the distance of
a point to the origin. The solution to this problem yields the Hasofer and Lind’s [36] reliability index, B, commonly
used as a safety metric in structural codes.

The transformation from the original space to the standard space is done as the optimization algorithm moves
towards the design point. In this paper, the improved Hasofer-Lind-Rackwitz-Fiessler algorithm [41], [42] is used to
ensure unconditional convergence. At the design point, the limit state equation is approximated by a tangent hyper-
plane. Using the property of radial symmetry of the normal standard distribution, a first order approximation of the
failure probability is given by:

Py = o(-B) (7

where g is the reliability index and ®@(.) is the standard gaussian cumulative probability distribution function.
The contribution of each random variable to the calculated failure probabilities can be found by:

Vg(y*)
*
o) ve(y'] ®
g\y
where Vg = {j—g} is the gradient vector containing the partial derivatives of the limit state equation with respect to each
Vi

random variable. The component & provides a linear approximation of the sensibility of the »  to random variable
X, , which is composed by a combination of its distribution, mean value and standard deviation [37]. Through the

sensibility, it is possible to identify more or less significant variables in a structural reliability problem in order to inform
relevant aspects that deserve more attention of the designer, mainly in the statistical treatment of the variables, which
can reduce the uncertainties and increase the accuracy of the analysis.

2.1 Limit state equation for beams

The rectangular beams considered herein are subjected to pure bending caused by gravity loads. The resistance to

formation of a plastic hinge is given by the classical equations of equilibrium and recommendations of the
ABNT NBR 6118 [1]:

Mp =4 f, (d-x)+0.408 x* . b, 9)
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x—l.ZS[ij (10)
0.85 1, b,

where My is the bending moment resistance of the cross section, 4 is the steel reinforcement area, f, is the yield
strength of steel, ¢ and »,, are the effective height and width of the cross section, f. is the compressive strength of

concrete and x is the neutral axis position, given by Equation 10. Equation 9 is valid for concrete with less than 50 MPa
of characteristic compressive strength and simple reinforced beams.
Thus, the limit state equation for beams ( g5 ) is given by:

gB(X):EBMR(fc=fy=d7bw)_Ms(d’bwaDaL) (11)

where Ej is the model error variable for beam bending, M, is the maximum bending moment on the beam, given by
the FE model, and the random variable vector is X= {E B,fc,fy,d,bw,D,L} , where D and L are the dead and live loads,

respectively.

2.2 Limit state equation for columns

The rectangular columns were subjected to normal loads combined with bending. Unlike beams, column resistance
cannot be assessed directly as it represents a nonlinear system resulting from the imposition of the equilibrium equations
between the internal load effects and strengths [43]. These relations are considered by shifting the neutral axis position
in the cross section, allowing the construction of an interaction curve that separates the safe and failure regions, as
depicted in Figure 1, evaluated following prescriptions of [1].

12000
Interaction curve {resistance)
Line S - origin
® lLoad effect
10000 } FAILURE REGION ® Limit strength
(External)

S=(Ns, Ms) ®
o SAFE REGION
R = (Nr, Mg) {Internal)

G000

Bending moment

4000 -

2000 -

2 )
-2000 -1500 -1000 -500 0 500
Normal force

Figure 1. Normal load times bending Moment (NM) interaction diagram
for strength of RC columns.

Formulation of the limit state for RC columns follows [30], and is based on the shortest load path criterion. Let S
be the load effect, given as a point of normal force and bending moment ( Ng, My ) in the diagram (Figure 1). The line

joining this point to the origin is the “load path”. This line defines the limit strength point R, given as ( N, My ), and
which can be obtained by a curve intersection algorithm. The limit state function for columns ( g ) is established by
comparing the distance between points R and S to the origin:
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ec(X)= Ecy(V )P+ (M) (Vs )P+ (v5)? (12)

where E. is the model error variable for columns. For a point inside the safe region, the distance from S to the origin
is smaller than the distance from R to the origin, leading to a positive value for the limit state function. In Equation 12,
the strength is a function of resistance variables ( Np ( fos fy,d,...) , Mp ( Sos fy,d,...) ), and the load effects are functions of

the loads: Ng(D,L,d,b,), Mg(D,L,d,b,).
The formulation presented herein assumes that load effects N, Mg vary in proportion to the loads (D,z), which is

valid in case of dependent gravity loads. When lateral (wind or earthquake) loads are considered, load effects may
change independently, and a more complex “out-crossing rate” formulation is required [44].

2.3 Collapse probabilities

In this paper, we conduct reliability analyses of intact frames and frames with discretionary column removals,
representing situations in which local damage has occurred. The failure probabilities given through the limit state
equations for beams and columns (Equations 11 and 12) for the damaged structures represent the conditional collapse
probability P[C|LD,H], following Equation 1. The P[C] term needs to be evaluated considering a risk analysis to

determine P[#] and P[LD|H ] terms. For the intact structures, in which local damage has not occurred, the failure

probabilities represent the term P[C] related to the usual loading condition.

3. FINITE ELEMENT MODELLING FOR LOAD EFFECTS

The load effects in the studied frames are assessed through a linear static analysis. A mechanical model based on
the finite element method (FE) is used, with elastic material behavior and 2D frame elements. A linear static analysis
is sufficient for an approximate study of the load distribution in regular frames, and for its redistribution across the
floors and spans. A study of the ultimate collapse loads requires mechanical models which incorporate geometric and
material nonlinearities behavior and are out of the scope of this paper.

Each frame element in the model has two nodes with three degrees of freedom in each node: one rotation and two
displacements, as depicted in Figure 2.

Figure 2. Degrees of freedom of the frame element [45].

The nodal displacements vector u is obtained by a system containing the global stiffness matrix K and the nodal
forces vector f:

K-u=f (13)

With the displacements, the load effects can be found through equilibrium equations. The model used herein was
validated by comparing the results with academic software Ftool [46]. In the FE model, one element is used for each
column in each floor and one element is used for each spam of the beams.
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3.1 Limitations of linear analysis

The mechanical model used herein is limited to elastic behavior of the materials and does not consider geometric
nonlinearity and dynamic effects. Therefore, as a phenomenon that causes large deformations in the structure, the
collapse mechanism is considered in a simplified and conservative approach.

Figure 3 depicts the nonlinear behavior of a reinforced concrete beam which suffered a midspan column removal.
The first part of the load-displacement curve is the linear elastic stage or approximated as such; this is followed by the
arch effect, the snap-through and the catenary (or membrane) action. Catenary action only occurs if columns at both
ends of the beam element provide enough horizontal restraint. The end of the curve, point D, represents the ultimate
load capacity of the beam, which can be quantified by nonlinear procedures. The bending moment resistance in the
linear stage, used herein as the limit state (Equations 9-11), corresponds to point A, where the limits of material and
geometrical linearities are valid. Therefore, a great reserve of strength is still available in the elements, which is not
captured in the simplified analyses carried out in this paper. Hence, the reliability index values computed in this paper
are minimum values, corresponding to the strength at point A in Figure 3.

A
=
s Stage 1 Stage 2 Stage 3 Stage 4
— (Flexure) (Arch) (Snap - (Catenary)
through) D
B
A
7
//
s C
/
//
V4 Linear approximation
4

Vertical displacement
Figure 3. Nonlinear behavior in the collapse of a reinforced concrete beam.

4. STUDIED FRAMES, DESIGN AND LOAD CASES

The analyses presented in this paper are based on the buildings illustrated in Figure 4: a 4-story and an 8-story
reinforced concrete frames with four bays, spans of 5.0 meters and story height of 3.0 meters. Five different situations
were analyzed in each frame, one intact, two with removal of an external column and two with removal of an internal
column, as shown in Figure 5. For the frames with column removal, we consider a normal design (no strengthening for

column loss) and a strengthened APM design, i.e., a frame reinforced to bridge over a failed column, as detailed in the
next section.

8th floor

7th floor

6th floor

5th floor

4th floor 4th floor

3rd floor 3rd floor

2nd floor 2nd floor

1st floor 1st floor

EC-L I‘(—‘TL I?‘Tll ECTR ii(‘ -L fC-L ;‘TR I;C-R
Figure 4. Studied RC frames and naming convention for columns.
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Figure 5. Illustration of the considered column loss conditions:
external (left) and internal (right).

4.1 APM design

The Alternate Path Method is specified in documents UFC 4-023-03 [13] and GSA [12]. In this direct design
approach against progressive collapse, the structure is designed such as to be able to bridge over a removed load-
carrying element. This is achieved by ensuring that alternate load paths are available in the structure in cases where
local damage occurs, confining disproportionate collapse.

The method is applied by notionally removing key load-bearing structural elements, followed by a structural
analysis. One at a time, internal and external columns are removed, as well as columns at critical locations, as
determined by engineering judgment. The elements which do not resist the load redistribution need to be strengthened.
The analysis can be linear static, nonlinear static or nonlinear dynamic. The use of linear static procedures is limited to
regular structures that are 10-stories or less.

In light of Equation 1, the APM design is done by considering P[LD|H ]=1, in which the local damage corresponds

to a column loss. Recall that the failure probabilities obtained by a reliability analysis in a damaged structure (column
loss) refers to the term P[C|LD,H] . To find the term P[], one needs to use Equation 1, as commented in Section 2.3.

4.2 Load combinations and design

The loads applied in the structures are quantified based on an influence area with a total depth of 8.0 meters, 4.0
meters in each side of the frame. All nominal values of the loads are based on ABNT NBR 6120:2019 — Design loads
for structures [47]. The live loads are established considering a residential building, with the rooms classified as “Pantry
and laundry area”, with 2.0 kN/m?. For the dead loads, only the self-weight of the structural elements is considered,
with slabs of 0.12 meters height.

The design code ABNT NBR 8681 [48] specifies an exceptional loading combination arising from the occurrence
of actions that can cause catastrophic effects. These actions are transitory and extremely brief in duration. Following
ABNT NBR 8681, the required design strength R, is given by:

Rp>12D,+1.0L, (14)

where D, is the nominal dead load and z, is the nominal live load.

Although the definition of exceptional loads in the Brazilian standard [48] may be in convergence with events that
can cause severe local damage, it does not specifically recommend any loading condition for design or strengthening
of structures that already suffered damage, which is the case of the Alternate Path Method. In the APM design, the
residual capacity of the structure must be assessed, which is conditional to the occurrence of local damage (column
loss). Hence, to maintain coherence between our analysis for the cases of intact frame and column loss, the design
factors for loads are taken from ASCE 7 [33], for usual loading (intact frame) and abnormal loading (column loss —
residual capacity).
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For demonstration purposes, in Section 5.2 we show how use of load combinations given in ABNT NBR 8681
(Equation 14) results in overdesigned elements when an external column is removed. Although Equation 14 may not
be fitted for the progressive collapse assessment through the Alternate Path Method, it may be well suited for the
Enhanced Local Resistance method, where collapse is prevented by reinforcing specific elements to resist initial
abnormal loads.

As a consequence of using ASCE 7 load combinations, the reliability index results obtained herein for the intact
structure are not the same as those obtained using design factors of codes [1] or [48]. Yet, the analysis is justified as we
are more interested in the variation of reliability indexes for different points of the structure. Moreover, the recent study
on reliability-based calibration of Brazilian design codes [49] has suggested that the partial load factor for dead load
should be reduced (to y, =1.25) and for live load should be increased (to y; =1.70 ). These values are somewhat closer

to the values given by ASCE 7, as reported below.
Following ASCE 7, under normal loading condition, the required design strength R, is given by:

Rp=12D,+16L, (15)

The design strength R, is evaluated following ABNT NBR 6118:2014, with y, =14 and yg=1.15.

The column loss condition corresponds to an extraordinary event. Following the Alternate Path Method (APM) and
the ASCE 7 “Residual capacity” load combination, beams and columns of the regular building are strengthened such
that:

Rp=12D,+0.5L, (16)

Under column loss condition, a reduced design value is considered for the live load: the damaged frame is not
expected to withstand the lifetime maximum live load, but it should support the sustained part of the live load, until
repair action is taken. Accordingly, in the reliability analysis, the fifty-year extreme value of the live load is considered
for the intact frame, and the arbitrary-point-in-time value of the live load is considered under column loss condition, as
detailed in the sequence.

Beam elements are designed considering pure bending, and columns are designed considering normal loads plus
bending. Second-order effects were not considered, to simplify the reliability analysis, and to respect the limitations of
the linear finite element model. Tables 1 and 2 present the cross-section and reinforcement area for beams and columns
of the 4 and 8-story buildings, respectively. In the columns, the reinforcement is placed near the top and the bottom of
the cross-section. All elements are designed with concrete with 30 MPa of characteristic compressive strength ( £.;)

and steel with 500 MPa of characteristic yield strength ( f,;) . The structural analysis was performed with a modulus of

elasticity ( £ ) of 20 GPa. Table 3 shows the loading considered, as well as the resulting live-to-dead load ratios, which
are relevant to interpret the results of reliability analysis.

Table 1. Cross-section dimensions and reinforcement for 4-story building (“CL” means column loss).

Width Beams Internal columns External columns
. i
Loading case (cm) Height Steel reinf. Height Steel reinf. Height Steel reinf.
(cm) (cm?) (cm) (cm?) (cm) (cm?)
Normal loading 19.0 50.0 6.80 40.0 5.00 40.0 7.50
Strengthened for 19.0 70.0 16.00 50.0 8.00 50.0 13.00
external CL
Strengthened for
external CL (ABNT 19.0 80.0 18.00 50.0 10.00 50.0 17.00
NBR 8681)
Strengthened for 19.0 70.0 15.00 50.0 10.00 50.0 14.50
internal CL
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Table 2. Cross-section dimensions and reinforcement for 8-story building (“CL” means column loss).

Width Beams Internal columns External columns
Loading case (clm) Height Steel reinf. Height Steel reinf. Height Steel reinf.
(cm) (cm?) (cm) (cm?) (cm) (cm?)
Normal loading 19.0 50.0 8.50 60.0 12.00 60.0 6.60
Strengthened for 19.0 80.0 16.00 70.0 12.00 70.0 12.00
external CL
Strengthened for 19.0 80.0 14.00 70.0 20.00 70.0 12.00

internal CL

Table 3. Nominal values for loads (in kN/m) and ratio L, /D, .

. C Live load on Dead load on Self-weight of L,/D, on L,/ D, on
rame ase beams (g, ) beams (g, , ) columns (g, ,) beams columns
Intact 16.00 26.38 1.90 0.61 0.56 - 0.58
4-story
Column loss 16.00 27.33 2.38 0.59 0.52-0.56
8st Intact 16.00 26.38 2.85 0.61 0.54-0.57
-sto
v Column loss 16.00 27.80 3.33 0.58 0.51-0.56

4.3 Random variables for reliability analysis

The reliability analysis of the frames is performed considering ten random variables, presented in Table 4. The live
load random variable in column loss scenarios follows [14], taken with arbitrary-point-in-time values and Gamma
distribution, as the damaged frame is not expected to withstand its lifetime maximum live load. All the beams were
loaded by the same live load random variable simultaneously.

Table 4. Random variables considered in the reliability analysis and their parameters (“Variable” means “in terms of the standard
deviation™).

Variable (symbol) Distribution Mean C.o0.V. Standard deviation Reference

Cross-section dimensions (B, H ) Normal d, Variable 4+0.006d, (mm) [50]
Self-weight of columns (G, ) Normal 106, , 0.12 0.1272g,, , [32]
Dead load on beams (G,) Normal 1.06g,, , 0.12 0.1272g,, , [32]

Live load on beams, intact frame
Gumbel an 0.40 0.404, [32]

(Os0)

Live load on beams, column loss

Gamma 0.25¢, 0.55 0.1375¢,, [32]
(Qa‘p‘t.)

Concrete compressive strength (£,.) Normal 1.22 fox 0.15 0.183 f, [32]
Steel yield strength (f),) Normal 1.22 fyr 0.04 0.0488 f [32]
Model error for beam bending (Eg)  Lognormal 0.99 0.024 0.02376 [19]
Model error for columns (£¢) Normal 1.15 0.145 0.16675 [49]

5. RESULTS FOR THE 4-STORY FRAME

5.1 Normal design, intact frame

Reliability index results for the intact 4-story frame are presented in Figure 6. Calculated values of reliability indexes
are shown besides each element. The elements highlighted in yellow color are those which controlled the regular design.
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Reliability indexes observed in Figure 6 are around 3.0 for beams and 4.0 for columns. Note that the element which
controls design, for which design strength is smaller, is also always the element with smaller reliability index. The
largest variations in reliability indexes are observed for columns of different floors. Design of internal columns is
controlled by larger normal loads at the first floor. Significant reserve in safety is observed for internal columns of
higher floors, when the same detailing is considered: this is expected, as normal loads are significantly smaller. Design
of external columns is controlled at the highest floor, where bending moments prevail over normal loads. As observed
in Figure 7, the external columns of different floors correspond to quite different points in the NM interaction diagram:
the design is controlled at the fourth floor, where normal load is small, hence the load trajectory is very stepped and
bending strength is limited (Figure 7 right); for the third floor (and those below), the normal load is much larger, the
load trajectory is less stepped, leading to much larger bending strength. The ratio of bending moment to normal force,
M/N, for external columns, is shown in Figure 8, which confirms that the load effects change significantly from the
third to the fourth floor.

The results presented herein can be better interpreted by looking at the sensitivity coefficients, which show the
contribution of each random variable to the calculated failure probabilities. Figure 9 shows the reliability indexes and
the sensitivity coefficients for the external and internal columns of the 4-story frame. We start by noting that the model
error random variable ( E. ) has a greater role for all columns. For those columns which control the design, role of £,

is around 40 to 50%; for other columns, it approaches 100%. This points out to the importance of developing better
probabilistic models for the model error of columns. Considering the behavior observed in Figure 7, one significant
improvement would be to evaluate model error statistics for “zones”, corresponding to similar values of the ratio M/N.
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Figure 6. Reliability indexes for 4-story frame, intact condition.
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Figure 7. Normal load bending moment (NM) interaction diagram for columns, 4-story intact frame.
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Figure 8. Ratio between bending moment and normal force (M/N) for
columns at different floors, 4-story intact frame.
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Figure 9. Reliability index and sensitivity coefficients for columns of different floors, 4-story intact frame, external columns (left)
and internal columns (right).

One intuitive behavior is observed for the internal columns, with the reliability index increasing from bottom to top:
for lower floor columns, with greater normal load, the contribution of concrete strength and live load rivals that of the
model error; as normal loads are reduced, the importance of other variables vanishes, and E., dominates failure

probabilities, which become very small.

For external columns, the influence of live load exceeds that of concrete strength, and becomes relevant at the fourth
floor, which controls the design. Recall that the normal force bending moment interaction diagram for external columns
of 3rd and 4th floors is shown in Figure 7.

5.2 Discretionary removal of external column

Figure 10 illustrates the reliability indexes for the 4-story frame, when the external column is removed: left in figure,
results for the original frame; right, results for the strengthened frame (APM method). All reliability indexes shown in
Figure 10 are conditional on column removal (local damage). Highlighted in red are the elements for which the failure
probability is larger than 0.1, which corresponds to the maximum accepted value for the conditional collapse probability
(term P[CILD,H] in Equation 1). Negative reliability indexes shown in figure correspond to P[C|LD,H|>05 .
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Figure 10. Reliability indexes for 4-story frame, removal of external column, original frame (left) and strengthened frame (right).

As observed in Figure 10 (left), the original (non-strengthened) frame does not withstand loss of an external column.
Beams of the affected bay would most certainly form plastic hinges. External columns above the removed one (EC-R)
and the internal column at the top floor (IC-L) also present unacceptably low reliability index. As noted in Figure 10
(right), the strengthened frame would likely support loss of the external column, with the weakest column presenting
f=2.18, which corresponds to a failure probability of p, =0.015.

Sensitivity indexes for the strengthened frame are shown in Figure 10. Again, the model error random variable
controls failure probabilities, with around 70% dominance for those elements which control the design. For external
left (EC-L) column, model error contributed alone to the failure probability: this deterred the reliability index from
becoming larger than 7. Behavior of column IC-L is observed to be like the case of internal columns of the intact frame,
with the reliability index decreasing at the top floor, such as the influence of the model error (Figure 11). At the top
floor, an increase in the sensibility of dead and live load actions, as well as yield stress, is observed. This hints to the
greater contribution of bending moments at this top column.

For column IC-R, reliability indexes become smaller for lower floors, with larger participation of concrete strength,
as well dead and live loads; this occurs due to larger participation of normal loads, for this damaged structure condition.
Figure 12 confirms this observation, as it shows the ratio of bending moment to normal loads, for the three remaining
columns of the damaged building.

Relating results in Figure 12 to those in Figure 10, we observe that M/N ratios up to 0.4 contribute to greater strength
and larger g ’s, whereas values above 0.6 lead to smaller g ’s (as is the case for column IC-L at the top floor).

The collapse probability given by Equation 1 for the elements with the lowest reliability indexes are shown in
Table 5, for all the analyses conducted. The values were obtained considering hazard probability P[#] of 10° and that

local damage is certain due to hazard (P[LD|H]=1). As expected, the collapse probabilities are small for the

strengthened structures, since the hazard probabilities are usually small. For the intact structures, the collapse
probability refers to the usual loading condition, and cannot be compared directly with the cases of column loss.

At last, as commented in Section 4.2 of this paper, the reliability analysis of the building redesign with the ABNT
NBR 8681 “Exceptional load combination” is shown in Figure 13. The reliability indexes of the elements which control
the design are much larger than those of the frame strengthened using ASCE 7 “Residual capacity” load combination.
The most critical beam’s g goes from 2.77 to 4.31, whereas the internal column’s goes from 2.26 to 3.94 and the
external column’s goes from 2.18 to 3.46. As one can observe in Table 5, the order of magnitude of the failure
probability of the elements designed following ABNT NBR 8681 are around 107!%, excessively lower than the 1077 of
the ASCE 7 load combination, which indicates that the Alternate Path method assessed with Brazilian load factors will
likely overdesign the elements.
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Figure 11. Reliability index and sensitivity coefficients for columns of different floors, strengthened 4-story frame with removal
of external column.

Reliability Index

Reliability Index

Sensibility

Interior Column IC-L

1 2 3 4
Floors
[ Reliability Index ~+-Dead loads —s—Live loads

~=—Concrete strength —+—Yield strength of steel —=—Model error

100%

80%

60%

40%

Sensibility

0%

Exterior Column EC-R

1 2 3
Floars
i Reliability Index ~+Dead loads ——Live loads
~+—Concrete strength —=—Yield strength of steel —=~Model error

Columns Bending Moment / Axial Force relationship

04

0.3

02

Bending Moment / Axial Force
o

0.1

/

0.0

Figure 12. Ratio M/N for columns at different floors, strengthened 4-story frame with removal of external column.

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15207, 2022

Floors

——EC-L ——IC-L ——IC-R ——EC-R

8.0

7.0

6.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

0.0

Reliability Index

Reliability Index

14/20



ColarRunningAuthors

10.99 6.91 6.05

? 3 3 2

© o © <
9.41 6.52 5.05

(o)

< e 2 IN

o 3 2 <
9.25 6.00 4.63

g A R S

© < < o0
11.66 6.12 4.31

< o ™

< 15 ~

© " - *

EC-L IC-L IC-R EC-R
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Table 5. Collapse probability of the most critical elements, calculated through Equation 1 using P[H ] =107 and P[LDIH =1 (in

boldface, values that exceed 107°, corresponding to P[CILD,H]>0.1).

Structure Beam External Column Internal Column
Intact 3.36E-03 131E-03 3.17E-05
ECL-0 1.00E-05 9.63E-06 9.96E-06
" ECL-S 2.80E-08 1.46E-07 1.19E-07
sty ECR - S (ABNT NBR 8681) 8.16E-11 2.70E-09 4.07E-10
ICL-0 1.00E-05 9.98E-06 7.91E-06
ICL - S 9.35E-09 9.14E-08 4.07E-10
Intact 6.57E-03 5.39E-03 2.70E-04
ECL-0 1.00E-05 9.79E-06 1.66E-07
8-story ECL-S 1.66E-06 1.64E-06 1.69E-08
ICL-0 1.00E-05 9.73E-06 1 44E-08
ICL - S 1.22E-08 1.99E-08 3.49E-09

ECL: external column loss; ICL: internal column loss; O: original (non-strengthened); S: strengthened

5.3 Discretionary removal of internal column

Figure 14 illustrates the reliability indexes for the 4-story frames, when the internal column is removed. Again, the
original frame does not withstand column loss as beams and most of column EC-R present unacceptably low reliability
indexes. However, in the first floor, the columns right next to the removed one were not significantly affected by the
overload.

In the strengthened frame, all elements present acceptable reliability indexes. In this scenario, there is a reduction
in the B ’s of the EC-R column at the 4th floor. This again occurs due to the excessive steepness of the load path,
indicating a prevalence of bending moment action. This same phenomenon is observed in the IC-L and EC-L columns,
but with less intensity.

As depicted in the graphs of Figure 15, the influence of the model error is preponderant, ranging from 65 to 75% in
the elements that control the design and up to 100% in the others. In the IC-L and EC-R columns, the importance of
the concrete strength is significant, especially on the first floor, where the increase in compression relieves the effects
of bending moment, reducing the steepness of the load path and increasing reliability. On the other hand, in the last
floor, the sensitivity of the concrete drastically decreases, being surpassed by the dead and live loads. In Figure 16, we
observe that M/N ratios above 1.0 lead to smaller values of reliability indexes (as is the case for column EC-R at the
top floor).

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, €15207, 2022 15/20



ColarRunningAuthors

1.73 -2.70 -0.47 8.98 5.16 7.33
8 S % Q & ] R 2
< =} n o N < o (Y]
3.95 3.58 -2.98 8.01 3.92 4.51
b ~ ~ < —
@ 3 S [S) N N o in
n : © © '; © <
3.26 3.68 -2.91 9.35 3.50 4.49
& ] S i q 3 3 S
1 ~ o] - © < © <
2.12 -3.73 -2.65 8.45 3.11 4.77
5 o0 o 3 < ~
Q ~ [} N )] n
o ~ ® p @ o *® <
oA b b b o A
EC-L IC-L IC-R EC-R EC-L IC-L IC-R EC-R

Figure 14. Reliability indexes for 4-story frame, removal of internal column, original frame (left) and strengthened frame (right).
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6. RESULTS FOR THE EIGHT-STORY FRAME

The 8-story frame presents similar results to the 4-story frame w.r.t. the columns behavior and the inability of the
non-strengthened structure to withstand column loss. Hence, due to space constraints, detailed results are not presented
herein. Figure 17 depicts the reliability indexes for the intact and for the strengthened frames with column removal.
The model error variable sensibility prevails in all columns. For the elements that control the design, values around
50% in the intact frame and up to 80% in the column loss frames were found.
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Figure 17. Reliability indexes for the 8-story building for the intact, external column loss and internal column loss, from left to
right.
7. CONCLUSIONS

In this paper, we addressed the spatial distribution of load effects and reliability index of beams and columns of RC
plane frames, built considering symmetry and regularity. The analysis is limited to gravitational loads, and to linear
material modelling; yet it considers usual and abnormal “column loss” loading conditions. Using load combinations
recommended by ASCE and partial safety factors for concrete and steel strength by ABNT NBR 6118, we found
reliability indexes around B ~3 for beams, and Bg~4 for the critical columns of the intact frame.

We observed that the design of internal columns is controlled by the base (first floor) column, at which normal
gravity loads are largest. The reliability index for the base column is around g3, and this value increases for upper

internal columns. The design of external columns was found to be controlled by the fourth (or upper) floor, where the
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ratio of bending moment to normal load effect (M/N) is largest. For lower external columns, the normal load increases,
the load trajectory becomes less stepped in the MN diagram, and the reliability index increases significantly.

Among all random variables considered, the model error for column strength was found to be the most significant
source of uncertainty for the reliability of columns. For those columns controlling design, the contribution of model
error was found to be around 40 to 70%; for other columns with greater reserve strength (due to design regularity), the
contribution of model error reached 100%. This points out to the importance of developing better models for column
strength, and more refined probabilistic models for the model error variable. One significant improvement would be to
evaluate model error statistics for “zones”, corresponding to similar values of the M/N ratio, in the MN interaction
diagram.

For the discretionary column removal loading condition, it was observed that conventional design leads to
unacceptable failure probabilities. The beams would most likely fail, due to exceptional bending moments generated
by cantilever or double-spam effects. This conclusion does not consider the eventual compressive arch or catenary
effects. For the strengthened frames, following the APM design philosophy, the conditional failure probabilities were
found to be acceptable. In column loss condition, symmetry is lost, but regular design also leads to significant
differences in reliability index and sensitivity coefficients of beams and columns located in different parts of the
building.

Investigations are underway to include horizontal loads, non-linear material modelling, and to consider system
effects like compressive arch and catenary actions, in the reliability analysis of RC frames subject to column loss
loading.
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Abstract: The present study focuses on comparative parametric analysis of curved precast concrete
bridges using straight and curved I-girders. The live load bending moment distribution for girders
was studied using the bridge curvature and its relationship with the results obtained for a straight
bridge. FEM 3D models were developed with restrictions on the transverse live load positions and
with two different load models types: HL-93 (AASHTO) and TB-450 (NBR 7188, 2013). The
parametric analysis results were calculated using the Modification Factor (MF) and the Bending
Moment Distribution Factor (BMDF), calculated from the structural analysis of each model at the
midspan. Globally, an increase was found in the total bending moment for the curved bridge models
in relation to the straight bridge. In the examples herein studied, the larger the bending radius, the
larger the maximal bending moment in the bridge center. For the external girders, the MF increases
with the increase of the L/R. For the internal ones, the MF decreases with the increase of the L/R. In
addition, the occurrence of “Load Shift” was different from the rigid body behavior, for there was
demonstrated a different bending moment variation between external girder (G1) in relation to its
adjacent (G2). Therefore, the structural behavior of straight (SG) and curved girders (CG) was
analyzed, revealing that, in the SG, a significant gap occurred in the BMDF between G1 and G2
girders for all curvatures. For L/R = 0.6, it caused a difference of 17.8% in the BMDF between the
G1 and G2 girders, while on the curved girders, a difference of only 6.6% was found.

Keywords: bridges, live loads, curvature, bending moment distribution, FEM.

Resumo: o presente estudo foca na analise paramétrica comparativa de pontes curvas utilizando
utilizando longarinas retas e curvas pré-moldadas. As analises foram baseadas na distribuigdo
transversal de momento fletor para a longarinas, na variagdo da curvatura da ponte e na relagdo
desses parametros com os resultados obtidos em uma ponte reta. Foram desenvolvidos FEM 3D
models com restrigdes nas posi¢des transversais da carga-moével e com dois tipos diferentes de
modelos de carga: HL-93 ¢ NBR 7187. Os resultados da analise paramétrica foram determinados
utilizando o Fator de Modificagdo (FM) e o Fator de Distribuicdo de Momento Fletor (FDMF),
calculadas a partir da analise estrutural de cada modelo na posi¢do longitudinal do meio do vao. No
ambito global, contatou-se um aumento do momento fletor total nos modelos de ponte curva em
relagdo a reta. Nos exemplos estudados, quanto maior o raio de curvatura, maior foi o momento fletor
maximo no meio do vdo da ponte. O valor de FM varia linearmente. Para as longarinas externas o
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FM aumenta com o aumento do L/R, ja para as internas, o FM diminui com o aumento do L/R. Além
disso, foi comprovada a ocorréncia de “Load Shift” diferente do comportamento de corpo rigido,
tendo em vista a variagdo diferenciada de momento fletor para a longarina externa G1 em relagdo a
sua adjacente G2. Constatou-se uma diferenga consideravel de comportamento estrutural entre as
longarinas retas e curvas, tendo em vista que nas SG ocorreu uma diferenga significativa de FDMF
entre a longarina G1 e a G2 para todas as curvaturas, o que ndo ocorreu para as CG. Para L/R=0.6,
observou-se uma diferenga de 17.8% no FDMF entre as longarinas G1 e G2 retas, ja nas longarinas
curvas, a diferenca foi de apenas 6.6%.

Palavras-chave: pontes, cargas modveis, curvatura, distribui¢do de momento fletor, Método dos
Elementos Finitos.

How to cite: A. S. Rebougas, J. N. Silva Filho, R. Barros, Y. R. F. Nascimento, and P. M. Coutinho, “Live Load Radial Moment Distribution for curved
bridges using straight and curved girders,” Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15208, 2022, https://doi.org/10.1590/S1983-41952022000200008

1. INTRODUCTION

According to the World Economic Forum [1], the number of cars in the world was 1.1 billion. It is expected
that this number will continue to grow, possibly doubling until 2040, reaching over 2.0 billion. In such a
scenario, more robust and efficient transportation logistics is required, which must be met by building roads,
railroads, bridges, and viaducts. In large cities, the need for mobility and the difficulty of interposing obstacles
in restricted spaces makes the specification of bridges and curved viaducts designs frequent.

Previously, according to Amorn et al. [2], curved bridges were usually built using a set of straight rails,
forming a sequence of straight stretches within the curve. The fabrication of curved rails in the plane was very
laborious, costly, and the structural analysis of this type of geometry was considered complex. Nowadays, with
the development of the manufacturing equipment and industry, the curvature in the plane does not impose as
many difficulties. In addition, in relation to structural analysis, the advance of software tools allows the
modeling and analysis of curved bridges in a relatively simple manner.

According to Alawneh [3], in the last thirty years, steel girder bridges have dominated the construction of
curved bridges due to advantages such as speed of construction, relative flexibility and light weight. However,
the prestressed concrete girders bridges are a viable alternative since they are widely used in bridges with
straight longitudinal design and are considerably stiffer than steel ones.

Hence, the present study focuses on the parametric comparative analysis of bridges with curved longitudinal
layout using prefabricated "I" section, straight girders, and curved ones. The analyses were based on the cross-
sectional distribution of the girders bending moment, the variation of the bridge curvature and the relationship
of these parameters with the results obtained in a straight bridge. The results were obtained from 3D models
executed with restrictions on the transverse positions of the live load and applying two different vehicle types.
They indicated several advantages in the structural behaviour of curved girders compared to straight girders.

2. STRUCTURAL BEHAVIOR OF CURVED BRIDGES

The bridge with curved longitudinal layout has different structural behaviour from the straight due to the
center of gravity’s position being located outside the line connecting the extreme supports, generating an
eccentricity in relation to this axis, and consequently an overall torsional trend around the supports (Figure 1).
The main property of the superstructure of curved bridges is curvature, which can be measured as the ratio
between the arc length of the bridge centerline (L,) and the radius between this arc and the center (R). According
to PCI Bridge Design Manual [4], although it is an arch, the center of gravity of the surface of bridge deck is
different from the center of gravity of an arch due to the portion of area on the part of the deck that is above
the center line. This portion of area is larger than the lower portion, moving the center of gravity closer to the
center line and increasing the eccentricity in relation to the line connecting the supports.

In addition, due to the eccentricity between the CG of the bridge and the line connecting the supports, the
torsion will be maximum in the supports, which generates the need to design supports that have torsional
stiffness.
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Figure 1. Geometric Properties of a curved bridge deck. PCI Bridge Design Manual [4].

Accordingly, for any load applied in the vertical plane, bending and torsion forces arise in a coupled way, along the
structural element. This interaction between torsion and bending is mandatory, since it comes from the equilibrium
conditions of a curved beam element, which in this case represents the global equilibrium of the bridge. Figure 2 shows
an infinitesimal element of a curved beam loaded only in the normal direction to the horizontal plane, as well as the
internal forces generated by this loading. Equations (1), (2) and (3) denote the structural behavior of a curved beam
element. Equations (1) and (2) depend directly on the radius of curvature (R)

dv

—_—=- 1
P ey
dM T
—=r-— (2
ds R 2)
dT M
—=t+— (3
ds o R 3)

Figure 2. Structural behavior of a curved beam element.
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3. EXISTING SYSTEMS FOR CURVED PRECAST CONCRETE GIRDERS BRIDGES

To design prestressed concrete curved bridges the designers can use various structural configurations. In bridges
with open cross section, in most cases, straight beams are used within the curved bridge layout due to their simplicity
of construction. However, it is also possible to use precast concrete curved girders for this layout. As already mentioned,
Alawneh [3] developed a methodology for the construction of precast concrete curved girders with straight sections
connected in predefined positions to achieve the desired curvature. Figure 3 shows the proposed geometry.
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Figure 3. Geometry of Curved Precast Concrete Girders Bridges. Alawneh et al. [3]

According to Cho et al. [5], the application of curvature in precast prestressed concrete girders is very advantageous,
since the steel girders, mostly used in this type of curved layout, have low stiffness to warping. Another factor that
contributes to the use of concrete girders is better stability during assembly compared to steel girders.

4. BENDING MOMENT DISTRIBUTION PARAMETERS IN CURVED BRIDGES

In bridges with more than two girders, the distribution of internal forces depends on the stiffness of the structural
elements. It was initially decided to investigate which are the main factors influencing the bending moment distribution
for the curved bridges girders, especially regarding the magnitude of the effect that is allocated to each of them.

Brockenbrough [6] tested the impact of several parameters on the distribution of effort in open section curved bridges and
concluded that variations in the girder stiffness and in the spacing of the diaphragms have a small effect on this distribution,
but that the central angle per span, which includes the combined effect of curvature and span length, and the girders spacing,
have the greatest effects. Kim et al. [7] pointed out that the key parameters to study the distribution of bending moment in
curved bridges are the radius, the girders spacing, the span length and the spacing between the diaphragms.

Therefore, it was decided to focus on the curvature (relation between span length (L) and radius (R)) according to
Figure 1, varying it within limit parameters and fixing all other parameters mentioned above, to analyze the direct
impact of the curvature on the bending moment distribution for each girder

5. MODELS

A curved bridge is basically a straight bridge to which an eccentricity applied in relation to the line connecting the
extreme supports. In most cases, this curvature is imposed using a fixed curvature along the entire length of the bridge.

The AASHTO [8] defines that the central angle of the bridge should vary from 12° to 34°, due to the limitation of torsion
stiffness in open sections. These conditions were used as the basis for the development of the models under study. Four groups
of bridge models were created maintaining all physical and geometric parameters while varying solely the curvature (L/R).

In each curved bridge model, straight girders (SG) and curved girders (CG) geometries defined with the same height
and cross section were applied. In addition, a bridge model with straight longitudinal layout (SB) was used as a reference
for the comparative analyses that were performed. In this group, only one model was created, with the same cross
section as the curved bridge models. All models are shown in Table 1.
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5.1. Materials

The same material properties, defined according to current design practices, were used in all models. The structural
analysis was carried out in the linear static analysis, with the properties adopted for all models presented in Table 2.

Table 1. Structural analysis models

L/R Central angle Girders Geometry
02 12° Straight Girder (SG)
12° Curved Girder (CG)

04 23° Straight Girder (SG)
23° Curved Girder (CG)

0.6 34° Straight Girder (SG)
34° Curved Girder (CG)

0 0 Straight Bridge (SB)

Table 2. Materials Properties

Concrete
Compressive strength of concrete 40 MPa
Modulus of elasticity 31870 MPa
Poisson’s Ratio 0.2
Specific Weight 25 kN/m?

5.2. Geometry

Figure 4 shows the adopted cross section and their geometric characteristics, calculated using the CSIBridge v17
structural analysis software. The parameters in Figure 4 correspond to: (a) Area of the entire cross section (A); (b) Polar
Moment of Inertia (J); (c) Moment of inertia in relation to the y-axis of the center of gravity (Iycg); (d) Moment of
inertia in relation to the z-axis of the center of gravity (Izcg); (f) Section center of gravity’s position, in the y direction
(ycg) and (g) Section center of gravity’s position, in the z direction (zcg).

A (m?) T (m*) Iyeg (m?) Iz (m*) Yo (m) Zeg (m)
6.3250 0.1893 3.5641 122.8937 7.50 -1.5293
1500
1420
ql/ 1|/
750 )

z ; 400 i 400 ; 400 L

Centimeters

Figure 4. Cross section and geometric parameters.
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Regarding the evaluation of the stiffness of the cross-section, the paving surface of the bridge and the area related
to the protective barriers were not considered. The cross-section has an overhang equal to 1.50 meters, measured from
the axis of the outer beam to the ends of the slab.

In the curved bridge models, the longitudinal layout of the deck follows the center line ("layout line") of the bridge,
maintaining a fixed radius. The girders were numbered from the external part to the curve, that is, the external girder
was named G1 and the internal one G4 (Figure 5).

All models have a midspan diaphragm, measuring 1.80m high and 0.30m wide, due to the need for its insertion to
ensure efficiency in the bending moment distribution and the overall balance of the structure.

5.3. Bearings and boundary conditions

The model used was the one proposed by Samaan et al. [9], maintaining the girders directly supported on the
abutments using restricting only the vertical translation. Two of the girders have different restrictions (Figure 6). Thus,
when evaluating the whole bridge , it is possible to consider an overall restriction of rotation of torsion, since all support
devices prevent vertical translation.

Figure 5. Bridge deck superior view and girder’s identification.

Diaphragm Diaphragm Diaphragm
U1 U1
U1 U1
U1l,U2e U3 u1,u2
U1 U2 U1
U3
U1

Figure 6. Boundary conditions.

5.4. Load cases

In this study two types of live loads were considered: the HL-93 (Figure 7) used by AASHTO [8] and the TB-450
(Figure 8) defined by ABNT NBR 7188 [10], applied to the deck using only mobile concentrated loads, without crowd
loading.
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Figure 7. Vehicle type HL-93

2.00
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Figure 8. Vehicle type TB-450. Adapted by ABNT NBR 7188 [10].

To verify the impact of the passage of the vehicles in restricted regions, four types of load cases have been developed,
named: general load case and load cases 01, 02 and 03. It should be noted that in the general load case, the vehicle-type
walked, both in the transverse and longitudinal direction, all over the bridge deck. For this, a usual procedure of passing
the vehicle type in the width of the load line predefined by the software CsiBridge v17 was used. A width of 14.2 meters
respecting only the transverse application limitations of each standard vehicle was defined to delimit the crossing area of
the vehicle. The general load case provided the bending moment envelops, from the influence surface. For this case, the
maximum bending moment on the girders during the passage of the standard vehicle throughout the bridge was obtained.

In complement, to be able to compute exactly the bending moment portion captured by each girder in relation to the
total obtained on the bridge, the vehicle-type was fixed in certain transverse positions, varying from position only along
the length of the bridge. Each loading’s position case can be seen in Figure 9.

Load Case 01 Load Case 02

G2 G3 G4 IZ_Y 1
Load Case 03
©
™ a1 G2 G3

Figure 9. (a) Load case 01 - vehicle on the outside of the curve (b) Load case 01 - vehicle on the centerline of the curve (c) Load
case 03 - vehicle on the inner side of the curve.
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6.3D FEM MODELS

The numerical modeling of this study (Figure 10 and Figure 11) was based on the 3D model proposed and validated
by Cho et al. [5], similar to those proposed by Nevling et al. [11] in the level 2 model and by Kim et al. [7], which uses
shell elements (four nodes and six degrees of freedom at each node) for the deck and frame elements (with two nodes
and six degrees of freedom at each node) for the girders, connected by rigid links.

Shell Element —, J

7- -i:rame Element
\ Rigid Link

Figure 10. Numerical modeling discretization of bridge cross section.

The numerical modeling of this research was done with the CsiBridge v17 software. Since the aim was to analyze
the bending moment transverse distribution in curved bridges, the decision was to use linear three-dimensional models,
due to its good precision in relation to field tests, already tested by other researchers and mainly due to its capacity of
concise visualization of the results.

Figure 11. Example of a 3D finite-element bridge model used in the analysis

In all models a maximum element length of 1.20 meters in the longitudinal direction of the bridge was defined,
maintaining the aspect ratio of the element at a maximum of 2.50, since the use of smaller elements implied a high
computational effort with low precision gains. Thus, the element length was within the limits suggested by Fu and
Wang [12] and Fatemi et al. [13].

7. PARAMETRIC ANALYSIS

The results of the parametric analysis were determined in two methods: using the Modification Factor (MF) like
that proposed by Acosta et al. [14], as well as the Bending Moment Distribution Factor (BMDF), calculated from the
structural analysis of each model in the middle of the span.
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7.1. Modification Factor (MF)

The Modification Factor (MF) was obtained by the relationship between the maximum bending moment of the
curved bridge on the study girder (Mc) and the maximum bending moment of the straight bridge on the study girder
(Ms). This analysis factor aims to contribute as a design reference factor, where it would be possible to obtain an
estimated maximum bending moment value in the curved bridge using the maximum moment obtained in a straight
bridge model, with equivalent dimensions (same cross section and same span length).

_ Max. girder bending moment (curved bridge) M

MF

< @

" Max. girder bending moment ( straight bridge) M s

7.2. Bending Moment Distribution Factor (BMDF)

The Bending Moment Distribution Factor was calculated through the relationship between the bending moment
results in the middle of the span (critical longitudinal section) for each girder, obtained through 3D models, and the
bending moment results for the cross section, obtained through a spine model with equivalent stiffness, in the same
critical section, submitted to the same live loads. This analysis method was used to understand the radial bending
moment distribution for each bridge girder.

Bendi ; ed i BM3p, girde
BMDF — ending moment inthe curved girder _ 3D, girder (5)

Total Bending moment (cross Sectinn) BM\p 1otal

8. PARAMETRIC RESULTS ANALYSIS

8.1. Global Analysis

Initially analyzing the bending moment values in the global scope, an increase in the total bending moment (sum of
the bending moments of the 4 girders) was observed in the models of curved bridge in relation to the straight line. In
the examples studied, with an increase in the radius of curvature, the maximum bending moment in the middle of the
bridge span was greater. The results obtained corroborate those found by Nevling et al. [11] and Cho et al. [5]. This is
due to the portion of torsion coupled to the bending moment, arising from the balance formulations of a curved bridge.
Thus, the torsion amplifies the bending moment making it larger than the bending moment in a straight bridge of the
same total length.

Regarding the transverse position of the vehicle, it was observed from the load cases studied (01, 02, 03 and general)
that the maximum bending moment values on the girders G1 and G2 occurred when the vehicle was in loading position
01 and on the girders G3 and G4 when the vehicle was in loading position 03 for all curved bridge models. That is,
regardless of the radius of curvature, the loading migrated to the girders closest to it. This result guided the analysis,
because it was possible to define the use of the general load case to obtain the maximum bending moment in the girders.
On the other hand, the load cases 01, 02 and 03 were used in the bending moment distribution analysis, to study the
behavior of the bridge with respect to the radial distribution.

8.2. Modification factor results comparison for curved and straight girders

The difference in the Modification Factor (MF) between the two types of girders can be seen in the graphs of
Figures 12-15, which show the curvature values on the horizontal axis and their corresponding MF value on the vertical
axis. Figure 12 shows the values for the external girder (G1) and internal girder (G4) for the two types of girders
geometry used in the curved bridge. In both cases a linear growth was observed in the MF value. For the external
girders, the MF increases with the increase of the curvature (L/R), while for the internal girders, the MF decreases with
the increase of the L/R. This behavior is consistent with the results found by Zhang et al. [15] and Acosta et al. [14].
Therefore, it was possible to verify that even with the application of different vehicle-types (TB-450 and HL-93) and
with the use of different girders geometries (straight and curved) the behavior was maintained.
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Figure 12. MF growth in relation to the external (G1) and internal (G4) girders.

The MF values for straight girders were higher than for curved girders. Figure 13 shows that the straight girder of
the bridge with L/R equal to 0.6 had an MF equal to 1.273. A difference of approximately 0.10 was then observed
between the girders with the same corresponding L/R. This difference is probably due to the greater overhang in the
straight ones, which increases the negative bending moment in the deck slab, boosting the torsion in the outer girder.
The latter is considerably impacted due to the coupling between torsion and bending moment. This indicates that the
use of straight girders in bridges with curved layout can have a higher material consumption than the use of curved
girders, for all the usually practiced radius, since from the maximum bending moment the passive and active
reinforcement of the girders are dimensioned. In addition, this increase in consumption will be multiplied by four, since
all the elements of the bridge will be sized for that same maximum bending moment, resulting in a significant reflection
in the total cost of the bridge.
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1.200 1.163

1.150 1.126
L.
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1.100 1.068
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0.950
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GIRDER
H06 H04 mO0.2

Figure 13. MF growth with vehicle type TB-450 for the most loaded girder (V1).

8.2.1. Comparison between HL-93 and TB-450 using the Modification Factor (MF)

The maximum values of the Modification Factor (MF) for all bridge models were compared with the HL-93 and
TB-450 vehicles. The graphs in Figures 14 and 15 show the values found for the vehicle type HL-93 as well as the
comparison between the values obtained for both.
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Figure 14. MF growth with vehicle type HL-93 for the most loaded girder.
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Figure 15. Comparison between HL-93 and TB-450 for the most loaded girder (V1).

It was found from these results that HL-93 generally provided greater bending magnitudes than TB-450. Moreover,
the growth of the MF values for the HL-93 did not remain linear for the cases of L/R studied, however, in all results,
the values of MF were higher for SG in relation to CG.

8.3. Bending moment distribution for the girders (BMDF)

To analyze the bending moment distribution for the girders and later compare the structural behavior between
straight and curved girders, the vehicle was positioned at both ends (load cases 01 and 03) and at the center of the bridge
(center of gravity of the cross section), load case 02. The Bending Moment Distribution Factor (BMDF) was used as
parameter.

For load case 01 (Figures 16-18) the BMDF values for girders G1 and G2 in the curved bridges were higher than
those obtained in the straight bridge. For girders G3 and G4, there was a reduction in BMDF values in relation to the
straight bridge. Except for the girder G3 for L/R=0.4 and 0.6, there was a small increase of BMDF in relation to the
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straight bridge. A greater uniformity was also observed (less difference between girders) in the BMDF values for CG,
when compared to SG, mostly between girders G1 and G2 (Figure 19).

Load Shift - L/R=0.2 - Load case 01

0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000
-0.100
-0.200

BMDF

=== STRAIGHT BRIDGE 0.498 0.340 0.173 -0.011
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==de=5G |/R=0.2 0.565 0.349 0.153 -0.070
GIRDER

==fl=STRAIGHT BRIDGE ~ ==@=(CG |/R=0.2 ===5G |/R=0.2

Figure 16. BMDF comparison between straight-bridge girders and curved and straight girders of 0.2 curvature and load-case-01-bridges.

Load Shift - L/R=0.4 - Load case 01
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Figure 17. BMDF comparison between straight bridge girders and curved and straight girders of 0.4 curvature and load case 01 bridges.
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Load Shift - L/R=0.6 - Load case 01
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Figure 18. BMDF comparison between straight-bridge girders and curved and straight girders of 0.6 curvature and load-case-01-bridges.
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Figure 19. BMDF comparison between straight and curved girders for all studied curvatures.

In load case 03 (Figures 20-22) a different behavior from load case 01 was observed, as the BMDF values on the
girders closest to the vehicle crossing region (G3 and G4) were reduced compared to the BMDF values on the straight
bridge. Moreover, it was observed that with the increase in curvature a reduction in BMDF of G3 and G4 and an increase
in G1 and G2 occurred. This structural behavior is not observed in bridges with straight geometry and needs attention,
considering that in curved bridges with heavy curvature a tendency of uniformity may occur between the BMDF of all
the girders of the cross section, even with a vehicle fixed in the inner region of the curve.

Still relative to load case 03, it was found that the BMDF values for the SG external to the curve (G1 and G2) were
higher than the BMDF of the CG for all curvatures studied. In the internal stringers (G3 and G4) the opposite behavior
was observed. This confirms the tendency already observed in the Modification Factor (MF) analysis, where the SG
presented maximum bending moments higher than CG in these girders. In a certain wayj, it establishes a relationship
between the two types of analysis with different parameters.
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L/R=0.2 - Load case 03 - TB-450
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Figure 20. BMDF Comparison between straight bridge girders and both straight and curved girders from 0.2 curvature
bridges on load case.
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Figure 21. BMDF Comparison between straight bridge girders and both straight and curved girders from 0.4 curvature
bridges on load case.
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Figure 22. BMDF Comparison between straight bridge girders and both straight and curved girders from 0.6 curvature
bridges on load case 03.
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On the load 02 case for the straight bridge, it was found that approximately 25% of the total bending moment of the
bridge was distributed for each of the girders, that is, there was an equal distribution. However, as shown in Figure 23,
when we observed the studied curve bridge models the largest portion of the bending moment is intended for the
external girder (G1), which corresponds to the studies of Kim et al. [7], Barr et al. [16] and Acosta et al. [14]. This
probably occurs due to the eccentricity in relation to the center of gravity of the deck; the greater length of this girder
in relation to the others, and the greater portion of area around its extension.

Moreover, from Figure 23 it was observed that there was an increase in the portion of the bending moment in the
outer girder with the increase in the curvature. In the curved bridge with lower L/R, for example, there was an increase
of 4% in the bending moment in the outer girder, even with an increase in the total bending moment of only 2%.
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(b) SG - Load Case 02 - TB-450
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Figure 23. BMDF variation with curvature. Load Case 02 (a) Curved girders, (b) Straight girders.
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This confirms the occurrence of Load Shift in curved bridges for the bending moment, as emphasized in Guidelines
for steel girder bridge analysis [17]. However, observing the results found, a rigid body behavior was not obtained,
considering the differentiated variation of the bending moment for the external girder G1.

For this placement, it was observed a considerable difference in structural behavior between the straight and curved
girders, considering that in SG there was a significant difference in bending moment between the girder G1 and G2 for
all curvatures, which did not occur for CG. One can observe on Figure 24, for L/R=0.6, a difference of 17.8% between
the straight girders G1 and G2, while for the curved girders, the difference was only 6.6%. In addition, it was observed
from Figure 24 that there was a reduction of this difference with the reduction of the curvature. This structural behavior
is quite favorable for CG, because a more uniform bending moment distribution is obtained between the girders, mainly
regarding the condition of the bridge in service, aiming at the maintenance and prevention of cracks.
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0.350 0.331 0.325 0.328
0.298
0300 0.291 o7 0.278
0.256 . 0.264
w 0250
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SG L/R=0.2 CGL/R=0.2 SG L/R=0.4 CGL/R=0.4 SG L/R=0.6 CG L/R=0.6
EGl mG2 HGl BG2 EGl mG2

Figure 24. BMDF Comparison between straight and curved girders (V1 and V2) for all studied curvatures on load case 02.

When the relationship of this impact on all the cross-sectional beams was assessed, the graphs of Figures 25-27
were obtained, which show the bending moment distribution for bridges with SG and CG of the same L/R, comparing
them with the straight bridge.
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Figure 25. BMDF comparison between straight bridge girders and curved and straight girders from 0.2 curvature bridges
on load case 02.
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L/R=0.4 - Load Case 02 - TB-450
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Figure 26. BMDF comparison between straight bridge girders and curved and straight girders from 0.4 curvature bridges
on load case 02.

L/R=0.6 - Load Case 02 - TB-450

0.500

0.450

0.400

0.350 [

0.300

0.250 e eeeeee ety ees

0.200

0.150

0.100 =
G1 G2 G3 G4

Girders

BMDF

T S —

oo dies STRAIGHT BRIDGE === CG L/R=0.6 SG L/R=0.6

Figure 27. BMDF comparison between straight bridge girders and curved and straight girders from 0.6 curvature bridges
on load case 02.

8.3.1. Comparison between HL-93 and TB-450 using MF

BMDEF results for HL-93 were also analyzed and compared with those obtained by TB-450 (Figures 28-30). For all
curvatures studied, as well as the two types of girders (SG and CG), the values obtained for G1 with HL-93 were higher
than those obtained with TB-450. However, for the other girders the behavior of the bending moment distribution
between the two types of vehicles underwent variations without a clear observable tendency.

As the load shift of the bending moment to the external girders on the curve, it was found that this behavior was
maintained even with the use of HL-93, since even applying the loading to the central line of the bridge (middle of the
cross section), the largest portion of the bending moment found by BMDF was precisely for the G1, in all curvatures
studied. Moreover, even in this study, where the distribution was studied, it was found that this portion of BDMF grew
with the increase in curvature, which resembled the results of the trend for MF found previously.
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Figure 28. TB-450 and HL-93 comparison, load case 02, L/R=0.2.
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Figure 29. TB-450 and HL-93 comparison, load case 02, L/R=0.4.
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Figure 30. TB-450 and HL-93 comparison, load case 02, L/R=0.6.
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9. CONCLUSION

This article aimed to conduct a parametric comparative analysis of bridges with curved longitudinal layout
comparing the transverse bending moment distribution, with straight and curved geometry girders. Three types of
curvature (0.2, 0.4 and 0.6) were analyzed with the application of two different vehicle-types in four specific load cases
(01, 02, 03 and general). Comprehensively analyzing the bridge, it was found that the maximum total bending moment
in the cross section is higher in curved bridges than in straight bridges. However, this increase is unequally distributed
for the girders, with the maximum bending moment always occurring in the outer beam (G1).

In analysis using the general load case, for both standard vehicles (HL-93 and TB-450), there is a gradual increase
in the bending moment in G1 and a reduction in G4, with an increase in the curvature. In addition, it was found that the
straight girders (SG) were underestimated at a greater bending moment than the curved girders (CG) in all curvatures
studied. This statement points to a possible material saving when using curved girders, considering only the bending
moment distribution, given the 0.10 difference in the MF value, which represents approximately a 10% difference in
the bending moment value between these two girder geometries.

In the study of the bending moment distribution for the girders, using the case of load 02, it was found that even
with the application of the load on the central line of the board, the coupled effect of torsion with the bending moment,
made the external girder (G1) the most requested in all curvatures studied. Comparing between SG and CG, a greater
difference in bending moment was detected between the straight G1 and G2.

In short, considering only the bending moment distribution, it was possible to observe from the structural and
economic point of view, from the results presented, that the use of curved girders in reinforced and/or prestressed
concrete bridges with curved longitudinal design (curvatures between 0.2 and 0.6) is more advantageous than the use
of straight ones. It is worth mentioning that for most detailed economic analysis, it would be necessary to extend the
studies to other girder effects, such as torsion and shear.
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of stories in the structure.

Keywords: slender columns, reinforced concrete, beam stiffness, buckling analysis, geometric nonlinearity.

Resumo: O objetivo principal deste artigo ¢ estudar analiticamente o comportamento de pilares esbeltos de
concreto armado em estruturas deslocaveis e ndo deslocaveis. As variaveis estudadas foram a rigidez da viga
conectada aos pilares esbeltos, a rigidez dos pilares de contraventamento e o niimero de vaos e andares no
modelo de estrutura. A estabilidade de pilares esbeltos foi estudada e os limites exigidos para o
contraventamento lateral foram determinados usando um programa de elementos finitos para realizar analise
limite de flambagem, analise linear, e analise ndo linear geométrica para os diferentes modelos estruturais de
porticos. Todos os resultados obtidos neste estudo foram comparados com os métodos disponiveis incluidos
nas diferentes normas de construgdo civil e os métodos sugeridos por outros pesquisadores. Os resultados
indicaram que o valor minimo do limite de contraventamento, necessario para restringir o pilar esbelto contra
a deslocabilidade lateral, depende da rigidez das vigas de conexdo, nimero de andares e nimero de vaos. O
limite de contraventamento necessario diminui com o aumento da rigidez da viga e com o aumento do nimero
de vdos. No entanto, o limite de contraventamento necessario aumenta com o aumento do numero de andares
na estrutura.

Palavras-chave: pilares esbeltos, concreto armado, rigidez de viga, analise de flambagem, ndo linearidade
geométrica.
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1 INTRODUCTION

Reinforced concrete framed structures might fail by lateral instability caused by excessive inter-story drift,
particularly when subjected to extreme earthquake motions. More than 200 years ago, Euler demonstrated that a long,
straight, pin-jointed, and concentrically loaded column would remain stable until a critical load is reached at which
lateral deflection increases rapidly with a small amount of increase in axial load. For a column with different boundary
conditions, the critical buckling load is expressed by Equation 1 (which is a modification of the well-known Euler's
equation). The degree of slenderness in a column is expressed in terms of slenderness ratio; A as defined in Equation 2.

2
El
] )
(let}“)
L
2= K 774 )
1

1

where, P, is the critical buckling load, EI is the bending stiffness of the column in the direction under consideration,
Lot 1s the effective buckling length of the column, /, is the unsupported column length (or clear length), K is the effective
length factor reflecting end restraint and lateral bracing conditions of a column which expressed by the parameter y in
Equation 6, i is the radius of gyration reflecting the area and shape of a column cross-section, / is the cross-sectional
moment of inertia, and A is the cross-sectional area.

MacGregor [1] showed that for the same reinforced concrete cross-section, different types of failure could happen
as shown in Figure 1. Failure of a slender column is initiated by the material failure of a section, or the instability failure
of the column, depending on the level of slenderness ratio of the column and its end restraints. In the case of instability
failure, buckling occurs in columns, and failure is reached before material failure and develops at any cross-section
along the column. Large values of lateral deformations are observed with a slight increase in axial load acting on the
column. This type of failure can only occur with columns of high values of slenderness ratio.

P
Short column, material failure
Slender column,
material failure
e Po—= fc PA Slender column,

instability failure

e pex>faf P2

Figure 1. Types of failure for reinforced concrete columns [1].

Structures or structural members may be classified as braced or unbraced depending on the provisions or not of
bracing elements and as non-sway or sway depending on their sensitivity to second-order effects due to lateral
deflections. According to ACI 318-14 [2], It shall be permitted to assume a column in a structure is non-sway if the
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increase in column end moments due to second-order effects (P - A effect) does not exceed 5% of the first order end
moments as given by Equation 3 introduced by MacGregor and Hage [3]. However, according to the Egyptian code
(ECP 203-2018) [4] and the British Standards (BS 8110-97) [5], a building is considered non-sway if it has lateral
stiffness of bracing elements. The bracing element should be continuous at the whole height of the building and should
be symmetrically arranged in the plan, and completely fixed to the foundations. The bracing elements should satisfy
the criteria in Equations 4 and 5.

3P, 3
0==120.<0.05 3)

uc

Where, Q is the stability index for the building, P, is the total factored vertical load on all columns of the story, H, is
the story shear, respectively, /. is the length of compression member in a frame, measured from center to center of the
joints in the frame, and A, is the first-order relative deflection between the top and bottom of that story due to H,.

a=Hy % <0.2+0.1n  ( forabuilding less than4stories) “4)
a=H, ,ﬁ <0.6 (for abuilding 4 stories or more) ®)]

Where, Hy is the total height of the building above foundations, N is the sum of the vertical loads acting on the building,
>'El is the sum of flexural rigidities of all vertical bracing elements acting in the direction considered, and n is the
number of stories in the building.

According to the commentary of ACI 318-14 [2], the effective length factor K may be taken as the smaller of
Equations 7 and 8 for compression members in non-sway frames, which were first suggested by Cranston [6]. However,
for sway frames, the effective length factor K may be taken from Equations 9 and 10 developed by Furlong [7]. In the
Egyptian code (ECP 203-2018) [4] and the British Standards (BS 8110-97) [5], the effective length factor K is as given
by Equations 7 and 8 for braced columns, and by Equations 11 and 12 introduced by Cranston [6] for unbraced columns.
Also, the American Institute of Steel Construction (ANSI/AISC 360-16) [8] introduced a general formula for the K-
factor as shown in Equation 13.

‘{_,:Z(E]c/lc) (6)
Y(ELy /1)

K =0.70 +0.05 (¥, + ¥, )< 1.0 @)

K = 0.85+ 0.05 (¥ ppin )< 1.0 (®)

For¥,, <2 K:ZO;(I;’" 1+¥,, ©))
For'¥, >2  K=090\1+%¥, (10)
K=10+0.15(¥+¥,)2 1.0 (11
K =2.0+0.3(¥pip)2 1.0 (12)

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, €15209, 2022 3/11



M. G. Aboelhassan, M. E. Shoukry, and S. M. Allam

(13)

where, v is the end restraint of the column, EIL. is the bending stiffness of column in direction under consideration, Ely
is the bending stiffness of beam in direction under consideration, /. is the height of column measured between centers
of restraints, /, is the span length of the beam measured center to center of joints, the symbol X indicates the summation
for all members stiffness connected at the joint and lying in the plane at which buckling of the column is being
considered, ¥, and ¥ are the values of ¥ at the two ends of the column, Wi and W, are the smaller and the average

values of the two ends of the column, respectively, K5 is the modified effective length factor for i rigid partially braced
column, [; is the moment of inertia in plane of bending for i" rigid column, Ky is the effective length factor for i rigid

column based on classic alignment charts, P; is the required axial compressive strength for i" rigid column, and Pgiory is
the total axial loads of the story.

On the other hand, Aristizabal-Ochoa [9], [10] presented a practical approach to calculating the effective length
factor for a single column as well as for a multi-column system. In multi-column systems with side-sway uninhibited
or partially inhibited, every column is defined as having reached its critical load when side-sway buckling of the frame
occurs, the load distribution among the columns is as specified by the designer. In this approach, the effective length
factor of each column is a function of its properties, the properties of the entire frame, and the distribution of loads
among the columns in the frame. Hellesland and Bjorhovde [11] introduced an improved method to calculate the
effective length factor and, at the same time, the method satisfies general system instability for the whole structure. The
primary attention in that study was concentrated on non-sway structures. The effective length factors for all columns
are first calculated using traditional methods. These values are then used as input data to obtain the modified effective
length factors. Furthermore, Bendito et al. [12] developed an equation to calculate the effective length factor for
reinforced concrete columns considering the geometric and the material nonlinear performance of these columns.
Ma et al. [13] presented another method to calculate the effective length of slender columns elastically restrained at the
column top and fixed at the base using the ANSYS program to perform buckling analysis of a slender reinforced
concrete column on the bottom floor. Results proved that the obtained effective length factor based on this method was
higher than the design code by more than 20%. On the other hand, Farouk [14] suggested an approximate equation to
calculate the additional moment for braced slender columns in the elastic analysis. The additional moment calculated
from this equation and the finite element analysis showed a good agreement. Mari and Hellesland [15] derived
analytical expressions for the lower slenderness limits of reinforced concrete columns with different reinforcement
distributions. Excellent agreement was found between the numerical results and those obtained by the proposed
expression. Fawzy [16] carried out an analytical study considering the nonlinear material and geometric analyses to
determine the sufficient lateral stiffness required to ensure full bracing conditions in one-story frame structures. For a
single-bay, single-story frame, beams of high moment of inertia can possess a full fixation for columns and thus increase
the critical buckling loads for these columns, this increase was found to be from three to five times of the corresponding
buckling loads obtained for the same column when it is free to rotate at its end joints. However, the required lateral
stiffness of a bracing column, given as a ratio of the sum of stiffness of other columns in the story, decreases with
increasing the number of bays of structure and increases with increasing number of stories of structure. Khuntia and
Ghosh [17], [18] introduced an analytical and the experimental research. Which stated that the moment of inertia for
column is independent of the reinforcement ratio p, the axial load P, the eccentricity ratio e/h (bending moment to axial
load ratio), and the compressive strength of concrete ;. Similarly, the moment of inertia for beams does not take the
effect of reinforcement ratio pg into account. This simplification may not be appropriate in many practical cases.
Analysis shows that the column inertia can vary from 0.5]; to 1.0l and the beam inertia from 0.31,; to 0.5 in most
practical cases. Based on the results, it was recommended that the effective EI of beams and columns to be used in the
lateral analysis of frames in general and of frames including slender columns.

2 RESEARCH OBJECTIVE

The restraining effect of beams has a major effect on slender column behavior, such as limiting the horizontal
displacement resulting from lateral loads. Also, there is no clear and definite criterion available to determine the
necessary and sufficient required stiffness for the bracing elements to guarantee a full non-sway condition. The main
objective of this study is:

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, €15209, 2022 4/11



M. G. Aboelhassan, M. E. Shoukry, and S. M. Allam

(1) To study the effect of beam stiffness on the required limits for the lateral stiffness of the bracing elements. This
limit is called the bracing limit and it is defined as the stiffness of the bracing element above which the structure
can be considered a non-sway structure.

(2) To obtain the effect of the increasing number of bays and number of stories of the structure on the required bracing
limit.

In the current analytical study, many variables were considered which affecting the stability of structures. These
variables were:

* The beam stiffness connecting to the slender columns.

» The stiffness of the bracing column.

» The number of bays and stories in the structural frame model.

It should be noted that as stated in the analytical study conducted by Fawzy [16], the value of the horizontal loads,
applied on the studied frames, did not affect the critical buckling loads of the slender columns. Therefore, the presence
of horizontal loads was ignored in the current analytical study. Also, to ensure the accuracy of the current buckling
model was verified with the nonlinear material and geometric model presented by Fawzy [16] and the obtained results
were very similar. The buckling analysis was selected to reduce the time of solving the model in the computer program.

3 STABILITY MODEL

In the current analytical study, eigenvalue buckling analyses were performed using ANSYS software. Generally,
the ANSYS program includes models to solve linear and nonlinear static and dynamic structural problems [19]. A two-
dimensional beam element (BEAM3) was used for modeling the frame members. BEAM3 is a uni-axial element with
tension, compression, and bending capabilities for two-dimensional structural models. The element has three degrees
of freedom at each node; translations in the nodal x and y directions and rotation about the nodal z-axis. After
performing linear and nonlinear analysis, the output results for this element for geometric nonlinear analysis can be
read in the form of axial forces, moments, shears, displacements, deformed shapes, and stresses in the element local
coordinate system. However, the output results for this element for buckling analysis can be read in the form of the
critical axial buckling load. The buckling problem is formulated as an eigenvalue problem, see Equation 14. It should
be noted that the ANSYS program used some assumptions and restrictions for the buckling analysis which were:

(1) The analysis is valid for structural degrees of freedom only.

(2) The structure fails suddenly with a horizontal force-deflection curve.
(3) The structure has constant stiffness effects.

(4) A static solution with pre-stressed effects included was run.

([&]+4[sT){w},={o} (14)

where, [K] is the stiffness matrix, [S] is the stress stiffness matrix, A; is the i eigenvalue used to multiply the loads
generated [S], and {y}; is the i eigenvector of displacements. The eigenvectors are normalized so that the largest
component is 1. Thus, the stresses (when output) may only be interpreted as a relative distribution of stresses. If the
first eigenvalue closest to the shift point is negative (indicating that the loads applied in a reverse sense will cause
buckling), the program will terminate.

Figure 2 presents the frame model used in the analysis. This two-dimensional frame model consisted of a slender
column with inertia I, and a bracing column with inertia I,. Each column was completely fixed at its bottom end and
was restrained at the top end by a horizontal beam with inertia I,,. Several cases were studied by increasing the moment
of inertia of the bracing column, in each case, as a ratio of the moment of inertia of the slender column according to a
specified value of beam moment of inertia. Bucking analysis was performed for each case by applying a unit vertical
load at each column. The unit vertical load was applied equally to all floors for the multi-story model. The obtained
values of critical buckling loads for the sway frame model (Figure 2a) were compared, for each case, with the
corresponding values obtained for the same model when being completely restrained against side-sway (Figure 2b). To
ensure that the buckling occurs in columns and the instability failure is reached before the material failure, the
dimension of the story height was selected to have a column with high values of slenderness ratio which is not accepted
by most building codes.

In the current analytical study, the minimum amount of stiffness of the bracing columns for which the critical
buckling load of the slender column reaches 95% of the corresponding value obtained when the same structure is
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completely restrained against side-sway is defined as the bracing limit according to ACI 318-14 [2]. This minimum

required stiffness is introduced as a ratio between the stiffness of the bracing column to that of the slender column (I / L)
or as a ratio between the stiffness of the bracing column to the sum of all other slender columns forming the structure

for multi-bay frames (I, / X1,). Also, multi-story, multi-bay frames with 1, 2, and 3 stories or/and 1, 2, and 3 bays were

analyzed, as shown in Figure 3.

P

completely restraimned

P P P
L=n'l, . I,= n'Te against side-sway
Variable beam Variable beam
(V-beam) (V-beam)
g| |[E=22136 MPa
=nl, Ly Ty = nlo L & | Slender column 200x200 mm
Bracing Slender Bracing Slender Ly=nT,:n'=1.2.3.5, and 10
column column column column
(Br-col) (S-col) (Br-col) (S-col) Iy=nl,;n=1,5,10,15,20,25,30, and 100
| 6.0m | | 6.0m |
Sway frame model Non-Sway frame model
Figure 2. One-story, one bay-frame model.
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Figure 3. Multi-stories, multi-bays frame models.
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4 RESULTS AND DISCUSSIONS

Based on the obtained results, the required bracing limit and the effective length factors of all studied frames are
summarized in Tables 1, 2, and 3. The effective length factor K of slender columns was calculated by substituting the
critical buckling load, obtained from buckling analysis, in Equation 1 (Euler's equation).

Table 1. Required bracing limit and effective length factors for the one-story frames.

Required bracing limit n = (In./I°) Effective length factor (K)

n’=(Iy/l,) One bay Two bays Three bays Buckling ANSI/AISC ECP 203-2018
. ACI 318-14  and BS 8110-

frame frame frame analysis 360-16 97

1 18.8 13.87 12.78 0.59 0.91 1.19 1.30

2 18.67 13.76 12.50 0.56 0.85 1.10 1.23

3 18.48 13.53 12.39 0.55 0.84 1.07 1.20

5 17.37 13.18 12.12 0.53 0.82 1.04 1.19

10 13.39 9.67 9.43 0.52 0.81 1.02 1.17

Table 2. Required bracing limit and effective length factors for the two-stories frames.

Required bracing limit n = (In/I°) Effective length factor (K)

n’=(1yl,) One bay Two bays Three bays Buckling ANSI/AISC ECP 203-2018
. ACI 318-14  and BS 8110-

frame frame frame analysis 360-16 97

1 74.41 25.00 22.73 0.60 1.01 1.34 1.45

2 29.20 24.10 21.20 0.56 0.91 1.19 1.30

3 24.85 23.05 19.83 0.56 0.88 1.14 1.25

5 19.39 19.03 17.76 0.53 0.85 1.08 1.21

10 13.96 12.68 12.68 0.52 0.82 1.04 1.18

Table 3. Required bracing limit and effective length factors for the three-stories frames.

Required bracing limit n = (In//I°) Effective length factor (K)

n’=(Iyl,) One bay Two bays Three bays Buckling ANSI/AISC ECP 203-2018
. ACI 318-14  and BS 8110-

frame frame frame analysis 360-16 97

1 88.21 76.34 53.40 0.62 1.01 1.34 1.45

2 81.59 66.70 36.20 0.58 0.91 1.19 1.30

3 73.34 54.59 29.46 0.56 0.88 1.14 1.25

5 29.05 27.16 26.25 0.54 0.85 1.08 1.21

10 18.67 16.73 17.77 0.52 0.82 1.04 1.18

3.1 Effect of degree of lateral bracing on the behavior of slender columns

The results of the analysis given in Tables 1 to 3 indicated that increasing the stiffness of the bracing column, i.e.,
the increasing degree of lateral bracing (I / L) increases the critical buckling load for the slender column until this load
reaches approximately the buckling load for the corresponding column in a non-sway model. The minimum values of
the bracing limit required to restrain the slender column against the side-sway vary according to the number of bays,
number of stories, and stiffness of the connecting beam. Although, a value of I,; / I, = 18.8 is sufficient to restrain the
slender column in the one-story, one-bay frame model, the required value for three-stories, one-bay frame model is
increased to 88.2. This great effect for the number of stories on the behavior of slender columns was obtained for the
columns connected with the small stiffness of the connecting beams. This effect may be explained by the increase of
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the buckling length of the slender column with the increase of the number of stories. Similarly, for models with beams
of small stiffness (I, / I, < 5), increasing the number of bays for the frame models decreases the degree of bracing
required to restrain the slender column. For example, for I, / I, = 1.0 in the two-stories, one-bay frame model, the
required bracing limit was 74.4 while the above limit was only 22.7 for the two-stories, three-bays frame model.

MacGregor [1] stated that the structure can be considered as a non-sway structure if the stiffness of the bracing
column is six times that of the slender column. This limit is conservative when compared to the limits obtained from
the currently obtained results and the results of Fawzy [16]. Also, Equations 4 and 5 recommended by the Egyptian
Code (ECP 203-2018) [4], for the classification of columns as sway or non-sway, gives very conservative values when
compared to the results of the analysis presented in this study. For example, for the one-story, one-bay frame model the
analysis gives a value of 18.8 for Iy / I, while the limit obtained by the Egyptian Code is 85.

3.2 Effect of beam stiffness on the required bracing limit

The results obtained from the analysis indicated that the increase of the stiffness of the beam connecting the slender
column at the top decreased the bracing limit required to consider the structure as a non-sway one. The bracing limit is
defined as the ratio of the bracing column inertia I, to that for the slender column I,. For the one-story, one-bay frame
model, increasing the ratio of the beam inertia to that for the slender column (I / I,) from 1.0 to 10 decreased the
required bracing limit from 18.8 to 13.4 (i.e., a reduction of about 28.7%). Figure 4 displays the relationship between
the ratio of the beam stiffness (I, / I,) and the degree of lateral bracing for all the cases studied. The figure indicates that
for stiff beams (i.e., I / I, > 5), the change in the values of the required bracing limit is small. It should be noted that
the effect of beam stiffness, on the classification of the structure as non-sway or sway, is not included in most building
codes.

100,00
——— One-Story, One-Bay Frame
90,00 A
x"-.,. —=8&—— One-Story, Two-Bays Frame
80,00 4 )G_.-. ———— One-Story, Three-Bays Frame
‘- | .
~ X e, gy — »— — Two-Stories, One-Bay Frame
= 70,00 A TR =
= \ '._' . — @ — Two-Stories, Two-Bays Frame
& \ i, -,
8 60,00 - \ e ", — #&— — Two-Stories, Three-Bays Frame
2 .
5 & A\ b ;
© .. ssssxesss Three-Stories, One-Bay Frame
£ 50,00 1 .
% \ "._. '-_. ++++@+++ Three-Stories, Two-Bays Frame
[} - b '
2 40,00 { \ o e ;
o ., 5, % =<« -+« Three-Stories, Three-Bays Frame
8 \ A %5
30,00
20,00 A
10,00
0,00 T T T T
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Ratio of the beam stiffness(l,/ I,)

Figure 4. Relation between the ratio of the beam stiffness (I / Io) and the degree of lateral bracing.
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3.3 Effective length factor

Figure 5 presents the relation between the effective length factor (K) and the ratio of the beam stiffness (I / L,).
Generally, with the increase of moment of inertia for the bracing columns; Iy, the effective length factor decreases, and
the structure changes from a sway-structure (K>1.0) to a non-sway one (K<1.0). It should be noted that most building
codes do not consider the degree of lateral bracing when calculating the effective length factor. The equations
recommended by building codes give only two values for the effective length factor; one for non-sway frames and the
other for sway frames and neglect the fact that most structures are to be considered partially braced. However, the best
results for the effective length factor from the considered building codes were obtained using Equation 13 defined by
ANSI/AISC 360-16. The effect of changing the moment of inertia of the connecting beam on the value of the effective
length factor was small. This effect was large with increasing the number of stories and/or the number of bays, and for
the bracing columns with inertia I, / I, > 1.0. According to the Egyptian Code (ECP 203-2018) [4], the value of the
rotational restraints at column joint (‘) should not be taken less than 1.0. However, in this study, the value of ¥ was
changed from 0.1 (I, / I, = 10) to 1.0 (I / I, = 1.0). In addition, the Egyptian Code gives a minimum value of K = 0.7
for a braced (non-sway) column, while the present analysis gives values for the effective length factor K = 0.5 to 0.6
when the slender columns were restrained against side-sway.
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Figure 5. Relation between the effective length factor and the ratio of the beam stiffness (I / Io). a) one-story frames; b) two-
stories frames; c¢) three-stories frames.
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5 CONCLUSIONS

The main purpose of this paper was to study the behavior of slender reinforced concrete columns existing in sway
and non-sway structures. The stability of slender columns was studied and the required limits for the lateral bracing
were determined. The Finite Element program ANSYS was used to perform buckling analysis, linear analysis, and
geometric nonlinear analysis for the different frame structural models. Many variables were studied affecting the
stability of the structures. These variables were the beam stiffness connecting to the slender columns, the stiffness of
the bracing column, and the number of bays and stories in the structural frame model. From the results obtained from
the theoretical work presented in this study, the following conclusions may be drawn:
¢ The minimum value of the bracing limit required to restrain the slender column against the side-sway depends on

the number of stories, number of bays, and stiffness of the connecting beam. Effect of beam stiffness was clearly

observed for beams with stiffness ratio I, / I, more than 2.

* Increasing the number of stories increases the required degree of lateral bracing. However, increasing the number
of bays decrease the degree of lateral bracing.

e The equation recommended by the Egyptian Code for the classification of the columns as sway or non-sway gives
very conservative values when compared to the present analyses.

*  Most building codes give only two values for the effective length factor; one for non-sway columns and the other
for sway columns and neglect the fact that most structures in practice are to be considered partially braced. Also,
the Egyptian Code recommends conservative values for the effective length factor for both braced and unbraced
columns.
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. . Abstract: For the dimensioning of structural elements in fire situation, simplified equations and parameters
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are commonly used in analytical equations or numerical models. More complex equations or simplified
Accepted 02 September 2021 565 can be chosen by the designer for determine materials properties in high temperature in numerical
models, however, numerical modeling can be quite sensitive to the variation of some of the physical and
mechanical properties. In this paper, the sensitivity of the numerical model in relation to the values
according to the level of simplification chosen was evaluated, presenting an analysis in relation to the results
found to contribute to the choice of these parameters and presenting the indications found in the literature. In
this sense, this work presents a study of sensitivity to the variation of the values of steel and concrete
properties, presented in the Eurocode and Brazilian standards, in addition to the moisture content and
emissivity of the surface exposed to fire, for the dimensioning, in a fire situation, of steel tube columns, of
circular and square section, filled with concrete. The studies were carried out via numerical modeling
developed in the software ABAQUS. It was verified that the resulting emissivity values equal to 0.7 or 0.8,
recommended in the literature, are conservative, and the choice of either does not bring significant changes
in the temperature field obtained for the structural elements under analysis. It was also verified that the
concrete moisture content is a relevant aspect for the formation of its temperature field, also affecting, but to
a lesser extent, the steel temperature. Regarding the physical and mechanical properties of the materials, this
sensitivity study suggests the adoption of the values from the equations presented in Eurocodes, without
simplifications, and with the specific heat and thermal conductivity of the concrete, adopted in accordance
with the Eurocode 4.

Keywords: fire situation, column, steel, concrete, numerical models.

Resumo: Na verificacdo de elementos estruturais em situagéo de incéndio por meio de equagdes analiticas, e
mesmo via modelagem numérica, normalmente sdo empregados parametros e propriedades dos materiais
simplificados. Entretanto, os resultados obtidos podem ser bastante sensiveis ao grau de simplificagdo
adotado pelo projetista ou mesmo conforme a escolha de uma ou outra opgao de propriedade dos materiais
envolvidos. No presente artigo foi apresentado um estudo de sensibilidade considerando a variagdo das
propriedades dos materiais; visando auxiliar a escolha desses parametros dentre as diversas opgdes descritas
na literatura. O estudo de sensibilidade foi elaborado para pilares compostos por tubos de aco de secéo
circular e quadrada, vazio e preenchidos com concreto, e com as propriedades do aco e concreto indicadas
pelo Eurocode ou por normas brasileiras para o dimensionamento de estruturas em situagdo de incéndio.
Também foi analisado o comportamento do modelo conforme variages no teor de umidade do concreto e
variacOes da emissividade da superficie de ago exposta ao fogo. O estudo foi realizado em modelo numérico
desenvolvido no software ABAQUS e os resultados obtidos demonstram que os valores de 0,7 e 0,8,
recomendados na literatura para a emissividade resultante, s&o conservadores e a alternancia entre esses dois
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valores ndo altera, significativamente, o campo de temperaturas na se¢do transversal do elemento estrutural.
J& com relagéo ao teor de umidade do concreto foram verificadas alteracbes significativas no campo de
temperaturas, inclusive na temperatura do tubo de ago, com a alternancia deste parametro. Com relagdo as
propriedades fisicas e mecénicas dos materiais, o estudo de sensibilidade sugere a ado¢&o dos valores
obtidos a partir das equacgbes sem simplificaces apresentadas no Eurocode e com o valor do calor
especifico do concreto determinado conforme Eurocode 4.
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1. INTRODUCTION

The columns made of steel tube, of circular and square section, filled with concrete, are usually dimensioned for a
fire situation by simplified equations of practical application, presented in the literature [1], [2] and in normative
codes, such as EN 1994-1-2 [3] and ABNT NBR 14323: 2013 [4]. However, simplified processes do not always
provide satisfactory results and are often used very comprehensively.

In the case of steel tubes filled with concrete, the interaction between both materials increases the complexity of
the problem, so that the temperatures usually obtained from graphs and tables presented in the literature [2] are not
suitable for any type of situation.

Numerical modeling can be a solution for situations not contemplated by simplified processes. However, whatever
the sizing method for a fire situation, whether simplified or advanced, it is essential to evaluate correctly and choose
the values for the physical and mechanical properties of the materials.

The normative codes indicate complex and simplified formulations to determine the values of the thermal and
mechanical properties of steel and concrete, as well as constant values allowing their assessment in simple design
methods. However, there are often no specific rules for when to consider such simplifications. The absence of
accurate information on the material property can result in remarkable discrepancies among numerical models and
reference experimental models result. The validation of numerical modeling is always conditioned by the values
considered for the thermal or mechanical properties of the material, which may not necessarily be the real value, but
the ones that yields a better adjustment of the numerical model to the validation data. Hence, it is evident the
importance of knowing the influence of each property on the response of the model and, consequently, on the strength
capacity of the structural element when in a fire situation.

The moisture content in the concrete and the resulting emissivity factor are two important parameters for
numerical modeling, but uncertainties remain in the literature.

This work presents a study on the sensitivity of the steel and the concrete properties applied to circular and square
steel tubes filled with concrete and in a fire situation. In addition, this paper reports studies on the usual values
adopted for the concrete moisture content, concrete density and emissivity of the surface exposed to fire. The analyses
take into consideration the complete and simplified equations presented in EN 1992-1-2 [5], EN1993-1-2 [6] and
EN1994-1-2 [3] and ABNT NBR 14323:2013 [4].

The parametric sensitivity evaluation was conducted via numerical modeling, using the software ABAQUS
(Dassault Systems SIMULIA Corp., 2014), considering initial studies for model adjustments and including the effect
of air-gap, as presented in Rodrigues [7].

2. NUMERICAL MODEL

A three-dimensional model and another two-dimensional model were developed in ABAQUS [8], as described
below.

2.1. Three-dimensional model

The three-dimensional model (Figure 1) was developed to allow the analyses of transient and mechanical heat
transfer, both developed in the same model (joint analysis). The dynamic-explicit solver was used to reduce
computational effort and convergence problems [7]. The finite element was the C3D8 (hexahedron).

The fire temperature was applied evenly around all the specimen, considering the initial temperature equal to 20
°C, with the hot gases heating its exposed face by convection and radiation, with a convection coefficient equal to 25
W/m?C, and considering the 1SO-834 standard fire curve [9]. In the tube-concrete interface a mechanical contact was
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defined in the normal direction, allowing the separation between the tube and the concrete. Another mechanical
contact was defined in the tangential direction, with a coefficient of friction equal to 0.3, as [1].

The concrete behavior was defined by the CDP model (Concrete Damage Plasticity), with the parameter values
indicated in the literature [8]. It is worth highlight that, regarding the three-dimensional model (Figure 1), a pinned
support was considered at the base of the column, and at its top considered as a weightless adiabatic rigid block.

Axial force

Restriction - X axis

\ Rigid block

\\ Hard and penalty contact

Concrete-filled steel tube

sssssssssssnssnnnnnnn
Whsssnssssttnnnssnnnns

z Coupling of cross section
% v and fixed support
\ 7 f,/f/x;\Pinncd support

Figure 1. Boundary conditions and connections considered in the model.

2.2. Two-dimensional model

A two-dimensional model was used for the transient heat transfer analyses, resolved with the static-implicit
solver, adopting the finite element D2D3 (tetrahedral) for circular section columns and the DC2D4 (quadrilateral)
element for the square-section columns (Figure 2).

Figure 2. Two-dimensional models with tetrahedral and quadrilateral mesh.

The thermal load was applied directly to the exposed face, according to the standard fire curve, considering a
perfect thermal contact in the tube-concrete interface. The intent to building this two-dimensional model was to
evaluate the emissivity values of the exposed face, in addition to complementing the studies on the concrete moisture
content.

2.3. Materials properties at high temperature

The thermal properties of steel and concrete considered in the numerical models were from EN 1992-1-2 [5], EN
1993-1-2 [6], EN 1994-1-2 [3] and ABNT NBR 14323: 2013 [4], aiming to compare the results considering the
properties specification from European or Brazilian standards.

With respect to the steel elastic modulus at high temperature (an) its value is determined by Equation 1, whose

respective reduction factors are indicated in EN 1993-1-2 [6], EN1994-1-2 [3] and ABNT NBR 14323 [4], as Table 1.
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Ea, =KEa g Ea

@)

where: KE, 4 is the reduction factor of the steel elastic modulus at high temperature; g, is the steel elastic modulus at
room temperature equal to 210,000 MPa.

Table 1. Steel yield strength and elastic modulus reduction factor.

Steel temperature 04 (°C)

Steel yielding strength reduction factor

Steel elastic modulus reduction factor

(Kya,0) (KEay)
*1/2/3 *1//2/3

20 1.000 1.000

100 1.000 1.000
200 1.000 0.900
300 1.000 0.800
400 1.000 0.700
500 0.780 0.600
600 0.470 0.310
700 0.230 0.130
800 0.110 0.090
900 0.060 0.0675
1000 0.040 0.045
1100 0.020 0.0225
1200 0.000 0.000

*1- EN 1994-1-2 [3]; 2- ABNT NBR14323:2013 [4] (steel not subject to local buckling); 3-EN 1993-1-2 [6]

The steel constitutive law specified in EN1994-1-2 [3] and ABNT NBR 14323:2013 [4] are the same as EN1993-

1-2 [6].

The concrete force is reduced with the temperature increase as shown in Figure 3.
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Figure 3. Concrete behavior with increasing temperature.

Rev. IBRACON Estrut. Mater., vol. 15, no. 2, 15210, 2022

€15~ cOncrete with
siliceous aggregate,
EN1994-1-2 (2005} and
ABNTNBR14323:20013

€15 concrete with
siliceous aggregate,
ABNTNBR14323:2013

k.o - concrete with
calcareous aggregate,
EN1992-1-2 (2004)

k. - concrete with
siliceous aggregate,
EN1994-1-2 (2005} and
ABNTNBR14323:2013

4/15



F. M. Rodrigues, A. L. Moreno Junior, and J. Munaiar Neto

Equation 2 represents the concrete strength to compression at high temperature, presented in EN 1994-1-1 [3] and
ABNT NBR 14323:2013 [4].

3ec,0 S0
3
&c,0
SCl,H 2+[8 10]
cl,

In Equation 2, K, is a factor of concrete strength reduction (Table 2); f. is the concrete strength to compression

with, fep=Keg-fe )

Oco=

at room temperature; f., is the concrete strength to high temperature (0) expressed in MPa; e.g, iS the concrete
specific strain to high temperature (8); £ ¢ is the specific strain corresponding to the stress of the concrete maximum
strength at high temperature (6). It is worth mentioning that the term ¢y is so called in EN1992-1-2 [5], and in

EN1994-1-2 [3] the term is called €cyp.
The codes EN1994-1-2 [3] and EN1992-1-2 [5] indicate Equation 3 to determine the concrete strength to traction
at high temperature.

fok,t(8) = ke,t(8)- fek,t ©)

Where: kt,, = 1.0 for 20 °C <6< 100 °C; Kty1-1(6-100)/500 for 100 °C <6< 600 °C; Kt, = 0 for 6> 600 °C.

The reduction factor of the elastic modulus of concrete at high temperature can be determined by Equation 4,
based on the constitutive relations presented, for example, in EN1992-1-2 [5].

&
Keeo = Keg- ﬁ (4)
C.

Where: eci, corresponding specific strain of concrete at room temperature.
Figure 4 shows the factors of reduction determined from the strain corresponding to the stress of the concrete
maximum strength to compression, according to Eurocode and to Brazilian standards.

1.0 91 KEc,©
0.9

Concrete with calcareous aggregate, EN1992-1-2 (2004)

------ Concrete with siliceous aggregate, EN1994-1-2 (2005)
0.8 A

074 N
0.6 -

=== Concrete with siliceous aggregate, ABNT NBR14323:2013

0.5 A
0.4 A
0.3 A
0.2 A
0.1 A
0.0

T 1

0 200 400 600 800 1000 1200
Temperature (°C)

Figure 4. Factors of elastic modulus reduction of concrete.
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The Poisson coefficient of steel and concrete is indicated respective as equal to 0.3 and 0.2, regardless of
temperature.

4. PARAMETERS AND CONCEPTS FOR NUMERICAL MODELING PURPOSES

4.1. Moisture content in concrete

The moisture content in some materials causes changes in the specific heat; for example, in concrete, there is a
considerable increase in specific heat for temperatures about 100 °C. This increase is the result of the latent heat of
evaporation of the moisture incorporated into the pores, which is added to the specific heat of the dry material. After
evaporation of all the water contained in the material, the specific heat suddenly decreases to remain at the specific
heat levels of the dry material. The peak value of the specific heat depends on the moisture content and on the time
needed for the water to vaporize [13].

The effect of the moisture content in the concrete is usually considered in the numerical models by values of the
specific heat obtained by Equation 7 or 8, considering Cc, peak as a peak value, which occurs between 100 °C and
115 °C, decreasing linearly between 115 °C and 200 °C. From this temperature, the concrete specific heat again
follows the values obtained by Equations 5 or 6. The peak value is indicated with values equal to 2020 and 5600
J/kgK for 3% and 10% moisture, respectively, and linear interpolation is valid for intermediate moisture contents.

Equation 7, specified in EN1992-1-2 [5], allows us to determine the specific heat of dry concrete with 0%
moisture content (J/kgK).

Ce =900 20 °C <Bc <100 °C

Ce =900 +(6c~100) 100 °C <fc < 200 °C
®)

Cc =1000+(6c—200)/2 200 °C <fc < 400 °C
C =1100 400 °C <Bc <1200 °C

On the other hand, EN 1994-1-2 [3] indicates Equation 8.

Cc(#)=890+ 56.2(1%] -3.4(6, 1100)° (6)

In the absence of experimental characterization, the considered moisture content is limited to 4% of the concrete
mass. However, tubular columns filled with concrete, with calcareous aggregate, may contain higher levels, close to
10% [1].

The area of the concrete section also influences the development of the temperature field, as the larger the
concrete area is, the lower the heating speed of the whole section. The decrease in the heating speed occurs due to the
greater amount of the material with lower thermal conductivity and due to the amount of vaporized water contained in
the concrete layers [2], [13].

It was also observed that the water flow inside the cross section in tubular columns was altered in the presence of
longitudinal reinforcement. With the movement of water in the cross section of the column when heated, part of this
water is housed around the bars, and therefore, when there are a significant number of steel bars, there is a
disturbance in the temperature field [2], [13].

The presence of water in the concrete pores also causes an increase in the thermal conductivity of the material,
since the conductivity of water is greater than that of air, which normally occupies the pores in the absence of water,
and due to the heating and evaporation of water, since the vapor is diffused through the pore network, transporting
heat [19].
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The phenomenon called spalling is related to the moisture content in concrete with the increase in temperature.
The water contained in the concrete pores vaporizes between 100 and 140 °C; the temperature above the boiling point
is reached depending on the pressure of the water inside the pore. Spalling occurs when the water contained in the
concrete is not released, causing an excess of internal pressure [1]; however, it was impossible to visually observe this
effect in the columns studied here due to the steel tube involving the concrete.

4.2. Emissivity

The definition of the resulting emissivity is fundamental to achieve results with good approximation to the
experimental trials. Assuming the surface temperature of the steel element, without fire protection, to be equal to that
of the gases of the burning environment (9a :0g) results in a response that is normally conservative [20]. It is possible

to obtain a more realistic scenario when heat transfer from the environment to the surface of the element occurs
through convection and radiation mechanisms.The emissivity of a body, which is the ability to transmit and absorb
heat, varies in the interval between 0 and 1 in relation to the capacity of the black body, which absorbs and
consequently radiates the heat flow according to the rate defined by Stefan-Boltzmann. There are several
bibliographic references with values for the emissivity of steel- and concrete-exposed faces and for the emissivity of
fire, as Table 2 compiles.

Table 2. Emissivity of steel, concrete and fire.

Recommended emissivity values

Reference Fire (emf) Steel Concrete (emc)
(ems)
EN1991-1-2 [10] 1 - -
EN1992-1-2 [5] 1 - 0.7
EN1993-1-2 [6] 1 0.7 -
EN1994-1-2 [3] 1 0.7 0.7
Lie and Irwin [11] 0.75 0.7 -
Irwin and Lie [12] - 0.8 -
Rush [13] 0.75 0.7 -
Drysdale [14] 1 0.2 -
Chaoming et al. [15] - 0.8 - Temperature
. . . 0.2 20to0 385 °C
Paloposki and Liedquist [16] - -
0.65 550 to 1200 °C
0.32 - 20°C
0.32 - 200 °C
NIST [17] 1 0.85 - 400 °C
0.95 - 800 °C
0.95 - 1200 °C
0.28 0< 380 °C
Sadiq et al. [18] - 0.003046 - 0.888 - 380 <6< 520 °C
0.69 0> 520 °C

The literature presents different values adopted for the emissivity of steel- and concrete-exposed faces, but the
emissivity of fire is usually specified to be 1.00. The values indicated for the emissivity of steel are usually
conservative for initial temperatures and underestimated for higher temperatures, and it is worth highlighting that the
value of 1 for the emissivity of the fire is described as overrated for oven testing and realistic for fire situations.

As described in Paloposki and Liedquist [16], between 150 and 385 °C, the steel emissivity is about 0.2,
increasing sharply to 0.65 until 550 °C, and from this temperature, it was observed that the emissivity remains
constant.

Table 3 shows the coefficients of emissivity at the steel and concrete interface extracted from the literature.
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Table 3. Emissivity at the steel-concrete interface.

Reference Emissivity
1 Concrete (gm,c) Steel (gms)
Han and Gillie [21] 0.92 0.23
O’Loughlin et al.[22] 0.97 0.32

5. PARAMETRIC STUDY

5.1. Parameters and analysis development

The three-dimensional model was used to develop thermal and thermal-mechanical analyses; on the other hand,
the two-dimensional model was used only for complementary analysis of heat transfer, considering a more detailed
evaluation regarding the variation of the moisture content of the concrete and the emissivity of the exposed face of the

steel.

5.1.1. Three-dimensional model

Table 4 shows the specimens used to study the sensitivity of the three-dimensional numerical model.

Table 4. List of three-dimensional specimens.

Reference Section L or D t Fc Fya |
1 Cross-section (mm) (mm) (MPa) (MPa) (mm)
1- PQ-100-5 Square 100 5 30 350 500
2- PQ-140-5 Square 140 5 30 350 500
3- PQ-200-5 Square 200 5 30 350 500
4- PQ-250-8 Square 250 8 30 350 500
5- PC-114-5 Circular 114.3 5 30 350 500
6- PC-150-5 Circular 150 5 30 350 500
7- PC-195-5 Circular 195 5 30 350 500
8- PC-250-8 Circular 250 8 30 350 500

The variations of the properties in the model were named M1 to M6 and do correspond to the alternation of the
concrete expansion values according to the type of aggregate, of the thermal expansion of steel, to the amount of

water and to the density of the concrete, as shown in Table 5.

Table 5. Parameters used in the thermal-mechanical numerical model.

Thermal expansion Type Concrete
P yp Thermal expansion of steel — moisture Concrete density
of concrete of aggregate
content
1 1 1 1 1 1
EN1994-1-2 [3]: 20 °C< fc <
805 °C: AI/I,C: -1.2 -10%+6 -10° EN1994-1-2 [3] 20°C<0c<115°C: p(ec) =
ML o gce1.4 10103805 °C<oc  CAICArEOUS  EN1994-1-2 [3]: 20 °C < 6a 3% p(20 °C) = 2300 kg/m® 115 °C < 6c < 200 °C:
<1200 °C: Alfl,c = 12-10° <750 °C: Allla=-2.416 -10° 0 p(Bc)=p(20 °C) - (1-0.02 - (6c-115)/85) 200
- 44+1.2.10° -9a+0.4-10° -9a2 °C < 0c <400 °C: p(6c) = p(20 °C) - (0.98-
M2 oo 750 °C < 0a < 860 °C: Al/l,a 0.03 - (6c-200)/200) 400 °C < 6c < 1200 °C:
EN1994.2-2[3]: 20 °C< be < =1110°860°C<0a<1200 109  P(9) = p(20 °C) - (0.95-0.07(9c-400)/800)
700 °C: Al/l,c=-1.8 -10°+9 -10 o _ 3 5
6 PR o C: Alll,a=-6.2-10° + 2-10
M4 -0c+2.3-10 -6¢° 700 °C< O¢ Siliceous . 0a 2300 kg/m3
——— <1200 °C: Alll,c = 14-10°
M5 3% 2400 kg/m®
simplified: simplified: .
M6 Allc=6 - 10° Alla=12 - 10° same density of the M1, M2 and M3 models
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The other properties of steel and concrete, not explained in Table 5, remained according to equations presented in
EN1992-1-2 [5] and EN1993-1-2 [6].

The fire resistance times were determined according to EN1363-1 [23], with the axial force applied in the models
corresponding to 30% of the plastic resistance of the cross section at room temperature.

Figure 5 shows the monitoring points of the temperatures in the specimens.

; Concrete core
) Steel tube

Concrete core
Steel tube _

Figure 5. Monitoring points of the temperatures in the cross section.

5.1.2. Two-dimensional model

Using the two-dimensional model, complementary studies were conducted with different values adopted for the
specific heat of concrete, according to its moisture content. The models denominated with combinations 1 and 2 refer
to Equations 5 and 6, which are used to determine the values of the specific heat of concrete. The influence of
moisture in the temperature field was verified considering the specimens indicated in Table 6, with moisture contents
alternating between 0, 1.5, 3, 5, 7.5 and 10%.

Table 6. Specimens for modeling with heat transfer analysis.

Reference Cross L or D t fc Fya |
section (mm) (mm) (MPa) (MPa) (mm)

1- PC-168-6 Circular 168.3 6.4 - - -

2- PC-168-10 Circular 168.3 10 - - -

3- PC-300-10 Circular 300 10 - - -

The temperatures found with the two-dimensional model were recorded along the track indicated as an example in
Figure 6 for specimen 1.

STEEL TUBE

TRACK FOR TEMPERATURE
MONITORING

CONCRETO CORE

Figure 6. Track for temperature monitoring in the cross section.

The influence of the emissivity adopted for the exposed face in the model was verified by comparing the
temperature field, considering the emissivity values of the exposed face as 0.7, 0.8 and 1. In the model, combination
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two was implemented with dry concrete, a transfer rate by convection of 25 W/m? °C, exclusive thermal analysis, and
perfect thermal contact in the tube—concrete interface.

5.2. Results and discussions

5.2.1. Three-dimensional model

Table 7 shows, for four specimens, the temperatures in the cross section, along with the fire resistance times,
according to the responses of numerical modeling with the alternation of the parameters and properties indicated in

Table 5.

Table 7. Response of the parametric analysis of the numerical models.

Specimen (Table 5) MK/?GI Fire r(fsiii]tjgzi time Temperature (°C)
1 1 1 1
1 1 1 1 2 3 4 5
3-PQ-200-5 1 59.0 905.2 629.8 357.1 219.8 140.9
1 2 50.2 835.5 516.9 243.1 119.6 75.1
1 3 57.0 844.4 471.1 154.3 61.5 43.1
1 4 51.4 833.6 511.5 239.4 118.2 74.7
1 5 52.7 831.1 502.9 229.7 111.3 70.7
1 6 60.9 893.8 612.3 337.8 199.7 123.3
7-PC-195-5 1 45.9 815.1 505.8 250.2 124.4 73.8
1 2 43.2 785.6 458.0 209.7 98.7 61.3
1 3 47.5 804.5 423.3 116.6 55.4 394
1 4 43.4 777.0 442.4 198.2 93.7 58.8
1 5 459 787.2 4515 204.1 96.2 60.1
1 6 51.7 852.9 570.0 309.7 174.9 97.2
2-PQ-140-5 1 43.4 815.1 567.7 374.4 254.1 198.0
1 2 36.7 791.3 527.4 332.7 210.4 151.8
1 3 43.7 784.1 453.8 214.9 89.2 62.7
1 4 38.4 789.0 521.1 327.0 206.0 149.0
1 5 38.9 785.9 511.1 315.0 193.2 137.1
1 6 40.7 791.5 529.4 335.1 212.4 153.4
5-PC-114-5 1 31.2 736.3 541.6 344.9 243.2 186.0
1 2 30.0 726.9 524.8 328.1 225.7 164.8
1 3 334 725.7 4714 216.9 89.1 66.3
1 4 30.0 725.0 518.6 322.6 2215 161.4
1 5 30.0 721.9 508.7 310.5 208.0 146.6
1 6 32.0 753.6 571.5 375.6 275.8 225.4

In this study, it was observed that Model M2, with 3% moisture and concrete density according to the equation
described in EN1994-1-2 [3] and EN1992-1-2 [5], presented shorter fire resistance times than those with concrete
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densities equal to 2300 kg/m?3. For concrete densities equal to 2300 kg/m?, the fire resistance times increased by up to
10%; the model with 10% moisture content (M3) presented a fire resistance time 16% higher than that with 3% (M2);
and the models with constant expansion coefficients showed 18% higher fire resistance times.

Figure 7 graphically shows the results referring to the fire resistance times, as shown in Table 7 for numerical
models resolved with the properties and parameters indicated in Table 5 (M1 to M6).

H model M1
60 - = model M2
55 - = model M3
50 - = model M4
45 = model M5

= model M6

Resistance time (min.)
w
o

PQ-200-5 PC-195-5 PQ-140-5 PC-114-5

Figure 7. Fire resistance time with alternation of properties in the model.

The thermal properties indicated in ABNT NBR 14323:2013 [4] and EN 1994-1-2 [3] are the same, and the
formulations for defining the mechanical behavior are also similar, except for the last deformations and,
consequently, the elastic modulus of the concrete.

Experimental studies show that the values of the elastic modulus of concrete determined with the stress—strain
diagram at high temperature according to EN19944-1-2 [3] are conservative for concretes of normal strength, and
they verified the expressive influence of coarse aggregate types [24]. This suggests that the values determined with
the last deformations of concrete at high temperature presented in the Brazilian code are more realistic.

Figure 8 shows that there are small differences in column behavior considering the ultimate deformations and the
elastic modulus of concrete, according to EN1994-1-2 [3] and ABNT NBR 14323:2013 [4]. For this analysis, a three-
dimensional numerical model was used.

-0.0020 -0.0020
Time (s)

Time(s)

-0.0010 - -0.0010

2000 2500 3000

1000 1500 2000 2500 3000

0.0000 - 0.0000

0.0010 0.0010 -

!
0.0020 -

!

0.0030 % S ssiat s

0.0020

0.0030

Axial contraction (m) and axial contraction rate x 100 (m/s)
Axial contraction(m)and axial contraction rate x 100 (m/s)

0.0040 0.0040 7
t
0.0050
0.0050 i
Ultimate axial contraction | — Ultimate axial contraction
0.0060 - Ultimate axial contraction rate 0.0060 *‘; """ Ultimate contraction axialrate £}
Axial contraction [4] | Axial contraction [4] 3
0.0070 ——— Axial contractionrate [4] D0070-:<3 Axial contractionrate [4] Y
: i | JRCEI Axial contraction [3] %
------ Contractionrate [3] {
______ o 0.0080 - +++- Axial contractionrate [3]
0.0080 - xial contraction rate [3]
(a) Specimen 3 (b) Specimen 7

Figure 8. The fire resistance time considering the M2 model is indicated in Table 5.
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5.2.2. Two-dimensional model

Figure 9 shows the temperatures monitored in the model elaborated with different moisture contents of the

concrete and with prefixed times of exposure to fire for specimen 1 (Table 6).

1100
(°C)

1000 -

900 -

: : . : : :
0 10 20 30 40 50 60 70 80 90
Position from the radius - circular section (mm)
——moisture = 1.5%

=moisture = 5%
——moisture = 10%

——moisture = 0%
—==moisture=3%
——moisture=7.5%

(a) exposure to fire = 30 min

1100 4

C)

1000 |
900
800 -
700 | )
600 4

845 4 (°C)
500 41 820
400 795

770
300 1

745 (mm)
200 1 720
100 | 0 10 20 30 40 50

0 ! ! ! : : ! . , .

0 10 20 30 40 S0 60 70 80 90
Position from the radius - circular section (mm)

—— moisture = 1.5%
— moisture = 5%
—— moisture = 10%

——moisture = 0%
——moisture = 3%
——moisture=7.5%

(b) exposure to fire = 120 min

Figure 9. Temperature according to the moisture content of the concrete.

Figure 10 shows the temperatures in the center of the concrete and on the inner face of the steel tube.

900 900 -
(=0) O

PO o) Enlarged detail
200 800 | 149 nlarged detai

148
700 700 147
600 600 146

145
500 500 4 144

143
400 -| 400 142
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110 115 120 125
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0
0 2000 4000 6000 110 115 120 125 130
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(a) Temperature at the concrete core center (b)Temperature at the internal face of the tube

Figure 10. Evolution of temperature according to the concrete moisture content.

For the evolution of the temperature of sample one, there is a difference in the center of the concrete core between
models with moisture contents of 0% and 10% of 150 °C for 30 minutes of exposure to fire and 50 °C for 120
minutes of exposure to fire. For specimen 3 (Table 6), the temperature difference reaches 190 °C for 30 minutes of
exposure to fire and 120 °C for 50 minutes. In the steel tube, the change in the moisture content of concrete results in
a small variation in its temperature.

Figure 11 shows the temperatures along the monitoring range, comparing the model with combinations 1 and 2 of
sample 1 (Table 6), according to the time of exposure to fire (FET).
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1200 4 e Comb 2 - FET=120 min
------ Comb 2 - FET =90 min
1000 - )
------ Comb 2 - FET= 60 min
800 4 == 7 T e Comb 2 - FET =30 min
——Comb 1 - FET=120 min
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400 - ~
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200 A
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0 10 20 30 40 50 60 70 80 90
Position in monitoring from the center of the circular section (mm)

Figure 11. Temperatures along the cross section for combinations 1 and 2.

According to the parametric study, it was found that the responses of the model are coincident; with the
combination one or two, but for longer exposure times the combination two presented slightly higher temperatures,
but still close.

Figure 12 shows the temperatures over time, on the outer face of the tube and in the center of the concrete core for
specimen 1 (Table 6).

1200 - OC e Temperature at tube external
face, fire action applied to the
1000 e exposed face
———————————— —Temperature at tube external
,,,,,,,, face-Ema=1
800 -
—Temperature at tube external
600 face- Ema=0.8
—Temperature at tube external
400 | face- Ema=0.7
Py 2 e Temperature at core center, fire
200 - / action applied to the exposed
{ face
! Time (s) —Temperature at core center -
0 ‘ Ema=1

0 1000 2000 3000 4000 5000 6000 7000
Figure 12. Temperature according to the emissivity of the exposed face.

6. CONCLUSIONS

It was verified that the numerical model was sensitive to the values adopted for the parameters and properties of
the materials, and the choice of constant values with a higher degree of simplification should be made judiciously. In
this study, it was possible to demonstrate which simplifications most influence the response of the numerical model.
Such simplifications seek to facilitate practical applications in numerical and analytical models, but they can reduce
the quality of the results. In this sense, some considerations have been presented regarding the study carried out with
alternation of modeling parameters and of the properties of steel and concrete.
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The equations indicated in the codes EN1992-1-2 [5], EN1993-1-2 [6] and ABNT NBR 14323:2013 [4] should be
used preferably without simplifications for determining the values of steel and concrete properties to be adopted in
numerical models. The exception is the determination of concrete specific heat, which should favor the equation from
EN1994-1-2 [3], which is adjusted for columns composed of tubes filled with concrete. The constant values presented
in the Eurocode for the density of concrete and for the coefficients of thermal expansion of steel and concrete should
be avoided, since their responses were very divergent from those obtained through the numerical model.

On the other hand, regarding the determination of the mechanical properties of concrete, minimal differences were
found between the results of the numerical models according to the Eurocode and the Brazilian code. That is, the
results are coincident.

The moisture content considered in the concrete significantly affects the temperature field, especially for the very
concrete and for cross sections with greater areas. For the steel tube, the alteration is more discrete, but the decrease
in temperature is still perceivable as the moisture content in concrete is increased.

Thus, these results indicate the need for greater knowledge of the concrete moisture content to be adopted in each
tubular mixed column. The process used to consider the effect of moisture in the temperature field was also verified
to be too simplified. According to bibliographic references, the value of 4% moisture content may be very
conservative in some cases but is a reasonable limit when one does not accurately know the moisture effectively
contained in concrete; however, for concrete with calcareous aggregate, this limit can be very conservative,
evidencing the need for a greater number of experimental tests to generalize these limits.

In numerical models, when considering the heating of the element by the radiation mechanism with the resulting
value of the emissivity of the fire and exposed face with alternating values of 0.7 and 0.8, as temperatures undergo
small variations. That is, from differences above 15% in the resulting emissivity, the time-temperature curve begins to
diverge, presenting a very distinct behavior trend.
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