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Editorial
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We are proud to note a rise in the interest of our community in publishing in the IBRACON Structures
and Materials Journal. The number of submitted manuscripts has increased considerably as well as
the overall quality of the published articles. We have now the entire collection, since Volume 1 (March
2008), published in the SciELO site (www.scielo.br/riem). The current issue (Volume 8 Number 3, June
2015) comprises eight articles related to concrete structures and materials. The first article presents
a study on the hydraulic conductivity of pervious concrete by constant and falling head methods.
The next article discusses the influence of column rectangularity index and boundary conditions on
the punching resistance of slab-column connections. The third article focus on the application of ac-
tive infrared thermography to detect damage in bonding between concrete and glass fiber reinforced
polymer. One of the articles reports the application of Digital Image Correlation technique to measure
displacements on the surface of beams aiming at the evaluation of size effect. The influence of grout-
ing and reinforcement ratio in the compressive behavior of concrete block masonry is discussed in the
fifth article. The sixth article presents a contribution to the safety assessment of existing structures.
The next article addresses the serviceability limit state related to excessive lateral deformations with
the consideration of the infill walls in the structural modeling. This issue closes with an article present-
ing an interactive graphics computational tool for the verification of pre-stressed concrete beams with
post-tensioned bonded tendons to the serviceability limit state (SLS) stress check according to the
Brazilian code NBR 6118:2014.

With this issue, we fulfill the objective of providing our community with a qualified vehicle for diffusion
of the research and developments in concrete structures and materials, aiding our interaction with
researchers worldwide. We thank all those who contribute for this achievement: authors, reviewers
and readers.

Américo de Campos Filho, José Luiz Antunes de Oliveira e Sousa, Rafael Giuliano Pileggi, Roberto
Caldas de Andrade Pinto and Romilde Almeida de Oliveira, Editors

Estamos observando com satisfagdo um aumento no interesse de nossa comunidade em publicar
na Revista IBRACON de Estruturas e Materiais. O nimero de manuscritos submetidos aumentou
consideravelmente, bem como a qualidade geral dos artigos publicados. Temos agora a colecao in-
teira, desde o Volume 1 (margo de 2008), publicada no site do SciELO (www.scielo.br/riem). A edigéo
atual (Volume 8 Numero 3, junho de 2015) é composta por oito artigos relacionados com materiais
e estruturas de concreto. O primeiro artigo apresenta um estudo sobre a condutividade hidraulica
do concreto permeavel com métodos de carga constante e de carga variavel. Outro artigo discute
a influéncia do indice de retangularidade dos pilares e das condigbes de contorno na resisténcia a
puncao de ligagdes laje-pilar. O terceiro artigo enfoca a aplicacdo de termografia infravermelha para
detectar danos na aderéncia entre o concreto e polimero reforgado com fibra de vidro. O quarto artigo
relata a aplicagédo da técnica de Correlagéo de Imagens Digitais de para obtencédo de deslocamentos
na superficie de vigas e avaliacdo do efeito escala. A influéncia do graute e da taxa de armadura no
comportamento a compressao de alvenaria de blocos de concreto é discutida no quinto artigo. O
sexto artigo apresenta uma contribuicdo a andlise de seguranca de estruturas existentes. O artigo
seguinte aborda o estado limite de servigo relacionado a deformacgdes laterais excessivas com a con-
sideracéo das alvenarias de preenchimento na modelagem estrutural. Este numero encerra com um
artigo apresentando uma ferramenta grafico-interativa de calculo e verificagdo de tensées no estado
limite de servigco de vigas protendidas com pds-tragdo aderente para a verificagdo de tensdes no
estado limite de utilizagdo (SLS) de acordo com a norma brasileira NBR 6118: 2014.

Com este numero, nés estamos cumprindo o nosso objetivo de proporcionar a nossa comunidade
um veiculo qualificado para a difusdo de pesquisas e desenvolvimentos em materiais e estruturas de
concreto, favorecendo nossa interagdo com pesquisadores do mundo todo. Agradecemos a todos
aqueles que contribuem para essa conquista: autores, revisores e leitores.

Américo de Campos Filho, José Luiz Antunes de Oliveira e Sousa, Rafael Giuliano Pileggi, Roberto
Caldas Pinto de Andrade e Romilde Almeida de Oliveira, Editores
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Aims and Scope

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

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

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

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

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

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

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

and materials.

Submission Procedure

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

Contribution Types

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

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

The length of the papers must not exceed 20 pages.

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

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

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

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

Subscription rate

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

Photocopying

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

Copyright

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

IBRACON

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

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

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

Disclaimer

Papers and other contributions and the statements made or opinions
expressed therein are published on the understanding that the authors
of the contribution are the only responsible for the opinions expressed in
them and that their publication does not necessarily reflect the support
of IBRACON or the journal.
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Study on the hydraulic conductivity by constant and
falling head methods for pervious concrete

Estudo da condutividade hidraulica com carga
constante e variavel em concretos permeaveis
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Abstract

The main goal of this paper is to show the analysis of the permeability characteristics of three different mixes of pervious concrete produced with
the variation of the coarse aggregate size. Two different test methods were used to achieve the hydraulic conductivity of the samples: falling head
and constant head permeability tests. Based on test results it is concluded that the pervious concrete mixes have shown to be good drainable
materials. Besides, it was found that the permeability of the mixtures does not seem to depend on the size and gradation of the coarse aggregate.

Keywords: pervious concrete, permeameter, hydraulic conductivity, concrete pavements.

Resumo

Este trabalho tem por objetivo apresentar os resultados de ensaios de permeabilidade realizados para trés misturas de concretos permeaveis
produzidos com diferentes granulometrias, a fim de determinar a variacdo do potencial permeavel destas misturas considerando as diferentes
porcentagens de agregados graudos na sua composigao. Para determinacédo do coeficiente de permeabilidade foram empregados dois métodos:
ensaio de permeabilidade com carga variavel e com carga constante. A partir da andlise dos resultados obtidos, pdde-se observar que os mate-
riais estudados apresentam muito boas caracteristicas de drenabilidade e que a variagéo da granulometria em termos de agregados graudos nao
¢é fator preponderante para a variagao deste parametro.

Palavras-chave: concreto permeavel, permeametro, condutividade hidraulica, pavimentos de concreto.
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R. BATEZINI | J. T. BALBO

1. Introduction

N

The increasing of impermeable surface areas due to the acceler-
ated and unplanned urban development has significant impacts on
the hydrologic cycle, rising the peak runoff rate, which increase the
probability of downstream flooding and inundation on the cities.
Those events are commonly associated to demographic explosion
and the lack of urban planning by government institutions.

In recent years, an alternative hydrological control concept has
gained place in the Brazilian urban drainage scenario. The Best
Management Practices (BMP) are techniques that aims to guar-
antee the storm water control to be absorbed into the ground, as
near as possible from its source, avoiding runoff and consequently
downstream flooding. The Environmental Protection Agency (EPA)
has developed this concept in the 80s. It is based on storm water
control planning in a basin scale by using civil structures in order to
temporarily store surface runoff before infiltrating it into the subsoil
(reservoirs, infiltration trenches, permeable pavements), in an at-
tempt to compensate the effects of urbanization.

In addition, projects involving roads, highway, bus corridors, park-
ing lots and other infrastructures in large urban centers, need to
consider several technical and environmental requirements rec-
ommended by governmental transport agencies as well as by
environmental agencies. Concerning environmental criteria, new
regulations have been created in Brazil in order to restrict the per-
centage of impermeable surface areas in urban projects. Usually,
at least 30% of the total project area is requested to be permeable.
In this context, permeable pavements systems can be considered
as a simple solution, which must have mechanical and hydraulic
characteristics sufficient to withstand both the traffic loads and al-
low water infiltration from the storm water into its structure, reduc-
ing the runoff by almost 100%.

Permeable pavement is a structure that allows air and water to
drain through its layers. This infiltration device absorbs most part
of the surface runoff into an open-graded stone reservoir placed
over the subgrade. Once the water is absorbed and temporarily
stored into the open-graded base, it can infiltrates into the subsoil
depending on soil drainage characteristics, or a drainage system
can conduct it to a different reservoir. The permeable pavement
base and sub-base, which stores the runoff, is characterized as an
open-graded matrix with reduced amount of fine aggregates.

1.1 Justification

In the Brazilian context, there is still no much research on the use
of pervious concretes and its long-term performance, and the num-

Table 1 - Coarse aggregate proportions
used in mixes

% of retained material on the sieve

e __63mm
M1 0 100 0
M2 0 50 50
M3 30 40 30

ber of publications on this topic is scarce. Considering the poten-
tial environmental and economic advantages on using this kind of
material as the surface layer of permeable pavements for light and
heavy traffic compared to the other materials, it can be seen the
importance of carrying out more detailed studies on the subject,
including the assessment of hydraulic conductivity of pervious con-
crete. The main goal of this study is to show the results of a labo-
ratorial study on the hydraulic conductivity of pervious concrete
obtained by constant and falling head permeability tests. The tests
was carried out on specimens produced by three different pervi-
ous concretes mixtures with the variation of the coarse aggregate
gradation, focusing on determining the influence of the gradation
on the material’s permeability.

2. Materials and experimental program
———

2.1 Materials, molding and curing

Cylindrical specimens of the pervious concrete were prepared in
order to perform the hydraulic characterization tests. The mold-
ing procedures were conducted at Holcim Brasil laboratory at Sao
Paulo. The laboratorial tests were carried out at Pavement Me-
chanics Laboratory and Pavement Technology Laboratory, both
in the Transportation Engineering Department of the Polytechnic
Schol of the University of Sdo Paulo.

The mixture design applied on this study had been pre-set from
the literature review, since there was no specific mix design pro-
cedure for pervious concrete by the time of the study. Thus, pre-
viously studied mix proportions had been considered in order to
verify how the gradation of the coarse aggregate influences on
the hydraulic behavior of the mixtures. Three pervious concrete
mixtures were produced using different coarse aggregate grada-
tion, as shown in Table 1.

The cement content range to produce pervious concrete observed
in literature review goes from 340 to 400 kg/m3. On this study, it
was used 374 kg/m® of cement content. The coarse aggregate
content was 1.660 kg/m® which represent 1:4,4 cement/aggregate
proportion; the water to cement ratio of 0,3 was fixed according to
other studies. Table 2 summarizes the material proportions used
in this study.

The compaction molding procedure for the cylindrical samples (20
cm high and 10 cm diameter) consisted on rodding 15 times in
three layers (Figure 1), followed by vibration for 10 seconds on a
vibration table (Figure 2). The specimens were placed in a moist
chamber at 98% relative humidity, and cured according to NBR
5738 [2]. All samples were demolded after 7 days, unlike con-
ventional concrete, since pervious concrete did not show enough

Table 2 - Pervious concrete mixing ratio

Cement (kg/m3) 374
Coarse aggregate (kg/ms3) 1,660
w/c ratio (mass) 0.3
Cement/aggregate rafio (mass) 1:4.4
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Figure 1 - Sample compaction

stable structure to be demolded after 24 hours, as recommended
by the Brazilian standard.

2.2 Permeability tests
2.2.1 Falling head permeameter test

A falling head permeameter was constructed in the laboratory in
order to carry out the permeability tests. The apparatus is equipped
with a valve and an external level to check the water column height
(Figure 3). Twelve samples were tested for each pervious concrete
mixture in order to obtain a sufficient number of samples for statisti-
cal analysis of the results.

During the test the samples were wrapped in plastic film in order
to avoid loss of water through its lateral surface. Furthermore, two
silicone rings were used for sealing the bottom and the top of the
samples were produced, avoiding water leaks during the tests. The
tests were carried out 25 days after molding.

The test procedure consisted in adding water to the downstream
end of the device to expel any air voids that may have been pres-
ent in the sample. After complete sample immersion on water, the
valve on the center of the permeameter was closed and the water
column height was increased until 25 cm by the upstream. After
opening the valve, the time to the water column height decrease
from 25 cm to 5 cm was recorded. Equation (1) was used in order
to determine the hydraulic conductivity of the samples.

L
k—Atxlnh2 (1)

In Equation (1) k is the hydraulic conductivity (cm/s), a is the cross-sec-
tional area of the standpipe (cm?), L is the length of specimen (cm), Ais
the cross-sectional area of specimen (cm?), tis the time for water to drop
from h, to h, (s), and h, and h, are the initial and final water level (cm).

2.2.2 Constant head permeameter test

The constant head test is characterized by a constant water col-
umn height during the test. In Soil Mechanics, it is usually recom-
mended to use the constant head test in order to determine its
hydraulic conductivity of high permeability materials (k>10- cm/s),
which is the case of the pervious concrete. However, all authors
have published results of the falling head permeability tests in per-
vious concrete, since for practical purposes such as the material
quality control in field, the use of falling head test seems to be
simpler then the constant head, what makes it easier to compare
the results in field with those obtained in laboratory.

Figure 2 - Vibration procedure

Figure 3 - Falling head permeameter

T
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Figure 4 - Constant head permeameter

The apparatus is equipped in the bottom with a plastic ring where
de specimen is placed (Figure 4). A flexible membrane positioned
internally on the plastic ring is pressurized on the side of the sam-
ples in order to avoid water leaks by its lateral during the test. The
container used to produce the water pressure is provided with an
inlet and an outlet of water as well as by a lower safety outlet to
prevent overflow.

The cylindrical cores were cut into four pieces in order to carry out
the permeability tests, since de equipment has a 5.5 cm sample
height limitation. The surface and the bottom parts of the speci-
men were discarded and just the remaining top and bottom central
pieces were tested.

The control of the water column height was carried out by leveling
the column height up in the container, which was calibrated by the
incoming water flow. It was carried out several attempts to find the
optimal column height for the testing material in order to maintain
a laminar water flow, which tends to vary with the fluid velocity in
the conduit.

The test was started by placing the sample on the plastic ring and
pressuring the flexible membrane, sealing the core laterals. Then,
water flow was released in order to fill up the entire system with wa-
ter. The flow rate was increased until column height constancy. The
water discharged was collected in a known-weight-recipient and

the time for collect 750 to 1,000 mL of water was measured. Four
trials were carried out for each sample and the hydraulic conduc-
tivity was calculated by the average of the obtained values. Once
obtained the volume of discharge and the elapsed time for its col-
lection, the hydraulic conductivity was determined by Equation 2:

k= 0

In Equation (2) k is the hydraulic conductivity (cm/s), V is the vol-
ume of discharge (cm?), L is the length of specimen (cm), h is the
column height (cm), A is the cross-sectional area of specimen
(cm?) and t is the time for discharge (s).

3. Results and discussion
E——

Tables 3 to 6 show the test results for hydraulic conductivity and
statistic data analysis. It can be observed that the average of

Table 3 - Hydraulic conductivity results
in the falling head test (cm/s)

0.58 0.50 0.59
0.51 0.59 0.71
0.51 0.59 0.78
0.52 0.68 0.66
0.51 0.60 0.67
0.62 0.73 0.72
0.47 0.62 0.77
0.62 0.72 0.66
0.62 0.68 0.75
0.56 0.64 0.75
0.64 0.64 0.71
0.62 0.59 0.66

Table 4 - Basic statistical analysis of
hydraulic conductivity results obtained
from falling head test

- Hydraulic conductivity (cm/s)

Parameter
v 0.565 0.630 0.703
o 0.058 0.065 0.054
cv (%) 10.21 10.32 7.68

u = average:; o = standard deviation; cv = coefficient of variation
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Table 5 - Hydraulic conductivity results
in the constant head test (cm/s)
Position Mixiuires
w2
0.13 0.13 0.14
Top 0.14 0.13 0.14
0.13 0.13 0.14
0.14 0.11 0.14
Bottom 0.14 0.13 0.14
0.15 0.14 0.14

hydraulic conductivity values were similar for all the three mixes in
both falling and constant head tests, indicating that the variation of
the coarse aggregate gradation used in this study does not seem
to affect the drainability characteristics of the pervious concrete.
This condition is explained by the void ratio resultant for the mix-
tures, which also showed little variation [3], since void ratio seems
to be directly associated to the drainability characteristics of pervi-
ous concrete produced without fines.

It had been observed generally low coefficient of variation for the
results (below 11%) in statistical analysis. Besides that, the results
obtained by the constant head test were more homogenous, since
the coefficient of variation is lower than that obtained in the falling
head test.

It had been observed that the hydraulic conductivity obtained
by the constant head test vary from 0.13 a 0.14 cm/s. These re-
sults are within the range of results obtained by most authors that

Table 6 - Basic statistical analysis of hydraulic
conductivity results obtained from constant

head test
Hydraulic conductivity (cm/s)
Parameter
M2
V] 0.14 0.13 0.14
(o} 0.008 0.009 0.002
cv (%) 5.66 6.80 1.50

u = average; o = standard deviation; cv = coefficient of variation

studied these parameter in pervious concrete mixes, which pub-
lished values ranging between 0.01 e 1.5 cm/s [4; 5].

It was also noticed that the average of the results obtained by
the two tests are considerable different since the values from the
falling head test were higher. This may be attributed to the differ-
ence in equipment technology. In the falling head test, the sample
was wrapped in plastic film intending to reduce or limit the water
flow by its laterals. However, unlike the equipment used in the
constant head permeameter, there was no external pressure ap-
plied to the cores, which may have caused a considerable loss
of water by the specimen laterals, resulting in higher hydraulic
conductivity values.

Figure 5 shows the variation of the hydraulic conductivity versus
de void ratio variation of the two tests assessed in this study com-
pared to the results published by other authors. It can be observed
that the hydraulic conductivity values obtained in this study are
very similar to those obtained by [6] in the case of the constant

Figure 5 - Hydraulic conductivity variation obtained by the two methods versus void ratio variation

25

-k — [
o w [=]
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head test and void ratio around 0.25, approximately. However, [7]
obtained values five times higher, which are equivalent to the re-
sults found out by the falling head test in this research, considering
a void ratio of 0.25, approximately. It must be pointed out that both
former studies [6;7] used the falling head test.

4. Conclusions
E—

This paper relates results of investigation on the hydraulic con-

ductivity of three different mixes of pervious concrete without fines

using constant and falling head permeameters. The main conclu-
sions are summarized below:

B The coarse aggregate gradations does not appear to have sig-
nificant effect on the results of hydraulic conductivity of the per-
vious concrete, since the values were very similar for all three
mixtures;

B It was found that the coefficient of variation of the results were
small (less than 11%). Besides that, the result from the con-
stant head test were less dispersed than those obtained in the
falling head test;

B The differences between the dispersions in hydraulic conduc-
tivity results may be associated with the lateral confinement
of the samples. The lateral sample confinement may not have
been guaranteed in the falling head test due the limitations of
the permeameter.

B The hydraulic conductivity coefficients obtained in this study
are similar to those reported by other authors, and this parame-
ter seems to be strongly related to the void ratio of the mixture.
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Abstract

The main goal of this paper is to show the analysis of the permeability characteristics of three different mixes of pervious concrete produced with
the variation of the coarse aggregate size. Two different test methods were used to achieve the hydraulic conductivity of the samples: falling head
and constant head permeability tests. Based on test results it is concluded that the pervious concrete mixes have shown to be good drainable
materials. Besides, it was found that the permeability of the mixtures does not seem to depend on the size and gradation of the coarse aggregate.

Keywords: pervious concrete, permeameter, hydraulic conductivity, concrete pavements.

Resumo

Este trabalho tem por objetivo apresentar os resultados de ensaios de permeabilidade realizados para trés misturas de concretos permeaveis
produzidos com diferentes granulometrias, a fim de determinar a variacdo do potencial permeavel destas misturas considerando as diferentes
porcentagens de agregados graudos na sua composigao. Para determinacédo do coeficiente de permeabilidade foram empregados dois métodos:
ensaio de permeabilidade com carga variavel e com carga constante. A partir da andlise dos resultados obtidos, pdde-se observar que os mate-
riais estudados apresentam muito boas caracteristicas de drenabilidade e que a variagéo da granulometria em termos de agregados graudos nao
¢é fator preponderante para a variagao deste parametro..
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1. Introducgao

N

Um dos principais impactos que o desenvolvimento urbano acele-
rado provoca nos processos hidroldgicos esta ligado ao crescimen-
to de areas com superficies impermeaveis, que juntamente com a
ocupagao indevida das margens de rios e corregos, aumenta em
grande escala a probabilidade de ocorréncia de picos de cheias,
agravando assim os problemas de enchentes dos rios e inundagdes
nas cidades. Estas ocorréncias sédo consequéncia direta da explo-
sdo demografica aliada a falta de planejamento de uso e ocupacéo
do solo urbano por parte das instituigbes governamentais.

Nos ultimos anos, um conceito de controle hidrolégico alternativo
aos convencionais tem conquistado espago no cenario da drena-
gem urbana brasileira. As Best Management Practices (BMPs)
sdo técnicas que tem como propdsito evitar a transferéncia dos
problemas de montante para jusante por meio do controle do es-
coamento na bacia, mais préximo de sua fonte, e ndo no curso
d’agua. Este conceito foi desenvolvido nos Estados Unidos da
América (EUA) pela Environmental Protection Agency (EPA) nos
anos 80 e é constituido pelo planejamento do controle de aguas
pluviais em escala de bacia e uso de estruturas fisicas para arma-
zenamento e infiltragdo do escoamento (reservatorios, trincheiras
de infiltragdo, pavimentos permeaveis), na tentativa de compensar
os efeitos da urbanizagao [1].

Além disso, os projetos realizados para implantagéo de viarios,
corredores e outras obras de infraestrutura nos grandes centros
urbanos, necessitam considerar diversos requisitos técnicos e
ambientais preconizados pelas agéncias de transporte bem como
pelos 6rgdos ambientais. No que tange aos critérios ambientais,
observa-se que cada vez mais existem normas que restringem
a implantagéo de obras que impermeabilizem as areas urbanas,
sendo que para obtencado das licengas para implantacdo destas
obras, normalmente solicita-se que a area permeavel seja de no
minimo 30% em relagdo a area total do empreendimento. Nesse
contexto, considera-se como solu¢do a implantagéo de pavimen-
tos permeaveis, que devem possuir caracteristicas mecanicas e
hidraulicas suficientes para suportar os carregamentos oriundos
do trafego, bem como permitir a percolagédo da agua das intem-
péries pelo sua estrutura, reduzindo-se em quase 100% o escoa-
mento superficial.

Pavimento permeavel € uma estrutura que permite a passagem de
agua e ar através de suas camadas. E um dispositivo de infiltragdo
que absorve parte ou a totalidade do escoamento por meio de uma
superficie permeavel para dentro de um reservatorio de brita com
distribuicdo granulométrica uniforme, construida sobre o subleito
da area pavimentada. A agua, quando captada pelo pavimento,

Tabela 1 - Propor¢coes de agregados
utilizados nas moldagens

% de material retido na peneira de abertura

= _63mm
M1 0 100 0
M2 0 50 50
M3 30 40 30

pode ser conduzida para um reservatorio, e deste para um ponto de
captagao especifico, ou simplesmente ser absorvida pelo subsolo,
dependendo da sua capacidade permeavel. A sub-base e a base
dos pavimentos permeaveis, constituidas de agregados com pouca
quantidade de finos, atuam como um recipiente de coleta d’agua,
permitindo que o liquido seja estocado nos vazios das camadas.

1.1 Justificativa

No contexto brasileiro sdo ainda poucas as pesquisas sobre a
utilizagéo do concreto permeavel bem como o seu desempenho
em longo prazo, sendo que o numero de publicagdes encontra-
das sobre este tema é escasso. Considerando-se as vantagens
ambientais e econdmicas possiveis quando da utilizagdo deste
material como revestimento de pavimentos de trafego leve e pe-
sado frente aos demais materiais, percebe-se a importancia de se
realizar estudos mais detalhados sobre o assunto, entre os quais,
a avaliagao da condutividade hidraulica de concretos permeaveis.
Este trabalho teve exatamente esse objetivo, apresentando os re-
sultados de condutividade hidraulica obtidos por meio de ensaios
de permeabilidade com carga variavel e com carga constante, re-
alizados em corpos de prova produzidos para trés diferentes mis-
turas de concretos permeaveis com a variagao da granulometria
dos agregados graudos, focando na influéncia da mesma na per-
meabilidade do material.

2. Materiais e programa experimental
=

2.1 Materiais

Para os estudos de caracterizagdo hidraulica foram preparados
corpos de prova cilindricos de concreto permeavel. As moldagens
foram realizadas no laboratério da Holcim Brasil, em Sado Paulo.
Os estudos laboratoriais referentes aos ensaios de permeabilida-
de foram realizados no Laboratério de Mecéanica dos Pavimentos
e no Laboratdrio de Tecnologia de Pavimentagao, ambos do De-
partamento de Engenharia de Transportes da Escola Politécnica
da USP.

A dosagem de cada uma das misturas foi pré-definida a partir da
revisao da literatura, de modo empirico, uma vez que nao existe
procedimento especifico documentado para dosagem de concreto
permeavel. Assim, foram escolhidos tragos de misturas ja estu-
dadas anteriormente no intuito de verificar a influéncia da granu-
lometria dos agregados graudos na variagdo da condutividade
hidraulica entre estas misturas. Foram moldadas trés diferentes
misturas com proporgdes dos agregados conforme apresentados
na Tabela 1.

Tabela 2 - Tracos dos concretos

Material cimenticio (kg/m?) 374
Agregado (kg/m?3) 1.660
Relacdo a/c em massa 0.3

Relacdo cimento/agregado em massa 1:4,4
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Figura 1 - Compactacdo das amostras

A faixa de variagao do teor de cimento observada na pesquisa bi-
bliografica fora entre 340 e 400 kg/m?, sendo que para o presente
estudo foi utilizado o consumo de cimento de 374 kg/m?. O teor de
agregados utilizado para as trés misturas foi de 1.660 kg/m* o que
representa uma proporgéo cimento/agregado de 1:4,4; a relagao
alc foi fixada em 0,3, seguindo padrdes de outros estudos. A com-
posicéao utilizada para as moldagens esta resumida na Tabela 2.

2.2 Procedimento de moldagem e cura
O procedimento de compactagéo para a moldagem das amostras

cilindricas (20 cm de altura e 10 cm de didametro) consistiu na apli-
cagao de 15 golpes de haste de socamento por cada uma das trés

camadas de igual espessura (Figura 1), com posterior vibragdo
do molde por dez segundos em mesa vibratéria (Figura 2). Apos
moldagem as amostras foram mantidas em camara Umida com
umidade relativa do ar constante de 98%, conforme NBR 5738 [2].
Todas as amostras permaneceram nos moldes pelo periodo de
sete dias uma vez que, diferentemente do concreto convencional,
as amostras de concreto permeavel moldadas nao apresentaram
estrutura suficientemente estavel para serem desmoldadas apos
24 horas, conforme preconiza a norma.

2.3 Ensaios de permeabilidade
2.3.1 Permeametro com carga variavel

Para realizagdo do ensaio com carga variavel foi empregado um
permeametro construido artesanalmente no laboratério com essa
finalidade. O equipamento é munido de um registro para fecha-
mento da circulagcdo de agua bem como um nivel externo para ve-
rificagdo da altura de coluna d’agua (Figura 3). Foram ensaiados
doze corpos de prova para cada mistura de concreto permeavel
no intuito de se obter um nimero de amostras suficiente para pos-
terior realizagdo da analise estatistica dos resultados.

Para realizagdo dos ensaios, 25 dias apds as moldagens, as
amostras foram envoltas em filme plastico com a finalidade de se
evitar perda de agua por sua superficie lateral. Além disso, foram
confeccionados dois anéis de silicone para vedagao da base e do
topo das amostras, evitando-se vazamentos de agua durante a
execugao o ensaio.

O procedimento de ensaio consistiu, inicialmente, em adicionar
agua pelo tubo de saida do permeametro até as proximidades de
seu nivel maximo, que condiz com o nivel do topo da amostra,
garantindo-se que nao houvesse presenca de ar em sua estrutu-
ra interna. Apos imersdo completa da amostra, era fechado o re-
gistro existente no centro do permeametro. Na sequéncia a agua
era adicionada ao tubo graduado até atingir uma altura de coluna
d’agua de 25 cm. Por fim, o registro era aberto e cronometrado o

Figura 2 - Procedimento de vibracdo
das amostras

Figura 3 - Permedametro com carga variavel
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Figura 4 - Permed@metro com carga constante

tempo necessario, em décimos de segundos, para a agua atingir
o nivel de 5 cm. De posse dos tempos obtidos no ensaio, a deter-
minagdo da condutividade hidraulica foi realizada pelo emprego
da Equagéo (1).

al h
kZEXIIlh—; (])

Na Equacéao (1) k é o coeficiente de permeabilidade (cm/s), a é a
segao transversal do tubo (cm?), L € o comprimento da amostra
cilindrica (cm), At é a area de sua segao transversal (cm?), t é o
tempo decorrido entre o escoamento de h, até h, (s), e h, e h, sdo
os niveis inicial e final da agua (cm).

2.3.2 Ensaio com carga constante

Em Mecanica dos Solos, considera-se que para materiais com
elevada permeabilidade (k>10° cm/s), que é o caso do concreto
permeavel, deve-se empregar para determinagéo da condutivida-
de hidraulica o ensaio de carga constante, onde a altura de coluna
d’agua nao varia no decorrer do teste. Mesmo assim, todas as

pesquisas que apresentam ensaios de permeabilidade em con-
cretos permeaveis utilizam a técnica de ensaio de carga variavel,
uma vez que, para fins praticos e de controle de obra, a utilizagao
de ensaios de carga variavel pode ser realizado de maneira muito
simples em campo, facilitando a comparagao entre os resultados
de campo e laboratério, para controle de qualidade da execugao
do concreto.

No caso do ensaio com carga constante o equipamento € munido
em sua parte inferior de um anel plastico onde o corpo de prova é
posicionado (Figura 4). Com a finalidade de evitar perda de agua
pelas laterais das amostras, utiliza-se uma membrana flexivel (en-
camisamento) posicionada internamente ao anel plastico. Estando
a amostra posicionada no interior do anel, aplica-se pressao na
membrana flexivel deixando a amostra totalmente envolta pela
membrana. O recipiente utilizado para produzir a presséo de agua
sobre o corpo de prova € munido de uma entrada e uma saida
d’agua, bem como por um ladr&o para evitar transbordamento.
Para realizagédo dos ensaios as amostras cilindricas foram entao
cortadas em quatro partes, uma vez que a limitagcdo de altura da
amostra a ser ensaiada no equipamento disponivel é de 5,5 cm,

Tabela 3 - Resultados no ensaio com
carga variavel (cm/s)

0,58 0,50 0,59
0,51 0,59 0,71
0,51 0,59 0,78
0,52 0,68 0,66
0,51 0,60 0.67
0,62 0,73 0,72
0,47 0,62 0,77
0,62 0,72 0,66
0,62 0,68 0.75
0,56 0,64 0,75
0,64 0,64 0,71
0,62 0,59 0,66

Tabela 4 - Andlise estatistica bdsica dos
resultados de condutividade hidraulica no
ensaio com carga varidvel

ParGmetro

Condutividade hidraulica (cm/s)

[y 0,565 0,630 0,703
o 0,058 0,065 0,054
cv (%) 10,21 10,32 7,68

u =média; o = desvio padrdo; cv = coeficiente de variagdo
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Tabela 5 - Resultados no ensaio
com carga constante

Coeficiente de condutividade hidrdulica

Posi¢do (cm/s)
M2

0,13 0,13 0,14
Top 0,14 0,13 0,14
0,13 0,13 0,14
0.14 011 0,14
Bottom 0,14 0,13 0,14
0,15 0,14 0,14

sendo que as partes restantes da superficie e do fundo das amos-
tras foram descartadas e os ensaios realizados somente com
duas porgdes centrais (topo e fundo).

O controle da coluna d’agua foi realizado nivelando-se a agua no
recipiente que, por sua vez, era calibrado pela vazao da agua de
entrada. Com a finalidade de manter um fluxo laminar de agua,
que varia em fungao da velocidade do liquido no conduto, foram
realizadas diversas tentativas para encontrar a altura de coluna
d’agua ideal para o material estudado.

O ensaio consistiu em posicionar a amostra na parte inferior
do permeametro aplicando-se pressdo a membrana flexivel
para vedagao completa de suas laterais. Em seguida liberou-
-se o fluxo para que todo o sistema ficasse preenchido com
agua. Com a finalidade de manter a altura de coluna d’agua
constante, a vazédo foi aumentada até que o nivel da agua

Tabela 6 - Andlise estatistica basica dos
resultados de condutividade hidrdulica no
ensaio com carga constante

Parametro

Condutividade hidréaulica (cm/s)

u 0,14 0,13 0,14
o 0,008 0,009 0,002
cv (%) 5,66 6,80 1,50

u = média; o = desvio padrdo; cv = coeficiente de variagdo

se apresentasse constante. Em seguida, coletou-se a agua
de saida em um recipiente, cronometrando-se o tempo para
coleta. Por fim, o recipiente de tara conhecida foi pesado para
determinar o volume de agua coletado. Foram realizados qua-
tro ensaios por amostra, sendo que a condutividade hidraulica
foi calculada pela média dos valores obtidos. De posse do vo-
lume e o tempo decorrido para coleta, foi possivel determinar
a condutividade hidraulica da amostra a partir da Equacéo (2)
que se segue.

= 2

Na Equacéo (2) k é a condutividade hidraulica (cm/s), V é o volu-
me de agua coletado (cm?®), L € o comprimento do corpo de prova

Figura 5 - Comparac¢do da variagdo da condutividade hidraulica obtida pelos dois métodos
em funcdo do indice de vazios médio

25

=5 =t (%]
[= o (=]

condutividade hidraulica (cm/s)

o
o

0,0
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(cm), h é a carga hidraulica (cm), A é a area da secéo transversal
da amostra (cm?) e t € o tempo decorrido para a coleta da agua (s).

3. Resultados e sua discussao
|

Nas Tabelas 3 a 6 estdo apresentandos os resultados de condutivi-
dade hidraulica e a analise estatistica dos dados. Observa-se que
os valores de condutividade hidraulica médios foram semelhantes
para todas as misturas em ambos os ensaios realizados, indican-
do que a variagéo do didmetro maximo do agregado graudo nao
gera diferengas significativas na capacidade de drenagem do ma-
terial. Essa condi¢édo pode ser explicada em func¢éo dos indices de
vazios caracteristicos destas misturas, que também apresentaram
pequena variagao [3], sendo que o indice de vazios parece estar
diretamente associado a capacidade permeavel do concreto com-
posto somente por agregados graudos.

Com relagao a analise estatistica, observou-se que os coeficien-
tes de variagdo sdo em geral baixos (inferiores a 11%). Nota-se
que o ensaio de carga constante foi o que gerou resultados mais
homogéneos, uma vez que os coeficientes de variagdo obtidos
foram ainda mais baixos, quando em comparagéo com os coefi-
cientes de variagdo obtidos no ensaio de carga variavel.

Dos ensaios de carga constante observa-se que os valores mé-
dios da condutividade hidraulica obtidos variam de 0,13 a 0,14
cm/s, aproximadamente. Estes valores estdo dentro da faixa de
valores obtidos pela grande maioria dos autores que determina-
ram esse parametro em amostras de concretos permeaveis, que
apresentam valores variando entre 0,01 e 1,5 cm/s [4; 5].
Percebe-se também que existe uma diferenca consideravel quan-
do sdo comparados os resultados médios obtidos por meio dos
dois ensaios, sendo que os resultados obtidos com ensaio de car-
ga variavel foram sempre mais elevados do que aqueles obtidos
com ensaio de carga constante. Isto pode ser atribuido a diferenca
de tecnologia entre os equipamentos. No ensaio de carga variavel,
a amostra foi envolta por filme plastico com a intengéo de se redu-
zir ou limitar a passagem da agua pelas laterais do corpo de prova.
Porém, diferentemente do equipamento empregado para o ensaio
com carga constante, nao foi aplicada presséo externa no entorno
da amostra no ensaio de carga variavel, o que pode ter ocasio-
nado uma consideravel perda de agua pelas laterais do corpo de
prova, resultado em maiores valores de condutividade hidraulica.
Na Figura 5 é apresentada a variagéo das condutividades hidrau-
licas obtidas pelos dois métodos em fungao da variagao do indice
de vazios observados na presente pesquisa, em comparagao aos
resultados de outros autores. Nota-se que os valores de conduti-
vidade hidraulica obtidos no presente estudo sdo muito semelhan-
tes aqueles obtidos por [6] no caso do ensaio com carga constante
e indice de vazios na ordem de 0,25, aproximadamente. Ja [7]
obteve valores de condutividade hidraulica aproximadamente cin-
CO vezes maiores, que se equiparam aos resultados obtidos por
meio do ensaio com carga variavel, para indice de vazios igual
a 0,25, aproximadamente. Cabe ressaltar que ambos os autores
utilizaram ensaio com carga variavel na obtencao de seus respec-
tivos resultados.

4. Conclusoes
-

Foram apresentados resultados de ensaios para determinagéo de

coeficiente de condutividade hidraulica de concretos permeaveis

empregando-se 0s ensaios com carga variavel e com carga cons-

tante. Os resultados permitiram observar que:

B A composi¢do granulométrica das misturas com variagdo do
didmetro dos agregados graudos parece nao ter efeito signifi-
cativo nos resultados de condutividade hidraulica dos concre-
tos permeaveis, uma vez que os valores foram muito proximos
para as trés misturas;

B Observou-se que os coeficientes de variagdo dos resultados
foram pequenos (inferiores a 11%). Nota-se também que os
resultados obtidos no ensaio com carga constante se mostra-
ram menos dispersos do que aqueles obtidos no ensaio com
carga variavel;

B Tais diferengas entre dispersdes nos resultados de condutivi-
dade hidraulica devem estar associadas a etapa de confina-
mento lateral das amostras, sendo que este adequado con-
finamento pode néo ter sido garantido no ensaio com carga
variavel devido as limitagdes do equipamento montado em
laboratorio;

B Os coeficientes de condutividade hidraulica obtidos séo se-
melhantes aos relatados por outros autores, sendo que este
parametro é fortemente relacionado ao indice de vazios
das misturas.
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Abstract

Experimental evidence indicates that both the column rectangularity index and the boundary conditions of the connection may affect the ultimate
punching resistance. This paper presents general aspects of these topics and, through the analysis of experimental results of tests on 131 slabs,
evaluates the accuracy and suitability of recommendations presented by ABNT NBR 6118, Eurocode 2, ACI 318 and fib Model Code 2010. Experi-
mental results showed that the security level of normative estimates trend to reduce as the column rectangularity increases, and in some cases,
the punching resistance was overestimated. Finally, adjustments are suggested in equations presented by NBR 6118 and MC2010 in order to
eliminate this trend of unsafe results.

Keywords: flat slab, punching shear, rectangular column, reinforced concrete, codes.

Resumo
E——

Evidéncias experimentais indicam que tanto o indice de retangularidade dos pilares quanto as condigdes de contorno da ligagdo podem afetar a
resisténcia Ultima a pungao. Este artigo apresenta aspectos gerais sobre estas situagdes e, através da analise de resultados experimentais de en-
saios em 131 lajes, avalia a precisé@o e a adequabilidade das recomendagdes apresentadas pelas normas ABNT NBR 6118, Eurocode 2, ACI 318
e fib Model Code 2010. Os resultados experimentais mostraram uma tendéncia de redugéo do nivel de seguranga das estimativas normativas, a
medida que o indice de retangularidade aumenta, chegando-se em alguns casos a superestimar a resisténcia a pungao. Por fim, sdo sugeridas
adaptacdes nas equagdes da norma brasileira e do MC2010 buscando eliminar esta tendéncia de resultados inseguros.
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1. Introduction

EE—

The design of pavements with flat slabs involves punching re-
sistance check of the slab-column connection. This is a key
stage of the project, since the structure can achieve the ultimate
limit state due to the exhaustion of the shear resistant capacity
in the vicinity of the slab-column connection in a brittle failure
mode known as punching shear. This failure mode can lead to
ruin the structure through the progressive collapse, as shown in
Figure 1, which shows the partial collapse of the floor of a ga-
rage building recorded by Middleton [1], after a major earth-
quake in the city of Christchurch, New Zealand.

In the absence of a theory capable of explaining and accurately
predict the punching shear failure mechanism, taking into ac-
count all the variables involved, the design of flat slabs is done
by following design standards recommendations. These recom-
mendations are essentially empirical and they assume a con-
stant resistant shear stress along different control perimeters,
where this resistant stress is typically estimated as a function of
parameters such as the compressive strength of the concrete,
effective depth of the slab, flexural reinforcement ratio, geom-
etry and dimensions of the column. In general, the current de-
sign rules tend to ignore in its recommendations the influence of
the column rectangularity index and the boundary conditions of
the slab-column connection. Both can facilitate the polarization
of the shear stresses, as discussed by Ferreira and Oliveira [2],
which can significantly reduce the punching resistance of the
slab-column connection.

This paper presents experimental results of 131 tests in mod-
els that represent the region of the slab-column connection of
reinforced concrete flat slabs. Were selected cases of one-way
and two-way connections supported on rectangular columns
without shear reinforcement. These results are compared with
theoretical estimates using the Brazilian standard, ABNT NBR
6118 [3], and also recommendations of international standards
such as Eurocode 2 [4], ACI 318 [5] and fib Model Code 2010
[6, 7]. Adjustments and additional analyzes are still made,

Figure 1 - Punching shear failure of
a flat slab floor (Middleton (1))

applying the treatment proposed for rectangular columns
by Oliveira [8] in the expressions of Brazilian standard and
MC2010 in order to assess the gains if this factor were incor-
porated in these rules. The reliability and accuracy of the se-
lected standards are assessed according to a scale of demerit
proposed by Collins [9].

2. Literature review

EE

2.1 Geometry and column dimensions
and boundary conditions

The geometry and dimensions of the columns, as well as the
boundary conditions of the slabs, can significantly influence
the punching resistance of concrete flat slabs, since they affect
the stress distribution in the slab-column connection. With the
exception of ACI, the rules used in this article disregard the
influence of these parameters, assuming a uniform distribution
of stresses, since the load distribution is symmetrical, indicat-
ing that they admit the possibility that, prior to rupture, there
is a significant redistribution of stresses in the slab-column
connection.

Experimental evidences as presented by Hawkins et al. [10]
and Oliveira et al. [11] indicate that in the case of columns
with rectangularity index greater than 2, the punching strength
does not increase in direct proportion to the increase of the
column section or the control perimeter length. This behavior
is explained due to the polarization of shear stresses around
the corners of the rectangular columns, which can lead to pre-
mature punching failures. This can be especially dangerous
for the design of buildings with flat slabs because, in practice,
it is common to have columns of buildings with rectangularity
index 4-5 at least.

The boundary conditions may also change the distribution of
shear stresses around the column. One-way slab panels trend
to concentrate the shear stresses on the column faces perpen-
dicular to the smaller span. This can be easily checke by linear-
elastic computational analysis, commonly used in the design
of buildings with flat slabs. In these cases, if the connection
has columns with high rectangularity index, this can further
enhance the polarization stresses, reducing the punching re-
sistance of the slab-column connection. No standard presents
recommendations to help structural designers in these cases.

2.2 Critical shear crack theory (CSCT)

The punching resistance is a subject that has always received
much attention, with numerous previous studies seeking to under-
stand the failure mechanism and how it may be affected by the
different variables involved in the practice of the structural design
of flat slabs. Recently, fib Model Code 2010 [6, 7] introduced new
formulations, based on the Critical Shear Crack Theory (CSCT).
This theory was initially developed by Muttoni and Schwartz [12],
but has been enhanced in works such as Muttoni [13] Fernandez
Ruiz and Muttoni [14] and Sagaseta et al. [15]. It has as funda-
mental hipothesys that the punching strength decreases with the
increasing of rotation of the slab due to the appearance of a critical
shear crack, which propagates along the slab thickness, cutting
the concrete strut that transmits the shear force to the column.

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3
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Figure 2 - Critical shear crack theory (adapted from Moraes Neto (36))

The opening of the critical shear crack, which is assumed as pro-
portional to the product w.d (see Figure 2), reduces the strength of
the concrete strut and can lead to the punching failure. The shear
transmission in the critical shear crack is assumed to be a function
of the surface roughness, which is directly related to the maximum
size of coarse aggregate. These concepts led to the development
of Equation 1, which defines the punching resistance for a slab
without shear reinforcement, expressed as a function of: the length
of the control perimeter (u,) taken d/2 away from the column face;
the effective depth of the slab (d); the compressive strength of
concrete (f); the product w.d, where y is the rotation of the slab,
calculated according to Equation 2; the maximum aggregate size
(dg); and a reference aggregate size (dga), assumed to be 16 mm.
Using the equations 1 and 2 it is possible to make the graph shown
in Figure 3, where the punching resistance of the connection is
determined at the point of intersection of the two curves.

Figure 3 - Graphic representation of the
punching strength determination according
fo CSCT

— VR,C

= = load - rotation

0 5 10 15 200 25 30 35
Rotacdo (v)

v _3. t-d /e
Rec — .
4 1_,_15.& (1)
dg0+dg
f y 32
r
1,5 .22 .| Lk 2
v d'E \7,. @
Where:

r, is the distance between column of slab and line of contraflexure
of moments;

f. is the yield strength of flexural reinforcemen;

E, is the modulus of elasticity of the flexural reinforcement;

V. is the applied force;

V__is the flexural strength of the slab, calculated by the yield

flex

lines theory.
2.3 Flexural factors (A)

Oliveira [8] proposed a parameter A to correct the punching re-
sistance estimates for the case of rectangular slabs supported on
columns in order to take into account both the flexural behavior of
the slabs (boundary conditions) and the rectangularity index and
the orientation of the columns. They were developed with refer-
ence to experimental results of tests on reinforced concrete slabs
under point load.

The bending factors (A) were initially proposed for correction of the
theoretical results from the former CEB-FIP MC90 [16], which are
still the basis of the recommendations presented by the Brazilian
code for the design of concrete structures. In the proposed method-
ology, the slabs were classified into three groups. For each group,

262
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Figure 4 - Bending factors for flat slabs (adapted from Oliveira (8))
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a value of the flexural factor (A) was proposed for the correction of
the theoretical punching resistance, as shown in Figure 4.

In the proposal presented by Oliveira et al. [11], the flexural factors
function as a constant to correct the parameter of 0,18, which is
the characteristic value if the original equation from MC90, result-
ing in Equation 3 . The results of this change were significantly
better compared with the experimental results and eliminated the
tendency to overestimate the punching resistance of flat slabs sup-
ported on rectangular columns. Similarly, this methodology will be
used in the estimates made with the recommendations from NBR
6118 and fib Model Code 2010, in order to assess the gains from
the implementation of this parameter.

0,18

I/R,c_ 7\‘

(100.0.5) -u-d  (3)

2.4 Demerit points classification

Collins [9] presented a scale to classify the reliability of code’s
provisions, denominated as Demerit Points Classification
(DPC), which takes into account the safety, accuracy and scat-

Table 1 - Classification by demerit points

(Collins (9))
Vo,
<0,50 Extremely dangerous 10
(0,50-0,85) Dangerous 5
(0,85-1,15) Appropriat and safe 0
(1,15-2,00) Conservative 1
22,00 Extremely conservative 2

tering as a function of the ratio between the ultimate resistance
observed in experimental tests (V,, ), and the estimated theo-
retical load capacity (V,, ). Table 1 shows an adaptation made in
this research to the original values proposed by Collins. Thus,
depending on the range of the results of Vexp/vleo’ penalties are
stablished to the standard code under analysis. The value of the
demerit of each code is calculated by the sum of the products
of the number of slabs in each interval, for their corresponding
penalty. The higher the value of the total sum is, the worse is
considered the code provision.

2.5 Code provisions
2.51 NBR 6118

The NBR 6118 [3] assumes that the punching resistance of re-
inforced concrete flat slabs without shear reinforcement shall be
checked in two regions: the resistance to diagonal tension should
be checked at the control perimeter u,, according to Equation 4;
the maximum resistance (crushing of the concrete strut close to the
column) must be checked in the perimeter «, around the column
using Equation 5. Figure 5a shows details of the control perimeters
proposed by the Brazilian standard.

Vi =018-(14+200/d }(100- p-1,) " -1,-d

@)

Where:

p is the ratio of flexural reinforcement, calculated as £ =+/Px " Py
p, and p, are the ratios of flexural reinforcement in two orthogonal
directions, calculated assuming a width equal to the size of the
column plus 3d to either side;

f_is the compressive strength of concrete in MPa (f < 50 MPa);

u, is the control perimeter taken at a distance of 2.d away from the
column face;

d is the effective depth of the slab in mm.
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of slab-column connections

Figure 5 - Control perimeter for different calculation methods
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Where:

, ~(1-1./250)

u, is the perimeter of the column.
2.5.2 Eurocode 2

The recommendations made by Eurocode 2 [4] are similar to those
given by the Brazilian standard, since both are based on the rec-
ommendations of CEB-FIP MC90 [16]. It differs from the Brazilian
standard by imposing limits on the value of the Size effect (£ <2,0)
and flexural reinforcement ratio ( p < 2,0% ). This was done trying
to eliminate the trend of unsafe results. This has been discussed in
other researches like those from Sacramento et al. [17] and Olivei-
ra et al. [18]. Therefore, the punching resistance is assumed as the
lowest value given by Equations 6 and 7. The control perimeters
are equal to those in the Brazilian code (see Figure 5a).

Ve, =0,18-£-(100.p.£.) 0, -d

)

Ve =03-f -(1_Lj-uo.d 0

250

Where:

f_is the compressive strength of concrete in MPa (f, < 90 MPa);

p is the ratio of flexural reinforcement of the slab, obtained as
p:‘/pfpy <2,0%;

p, and p, are the rates in the x and y directions, respectively. The
bars are to be considered within a region far from the 3.d sides of
the column.

ff =1+ 200 <20 is a dimensionless number and d is expressed

in mm.
2.5.3ACI 318

ACI 318 [5] recommends that the punching strength in reinforced
concrete flat slabs without shear reinforcement shall be checked
through the analysis of the shear stresses in a control perimeter
taken at a distance equal to d/2 from the column face or the edges
of the loaded area, as shown in Figure 5b using Equation 8.

21
1+= |-=-Jf -u-d
5. )6 Sy,

o -d 1
S LD |o—=o . d
” o Ve

1
3 foou-d

VM =min

©)

Where:

B, is the ratio of long side to short side of thecolumn;

a, is a constant taken as 40 for interior columns, 30 for edge col-
umns and 20 for corner columns;

u, the length of a control perimeter taken d/2 away from the column
face;

f_is the compressive strength of concrete in MPa (f, < 69 MPa).

2.5.4 fib model code 2010

The recommendations presented by the fib Model Code 2010 [6, 7]
are based on a physical model fundamented on the Critical Shear
Crack Theory, presented briefly in section 2.2 of this paper. In this
code, the punching resistance should be checked around a control
perimeter (b)), admitted at a distance of 0,5.4, from the column
faces or edges of the loaded area with the geometry as shown
in Figure 5c. The effective depth of the slab, d, should consider
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Figure 6 - Effective depth of the slab (fib Model Code 2010 (6, 7))

the level of support, as shown in Figure 6. In the case of flat slabs
without shear reinforcement, the punching resistance shall be cal-
culated according to Equation 9.

A L o

Ye

Where:

f_is the compressive strength of concrete;

d, is the effective depth of the slab;

7. is the concrete safety factor with a value of 1.5. For purposes of
the calculations it was assumed asequal to 1.

k, is calculated by Equation 10 and depends on the slab rotation
in the support region.

1
L5409y -d ky,

<0,6

Ky (10)

k, =—2 5075
¢ 16 +d,

(1)

Where:

d,is the maximum diameter of the aggregate used in the concrete
slab.

fib Model Code 2010 states that the rotation of the slab (y) can be
calculated with different levels of approximation, depending on the
accuracy required. In this case, the precision obtained increases
as a function of the complexity of the analysis. The level | of ap-
proaximation is recommended for the primary design of new struc-
tures. The level Il is suitable for both the design of new structures
and for checking of existing structures. In special cases, where the
characteristics of the strucuture or of the loads are nonconvention-
al, the level Il of approximation is recommended in order to better
estimate the response of the slab. In special cases, it is permitted
that the rotation is obtained using non-linear analysis, correspond-
ing to the level IV of approximation.

In the practice of the design of concrete structures, level | can be
used, for example, in the case of regular flat slabs designed ac-

cording to an elastic analysis without significant redistribution of
internal forces, and the rotation can be estimated according to
Equation 12. In cases where significant moment redistribution is
considered in design, Equation 13 can be used to estimate the slab
rotation, referring to the level Il of approaximation.

/
=1,5-%.2=
V1Sl (12
fs 1,5
\V=1,5'§’?y’ Zs (]3)
s R
Where:

fyS is the yield strength of the flexural reinforcement;

E.is the modulus of elasticity of the flexural reinforcement;

r.is the position where the radial bending moment is zero with re-
spect to the support axis. The value of r, can be approximated as
022L[,0r0.22L, for the x and y directions, respectively, for regular
flat slabs where the ratio of the spans (L /L) is between 0.5 and 2.0.
m,is the average moment per unit length applied in the slab-col-
umn connection;

mis the flexural strength per unit length of the slab-column con-
nection.

Both moments are calculated for a strip with width equal to
b, =1,5-(r, ~rs,y)0’5 <L, In this case, r, and r, denotes the
point at which the moments are equal to zero, having as refer-
ence the axis of the support in x and y directions. The approximate
value of mg, depends on the location of the column in the building.
The code considers three possible locations for the columns: (1)
internal to the building, (2) at the edge; and (3) at the corner. In
the case of internal columns, where the slab has equal flexural
strength in both directions, m_ is calculated by the simplified ex-
pression presented in Equation 14. The average flexural strength
per unit length (m,) can be obtained according to Equation 15.

Ve
m == (14)
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of slab-column connections

P
2-f

=p-d’-f,- (19)

Where:

p is the flexural reinforcement ratio.

In the level lll of approximation, the coefficient 1.5 in Equation 13
may be replaced by 1,2 if the values of r, and m_ are calculated
by a linear-elastic model. In the level IV of approaximation, the

rotation () of the slab-column connection is obtained through a
non-linear analysis, accounting for cracking, tension-stiffening ef-
fects, yielding of the reinforcement and any other non-linear effects
relevant for providing an accurate assessment of the structure.

3. Database
B
In order to evaluate and compare the code provisions pre-
sented, a database comprising experimental results of tests in
reinforced concrete flat slabs without shear reinforcement was
used. This database has results of one-way and two way slabs

o Lla 2 87,0 85 0,94
28  Lib 2 89,0 85 85 1,18
= Lic 2 87,0 85 85 1,48

ALl 1 1000 150 170 137
%E AL2 1 1020 150 170 1,34
£ AL 1 1000 150 170 1,37
- AL4 1 950 150 170 1,44
Lla 1 1070 120 120 1,09
L1b 1 1080 120 120 1,08
Lic 3 1070 120 120 1,09
L2a 1 1090 120 240 1,07
L2b 2 1060 120 240 11
L2c 3 1070 120 240 1,09
. L3a 1 1080 120 360 1,08
Eg L3b 2 1070 120 360 1,09
° L3c 3 1060 120 360 1.1
Lda 1 1080 120 480 1,08
Ldb 2 1060 120 480 11
L4c 3 1070 120 480 1,09
L5a 1 1080 120 600 1,08
L5b 2 1080 120 600 108
L5c 3 1090 120 600 1,07
1 1 173 305 305 112
2 1 173 203 406 112
3 1 M73 152 457 1,12
gf 4 1 M73 14 495 1,12
EE 5 2 M73 152 457 112
E 6 2 N73 152 457 1,12
7 3 173 152 457 086
8 3 1207 14 495 038
9 3 1207 152 305 076

o T IR 1 79,0 75 100 154
GE;,E% 15R 2 790 100 150 1,54

=T8S R 2 790 100 150 151

Table 2 - Characteristics of the slabs in the database

P is the failure mode by punching; FP is the failure mode by ductile punching; and F is the failure mode by bending.

Failure
mode
P

42,4 488 220,0 12,0 255,1 174,0

51,4 488 220,0 12,0 2642 231,65 FP
43,5 488 220,0 12,0 255,8 190,0 P

42,0 616 2070 19,0 472,0  300,0 P

44,0 616 207.0 19,0 4850 3800 P

41,0 616 207,0 19,0 472,0 3400 B

47,0 616 207.0 19,0 452,0 3100 P

57.0 750 234,0 15,0 241,2 2340 AP
59,0 750 234,0 15,0 657,1 322,0 P

59,0 750 234,0 15,0 706,7 318,0

58,0 750 234,0 15,0 261,7 246,0 FP
58,0 750 234,0 15,0 644,6 3610

57,0 750 234,0 15,0 7356 3310

56,0 750 234,0 15,0 2770 2410 FP
60,0 750 234,0 15,0 6452  400,0

54,0 750 234,0 15,0 745,8 358,0

56,0 750 234,0 15,0 295,3 251,0 FP
54,0 750 234,0 15,0 637.1 395,0

56,0 750 234,0 15,0 792,2 4040 P

57,0 750 234,0 15,0 318,9  287,0 FP
67,0 750 234,0 15,0 6554  426,0 P

63,0 750 234,0 15,0 857,7  446,0 P

30,9 419 200,0 12,0 3620 3910 F

26,9 419 200,0 12,0 384,9  358,0 P

32,6 419 200,0 12,0 400,0 3400 P

31,6 419 200,0 12,0 411,0  337.0 B

27,4 419 200,0 12,0 489,2 362,0 P

23,1 419 200,0 12,0 322,6 3420 F

26,4 419 200,0 12,0 417,9  326,0 P

26,6 422 200,0 12,0 4169  321,0 P

30,1 422 200,0 12,0 3500 3220 P

31,0 670 200,0 13,0 236,9 1564,0 P

30,8 670 200,0 13,0 235,6 172,0 P

29,0 670 200,0 13,0 288,1 170,0 P

2060
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supported on square and rectangular columns, with a total of
131 results presented by Forssel and Holmberg [19], Elstner
and Hognestad [20], Mowrer and Vanderbilt [21], Hawkins et.
al. [10], Regan [22], Regan [23], Regan and Pray-Jorabi [24],
Tomaszewicz [25], and Teng Leong [26], Borges [27], Lima
Neto [28], Oliveira [8], Al-Yousif and Regan [29], Ferreira [30],
Vilhena et al. [31], Carvalho [32], Moorish [33], Damasceno
[34] and Moraes Neto [35]. In the case of the fib predictions,
as some authors did not specify the maximum diameter of the
aggregates, an average value of 13 mm was assumed. Table 2
shows the characteristics of the slabs.

As the fib Model Code 2010 does not present neither instructions
to estimate the punching strength of slabs supported on rectan-
gular columns, nor provisions to treat the cases where the slab
panels have different spans (rectangular for example), it was nec-
essary to make some assumptions in order to allow its use in these
analyses. In the case of rectangular panels, the rotations were cal-
culated in both directions and the higher values were used to es-
timate the punching resistance. The flexural resistance (V) pro-
vided by the authors of the tests was used to calculate the rotations

of the slabs. Finally, in case of rectangular columns, a rectangular
control perimeter was assumed, taken at a distance of 0,5.4 from
the column faces.

In order to improve the provision presented by NBR 6118 [3], the
bending factores proposed by Oliveira [8] were incorporated in or-
der to check the accuracy of its theoretical estimates. In the case
of the Brazilian code, it was also cheched the effect of reducing the
coefficient of 0.18 to 0.16 in Equation 4, as suggested by Sacra-
mento et al. [17]. The bending factores suggested by Oliveira were
also applied in the recommendations presented by fib Model Code
2010, in order to check the possible improvements.

Table 2 presents the failure mode of the slabs, based preferably on
the experimental observations presented by the authors. In cases
where the author does not present this information, the failure
mode was established through the ratio between the ultimate re-
sistance observed in the test and the estimated flexural resistance.
For 1,10 the failure mode was assumed as flexure. For ¢<0,90
the failure mode was assumed as punching shear. In intermediate
cases (0,90 <@ <1,10), the failure mode was considered as ductile
punching shear. These results are presented and discussed and

- (cont. 1)

Table 2

OC11 3 1053 200 200 1,81

0OC13 3 107,3 200 600 1,71

. oC15 3 1028 200 1000 176

g = ©Oc13 3 109.8 200 600 1,67

2= Cclr2 3 1550 250 250 1,72

" Cl3F22 3 1550 250 750 1,66

CI5F22 3 1600 250 1250 1,64

C13F11 3 159,0 250 750 1,07

P 10 3 104,0 25 300 0,68

2E€2 1 3 1120 140 540 063

£ 2 12 3 1080 140 340 065

A7 1 1145 254 254 2,48

g A8 1 1145 356 356 2,48

g A2a 3 1145 254 254 248

£8 A2b 3 1145 254 254 2,48

& A2C 3 1145 254 254 2,48

2 A7b 3 1145 254 254 248

A5 3 1145 356 356 2,48

S _ DT 1 1900 150 150 1,28

g8

& BD2 1 10,0 100 100 1,28

o= 1 1 80,0 100 500 0,98

F S 2 3 80,0 100 500 0,98

:_t‘? E’ 3 2 80,0 100 500 0.98

4 3 80,0 300 300 0,98

° 1 2 85,0 85 85 1,32

=55 2 2 86,0 85 255 1,32

S 3 2 85,0 85 425 1,32
P is the failure mode by punching; FP is the failure mode by ductile-punching; and F is the failure mode by bending.

Failure
mode
P

36,0 452 200,0 13.0 604,3 4230

35,8 452 200,0 13,0 676,2  568,0 P
40,2 452 200,0 13,0 697.8  649,0 P
33,0 470 200,0 13,0 715,56 508,0 =
35,4 460 200,0 13.0 1306,3  627.0 P
35,6 460 200,0 13,0 1494,3 7920 P
35,4 460 200,0 13,0 1760,0 1056,0 P
35,5 520 200,0 13,0 1183,1  769.0 P
17,6 500 200,0 13.0 221.4 186,0 P
17,6 500 200,0 13,0 281,8 2790 P
17.6 500 200,0 13,0 308, 1 265,0 P
28,5 321 200,0 13.0 416,7  400,0 P
21,9 321 200,0 13,0 423,3  436,0 P
13,7 321 200,0 13,0 586,0 3340 P
19.5 321 200,0 13,0 655,7 400,0 P
37,4 321 200,0 13.0 741,3 4670 P
27,9 321 200,0 13,0 7111 512,0 P
27,8 321 200,0 13.0 7629  534,0 P
43,6 530 200,0 13,0 847.8 780,0 P
42,2 530 200,0 13.0 2990 2930 P
23,6 472 200,0 13,0 229,6 163,0 P
23,2 472 200,0 13,0 2430 2090 B
21,2 472 200,0 13,0 225,0 189.0 P
22,0 472 200,0 13,0 239,6 2420 P
52,0 530 646,0 19,0 220,2 185,0 P
52,0 530 646,0 19,0 223,8  226,0 B
50,0 530 646,0 19.0 219.3 2390 P
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Table 2 - (cont. 2)

f E, dg Py A/ Failure
e ' mmm MPa) (GPa) (mm) (KN)  (KN)  mode
42 3 200 400 604 P

139.0 1,46 43,2 200,0 13,0 1152,6 6570

L42a 3 164,0 200 400 1,23 36,2 604 200,0 13,0 1388,8  693,0 P
L45 3 154,0 200 600 1,31 42,0 604 200,0 13.0 1362,56  798,0 P
é = L46 3 164,0 200 800 1,23 39,3 604 200,0 13.0 15618,3  911.0 P
f.% = L41 3 139.0 150 250 1,46 44,7 604 200,0 13,0 1103,9 5630 P
L41a 3 164,0 150 250 1,23 38,9 604 200,0 13,0 1304,3  600,0 P
L43 3 164,0 150 450 1,23 38,7 604 200,0 13.0 1369.8  726,0 P
L44 3 164,0 150 600 1,23 40,0 604 200,0 13.0 14358 7610 P
1 3AL 51,0 102 102 1,1 28,6 386 200,0 13,0 75,4 86,0 F
2 3AL 51,0 102 102 2,2 24,9 386 200,0 13,0 136,0 102,0 P
3 3AL 51,0 162 162 1.1 21,1 386 200,0 13.0 77,5 79,0 F
4 3AL 51,0 152 162 2,2 18,0 386 200,0 13,0 132,0 99,0 P
- 5 3AL 51,0 203 203 1,1 15,5 386 200,0 13,0 78,8 93,0 F
? 6 3AL 51,0 203 203 2.2 27,2 386 200,0 13.0 154,7 133,0 P
E = 7 3AL 51,0 254 254 1.1 23,3 386 200,0 13.0 87,9 109.0 F
; = 8 3AL 51,0 254 254 2,2 22,9 386 200,0 13,0 168,3 1562,0 P
% 9 3AL 51,0 305 305 1.1 28,0 386 200,0 13,0 95,2 119.0 F
= 10 3AL 51,0 305 305 2,2 26,4 386 200,0 13.0 171.7 1568,0 P
11 3AL 51,0 356 356 1.1 27.8 386 200,0 13.0 101.5 138.0 F
12 3AL 51,0 356 356 2,2 25,0 386 200,0 13,0 183,2 185,0 F
13 3AL 51,0 406 406 1,1 24,9 386 200,0 13,0 107.4 145,0 F
14 3AL 51,0 406 406 2,2 24,6 386 200,0 13,0 194,7 185,0 P
LTA 2 89,3 85 85 1,22 41,3 600 240,0 13,0 265,5 188,5 P
L2A 2 89,3 85 255 1,22 40,0 600 240,0 13,0 264,6  254,0 FP
° L3A 2 99,7 85 425 1,09 39,7 600 240,0 13,0 303,1 297.0 F
§ = L4A 2 98.6 85 595 1.1 404 600 240,0 13.0 2955 3250
c ™
ET L1B 2 98,1 85 85 0,56 41,4 600 240,0 13.0 296,6 172,0 P
= L2B 2 90,5 85 255 0,61 42,0 600 240,0 13,0 273.9 194,5
L3B 2 92,7 85 425 0,59 41,6 600 240,0 13,0 2864 2320 FP
L4B 2 98,1 85 595 0,56 40,5 600 240,0 13,0 292,65  254,5 FP
Lla 2 65,0 85 85 1,2 51,2 518 259,0 12,0 73,0 123,0
= LTb 2 65,0 85 85 1.4 51,2 518 259,0 12,0 89,0 122,0
‘f: = L3a 2 65,0 85 255 1,2 53,6 518 259,0 12,0 73,0 134,5 FP
E’ = L3b 2 67,0 85 255 1.4 53,6 518 259,0 12,0 92,0 134,0 FP
= L5a 2 65,0 85 425 1.2 55,2 518 259,0 12,0 73,0 122,0 F
L5b 2 65,0 85 425 1.4 55,2 518 259,0 12,0 89.0 124,5 F
- S L1 3 87,0 85 85 1.4 39.4 602 255,3 13.0 453,0 2240 P
é ? L2 3 87,5 85 255 1,2 39,8 602 255,3 13,0 422,0 2410 P
= L3 3 86,5 85 425 1.3 40,9 602 255,3 13,0 4730 2940 P

P is the failure mode by punching; FP is the failure mode by ductile punching; and F is the failure mode by bending.
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the slabs classified as failing by flexure were not considered in the
statistical analysis presented below.

4. Results

[

Tables 3a and 3b show comparisons between experimental and
theoretical results obtained for each code analyzed and also for
the adaptations proposed. Figures 7 and 8 graphically show the
accuracy of each code. In these figures, the results of the trend

lines are indicated in blue and the red line marks the safety limit.
Results below this line indicate unsafe theoretical predictions if
compared to the experimental evidence.

In general, ACI 318 [5] presented conservative and disperse predic-
tions if compared to the other codes. The average was of 1.45 and
the coefficient of variation was of 17%. However, all the theoretical
resistances estimated according to ACI were in favor of safety, with
V_/V _ greater than 1.0. The Eurocode 2 [4] showed satisfactory

exp' ' norma

results, with a mean of 1.15 and 14% coefficient of variation. In the

Table 2 - (cont. 3)
R
94,0 250 250 1,39 29,0 597 215,0 13.0 520,8 375.0

L2 3 93.0 230 270 1.4 29,0 597 215,0 13,0 513,2 390,0 P

L3 3 94,0 215 285 1,39 29,0 597 215,0 13.0 520,8 375.0 P

S= L4 3 90,0 200 300 1,45 29,0 597 215,0 13,0 493,8 3950 P
o™

== L5 3 91,0 165 335 1,43 22,0 597 215,0 13.0 475,3 385,0 P

L6 3 91,0 125 375 1,43 22,0 597 215,0 13,0 479.,5  350,0 P

L7 3 91,0 110 390 1,43 22,0 597 215,0 13,0 476,2  300,0 P

L8 3 94,0 100 400 1,39 22,0 597 215,0 13.0 500,0 2750 P

1/2 3 77,0 200 200 1.2 234 500 200,0 10,0 374,5 176,0 P

/4 3 77.0 200 200 0,92 32,3 500 200,0 10,0 373,1 194,0 P

176 3 79,0 200 200 0.8 21,9 480 200,0 10,0 250,0 165,0 P

1/7 3 79.0 200 200 0.8 30,4 480 200,0 10,0 251,4 186.0 F

é = 1171 3 2000 250 250 0,98 34,9 530 200,0 200  2171,1 8250 P

e = 172 3 1280 160 160 0,98 33,3 485 200,0 20,0 8125 3900 P

1173 3 128,0 160 160 0,98 34,3 485 200,0 10,0 811,1 365,0 P

/4 3 64,0 80 80 0,98 33,3 480 200,0 20,0 198,3 117,0 P

1175 3 64,0 80 80 0,98 34,3 480 200,0 10,0 198,1 105,0 P

176 3 64,0 80 80 0,98 36,2 480 200,0 50 198,1 105,0 P

ND65-1-1 3 2750 200 200 1.5 64,3 500 200,0 16,0 5694.4 2050 P

ND65-2-1 3 200,0 150 150 1,7 70,2 500 200,0 16,0 3333.3 1200 P

ND95-1-1 3 2750 200 200 1,5 83,7 500 200,0 16,0 56250 22850 P

ND95-1-3 3 2750 200 200 2,5 89,9 500 200,0 160 96000 2400 P

ND@5-2-1 3 200,0 150 150 1.7 88,2 500 200,0 16,0 3333.3 1100 P

g ND95-2-1D 3 2000 180 150 1,7 86,7 500 200,0 160 33333 1300 P

% g ND95-2-3 3 2000 180 150 2,6 89,5 500 200,0 160  5178,6 1450 P

E ND95-2-3D 3 2000 180 150 2,6 80,3 500 200,0 160 52083 1250 P

ND95-2-3D+ 3 200,0 150 150 2,6 38,0 500 200,0 16,0 5178,6 1450 P

ND95-3-1 3 88,0 100 100 1.8 85,1 500 200,0 16,0 702,1 330 P

ND115-1-1 3 2750 200 200 1.5 112,0 500 200,0 16,0 5697,7 2450 P

ND1156-2-1 3 2000 180 150 1,7 119.0 500 200,0 160 33333 1400 P

ND115-2-3 3 200,0 150 150 2,6 108,1 500 200,0 16,0 5166,7 1550 P

P is the failure mode by punching; FP is the failure mode by ductile punching; and F is the failure mode by bending.
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case of Eurocode, about 87% of results were found in favor of safety,
taking up to 13% of unsafe results. Among all the results against the
security, 84% refer to the slabs with rectangular columns. This indi-
cates that Eurocode 2 equations require adjustments for these cases.
In the case of NBR 6118 [3], the coefficient of variation was of
13%, similar to the one from Eurocode, but with a strong trend of
unsafe results. The Brazilian code had a mean of 0.95 and overes-
timated the strength of 71% of the slabs of the database, indicating
that it would be important to review the current recommendations.
About 42% of its unsafe results refer to cases of slabs supported
on square columns, which is one of the most basic situations in the
design of buildings with flat slabs. This contrasts with the fact that
the code was recently reviewed, but the punching shear recom-
mendations were maintained, which are still based on CEB-FIP
MC90 [16], neither reflecting the state of the art nor the advances
obtained in the last two decades.

fib Model Code 2010 [6, 7] on its level | approach presented con-
servative results, with average of 1.45 and with ther higher coef-
ficient of variation (26%), but with most of V, /V_ . values above
the reference value. Their results, compared with ACI 318 [5],
were worse, with 11% of the slabs presenting theoretical predic-
tions against safety. It should be noted, however, that the level |

approach has a lower accuracy in the degree of precision, and
its application is recommended for a pre-design of structures. The
best results were observed for the level Il of aproximation, with
an average of 1.04 and coefficient of variation coefficient of 14%.
However, there was obtained about 38% of unsafe results.
Applying the bending factor (A) it was possible to enhance both
the recommendations of NBR 6118 and MC2010. For MC2010,
the average increased to 1.10, but the coefficient of variation de-
creased to 13%. Furthermore, the number of unsafe results was
significantly reduced, changing from 38% to 21%. In the case of
NBR 6118, the adoption of the bending factors coupled with the
reduction of the coefficient of 0.18 to 0.16 improved significantly
the code’s predictions. The average was increased to 1.14, but
the coefficient of variation decreased to 11%. However, the main
quality gain is related to the number of unsafe results, which were
to more acceptable levels. They reduced from 71% to only 10%.
Table 4 presents the evaluation of codes as a function of the adapted
criteria from Collins [9]. According to this criteria, NBR 6118 [3] pre-
sented the higher penalty level (106 points), with 19% of the values in
the second classification range (between 0.50 and 0.85), unfavorable
in terms of safety. The Level of Approximation | from fib Model Code
2010 [6, 7] and ACI 318 [5] were also penalized, but in these cas-

Table 3a - Comparison between the experimental and theoretical results

Forssel e Holmberg (19) 104-112 0,63 -0,68 1,58 0,26 1,18 0,09 0,99 0,09
Elstner e Hognestad (20) 114 2,48 13-34 1,48 0,11 1,13 0,09 0,90 0,09
Mowrer e Vanderbilt (21) 51 1.1-22 15-28 1,64 0,11 1,32 0,07 0,85 0,07
Hawkins et. al (10) 117-120 0,76-1,12 23-32 1,15 0,08 0,99 0,06 0,85 0,07
Regan (22) 101 - 190 1,28 42 - 43 1,52 0,14 1.14 0,17 1,01 0,05
Regan (23) 64 - 200 08-12 21 -36 1,34 0,12 1.21 0,10 0,95 0,06
Regan e Rezai-Jorabi (24) 79 1,561-1,54 29 - 31 1,50 0,05 1,12 0,01 0,86 0,01
Tomaszewicz (25) 88 -275 1,6-2,6 64-119 1,69 0,10 1,13 0,08 1,04 0,07
Teng et al. (26) 102 - 160 1,07 - 1,81 33 -40 1,38 0,14 1,09 0.14 0,95 0,09
Borges (27) 139 -164 1,23 -1,46 36 -44 1,29 0,07 1,04 0,05 0,97 0,03
Lima Neto (28) 95-102 1,34 -1,44 41-47 1,47 0,08 1,26 0,08 1,03 0,09
Oliveira (8) 106 - 109 1,07 -1,1 54 - 67 1,20 0,06 1,07 0,06 0,89 0,06
Al-Yousif e Regan (29) 80 0,98 21-23 1.36 0,12 1,13 0.17 0.86 0.17
Ferreira (30) 87 -89 0,94 -1,48 42 - 51 1,39 0,05 1,10 0,05 0,86 0,05
Vilhena et. al. (31) 65 - 67 1.2-1.4 51-55 1,32 0,01 1,12 0,04 0,80 0,04
Carvalho (32) 85-86 1,32 50 - 52 1,29 0,03 1,00 0,06 0,78 0,06
Mouro (33) 90-94 1,.39-1,45 22-29 1.84 0,11 1,80 011 1,20 0,11
Damasceno (34) 89-99 0,56 -1,22 39-42 1,23 0,13 1,10 0,02 0,88 0,02
Moraes Neto (35) 86 - 87 1.2-1.4 39-40 1,66 0,08 1,23 0,06 0,97 0,06

Average 1,45 1.15 0,95 101 117 71

COV(%) 1725 1406 1292 8 16 5
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es, because they presented many conservative predictions, having
scores of 100 and 98 points, respectively. The MC2010 Level Il and
Eurocode 2 [4] (without adjustments) had the best performance ac-
cording to this criteria, having 65 penalty and 43 points, respectively.
If the changes suggested were implemented, NBR 6118 [3] could
present significant improvements. Its penalty points would de-
crease to 42 points, with most of the results in the range where the
penalty is equal to zero (between 0.85 and 1.15). If the bending
factor (A) were applied in the fib Model Code 2010 [6, 7] Level I,
the best performance would be achieved in terms of design, with
only 40 penalty points, the lowest among all tested hypotheses.
Figures 9 and 10 show the trend lines for each theoretical method
according to the rectangularity index of the columns. It is clear to
all design methods that there is a declining trend in Vexp/Vcode as a
function of the rectangularity index of the column. In the case of
NBR 6118 [3], Eurocode 2 [4] and fib Model Code 2010 [6, 7], there
is a tendency to overestimate the resistance of slabs supported on
rectangular columns, especially in the case of the Brazilian code.
The changes proposed to the NBR 6118 [3] and the fib Model Code
2010 [6, 7] level Il corrected this trend of unsafe results, especially
in the case of the Brazilian code.

5. Conclusions

N

This paper used results of experimental tests of 131 slabs to eval-
uate different recommendations for the punching shear design
of slab-column connections. The variables evaluated were the
boundary conditions and the rectangularity index of the columns.
It was observed that, generally, the recommendations presented
by ACI 318 [5] and fib Model Code 2010 [6, 7] Level | are in favor
of safety, but are conservative, indicating the possibility of adjust-
ments to avoid an exagereted level of security. Eurocode 2 [4] and
the MC2010 Level Il showed satisfactory results, with MC2010
beeing slightely more accurate, but with 43% of unsafe results,
against 20% for Eurocode.

The worst results were observed for the NBR 6118 [3], which pro-
vided 77% of unsafe results. The proposed adaptations for both
the MC2010 Level Il and for the NBR 6118, proved to be effective,
improving significantly the quality of results. In the specific case of
NBR 6118, the adjustments reduced the number of results against
the safety. They also were able to correct the unsafe trend ob-
served, that showed that unsafe predictions were increasing pro-
portionaly to increments in the rectangularity index of the column.

Table 3b - Comparison between the experimental and theoretical results

Forssel e Holmberg (19) 17 1,19 0,09
Elstner e Hognestad (20) 13-34 1,11 0,07
Mowrer e Vanderbilt (21) 15-28 1,02 0,06
Hawkins et. al (10) 23-32 111 0,06
Regan (22) 42 - 43 1,13 0,08
Regan (23) 21-36 1,13 0,06
Regan e Rezai-Jorabi (24) 29 - 31 1,00 0,01
Tomaszewicz (25) 64-119 1,22 0,07
Teng et al. (26) 33-40 1,16 0,08
Borges (27) 36-44 1,16 0,04
Lima Neto (28) 41 - 47 1,22 0,09
Oliveira (8) 54 - 67 1,09 0,05
Al-Yousif e Regan (29) 21-23 1,14 0,08
Ferreira (30) 42 - 51 0,98 0,05
Vilhena eft. al. (31) 51-55 0,96 0,04
Carvalho (32) 50-52 0,96 0,02
Mouro (33) 22-29 1,44 0.11
Damasceno (34) 39 -42 1,01 0,06
Moraes Neto (35) 39-40 1,15 0,04
Average 1.14 1.14
COV (%) 11,80 11,80

Vex/Veode
MCi0l MCi10 1l MCI10 l1+ A

cov MED cov

1,02 0,14 0,97 0,06 1,03 0,05
1,29 0,12 1,08 0,07 1,17 0,09
1,11 0,20 1,03 0,13 1,09 0,12
1,04 0,07 0,95 0,07 1,09 0,11
1,35 0,13 1,20 0,10 1,18 0,13
1,54 0,14 1,02 0,11 1,06 0,11
1,38 0,05 1,08 0,04 1,11 0,05
1,94 0,09 1,05 0,05 1,07 0,05
1,30 0,22 0,99 0.17 1,06 0,16
1,84 0,11 1,06 0,06 1,11 0,05
1,58 0,09 117 0,09 1,21 0,09
1,39 0,19 0,92 0,10 0,99 0,09
0,95 0,15 0,91 0.15 1,06 0,06
1,49 0,05 1,13 0,06 1,13 0,06
1,19 0,01 1,31 0,06 1,37 0,06
0,75 0,24 0,81 0,14 0,87 0,06
1,86 0,11 1,29 0.11 1,36 0,11
1,28 0,22 0,99 0,15 1,01 0,13
1,48 0,27 1,05 0,16 1,10 0,14
1,45 1,45 1,04 1,04 1,10 1,10
26,30 26,30 14,10 14,10 13,20 13,20
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It should also be noted that the proposals made are simple to im-
plement in terms of calculation. It is hoped that these and other
work can motivate a deep discussion on the current recommenda-
tions for the design of flat slabs in Brazil, in order to allow the Bra-
zilian code to reflect the state of the art and the progress obtained

through many researches conducted in Brazil and abroad.
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Table 4 - Classification according to the criteria of Collins (9)

(0,50:0,85)

N° of slabs 0 0
ACI
Total penalty 0 0
N° of slabs 0 0
EC2
Total penalty 0 0
N° of slabs 0 20
NB1
Total penalty 0 100
N° of slabs 0 0
NBT*+ A
Total penalty 0 0
N° of slabs 0 3
MCI10|
Total penalty 0 15
N° of slabs 0 9
MCI1O Il
Total penalty 0 45
N° of slabs 0 2
MCT10 ll+ A
Total penalty 0 10

Q4

2 105
94 4 98
62 43 0 105
0 43 0 43
79 0 105
0 0 106
63 42 0 105
0 42 0 42
26 67 9 105
0 67 18 100
76 20 0 105
0 20 0 65
73 30 0 105
0 30 0 40
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Figure 9 - Tendency of the results according to different theories
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Figure 10 -

Tendency of the results according to different theories
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Abstract

Experimental evidence indicates that both the column rectangularity index and the boundary conditions of the connection may affect the ultimate
punching resistance. This paper presents general aspects of these topics and, through the analysis of experimental results of tests on 131 slabs,
evaluates the accuracy and suitability of recommendations presented by ABNT NBR 6118, Eurocode 2, ACI 318 and fib Model Code 2010. Experi-
mental results showed that the security level of normative estimates trend to reduce as the column rectangularity increases, and in some cases,
the punching resistance was overestimated. Finally, adjustments are suggested in equations presented by NBR 6118 and MC2010 in order to
eliminate this trend of unsafe results.

Keywords: flat slab, punching shear, rectangular column, reinforced concrete, codes.

Resumo
E——

Evidéncias experimentais indicam que tanto o indice de retangularidade dos pilares quanto as condigdes de contorno da ligagdo podem afetar a
resisténcia Ultima a pungao. Este artigo apresenta aspectos gerais sobre estas situagdes e, através da analise de resultados experimentais de en-
saios em 131 lajes, avalia a precisé@o e a adequabilidade das recomendagdes apresentadas pelas normas ABNT NBR 6118, Eurocode 2, ACI 318
e fib Model Code 2010. Os resultados experimentais mostraram uma tendéncia de redugéo do nivel de seguranga das estimativas normativas, a
medida que o indice de retangularidade aumenta, chegando-se em alguns casos a superestimar a resisténcia a pungao. Por fim, sdo sugeridas
adaptacdes nas equagdes da norma brasileira e do MC2010 buscando eliminar esta tendéncia de resultados inseguros.
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1. Introducgao

B

O dimensionamento de pavimentos com lajes lisas envolve a verifi-
cagao da resisténcia a pungdo da ligagao laje-pilar. Esta é uma etapa
fundamental do projeto, uma vez que a estrutura pode atingir o esta-
do limite ultimo devido ao esgotamento da capacidade resistente ao
cisalhamento nas vizinhangas da ligagao laje-pilar, em um modo de
ruptura denominado de pungao. A pungéo pode levar a estrutura a
ruina através do colapso progressivo, conforme mostrado na Figura
1. Ela apresenta o colapso parcial por pungao de um pavimento de
um edificio garagem registrado por Middleton [1], apds um grande
terremoto na cidade de Christchurch, Nova Zelandia.

Na auséncia de uma teoria capaz de explicar e prever com preci-
sdo 0 mecanismo de ruptura por pungéo, em fungao das diversas
variaveis envolvidas, o dimensionamento de lajes lisas é feito se-
guindo recomendacdes de normas de projeto. Estas recomenda-
¢des sdo fundamentalmente empiricas e assumem uma tensao
resistente ao cisalhamento constante ao longo de um perimetro de
controle, sendo esta tensdo normalmente estimada como uma fun-
¢ao de parametros como a resisténcia a compressao do concreto,
altura util, taxa de armadura, geometria e dimensées do pilar. Em
geral, as normas atuais de projeto tendem a ignorar em suas reco-
mendagdes a influéncia do indice de retangularidade dos pilares
e das condigbes de contorno da ligagao laje-pilar. Ambos podem
favorecer a polarizagéo das tensdes de cisalhamento, conforme
discutido por Ferreira e Oliveira [2], o que pode reduzir significati-
vamente a capacidade resistente a puncéo da ligagdo laje-pilar.
Este artigo apresenta resultados experimentais de 131 ensaios
em modelos locais que representam a regido da ligacao laje-pilar
de concreto armado. Foram selecionados casos de ligagdes unidi-
recionais e bidirecionais apoiadas em pilares retangulares sem ar-
madura de cisalhamento. Estes resultados sdo comparados com
as estimativas tedricas utilizando a norma brasileira, a ABNT NBR
6118 [3], e também recomendag¢des de normas internacionais,
como o Eurocode 2 [4], ACI 318 [5] e fib Model Code 2010 [6, 7].
Séo feitas ainda adaptacdes e analises complementares, aplicando
nas expressdes da norma brasileira e do MC2010 o tratamento de

Figura 1 - Ruptura por pun¢éo em
pavimento com lajes lisas (Middleton (1))

pilares retangulares desenvolvido por Oliveira [8], a fim de avaliar
os ganhos obtidos se este fator fosse incorporado nestas normas.
A confiabilidade e precisdo das normas selecionadas sao avalia-
das segundo uma escala de demérito apresentada por Collins [9].

2. Revisao bibliografica

EE

2.1 Geometria e dimensées do pilar e condi¢ées
de contorno

A geometria e as dimensdes dos pilares, bem como as condigbes
de contorno das lajes, podem influenciar significativamente a re-
sisténcia a puncao de lajes lisas de concreto, uma vez que deter-
minam a forma de distribuicdo das tensdes na ligagéo laje-pilar.
Com excegao do ACI, as normas utilizadas neste artigo desconsi-
deram a influéncia desses parametros, admitindo uma distribuigao
uniforme de tensdes, desde que a distribuicdo das cargas seja
simétrica, evidenciando que elas admitem a hipétese de que, an-
tes da ruptura, ocorre uma redistribuicdo significativa de tensdes
na ligagao laje-pilar.

Evidéncias experimentais como as apresentadas por Hawkins et
al. [10] e Oliveira et al. [11] indicam que no caso de pilares com
indice de retangularidade maior que 2, a resisténcia a punc¢éo nao
aumenta de forma diretamente proporcional ao aumento da se-
¢ao do pilar ou do comprimento do perimetro de controle. Esse
comportamento é explicado devido a polarizagdo das tensdes ci-
salhantes em torno dos cantos dos pilares retangulares, que pode
favorecer a ruptura por pungéo de forma prematura. Isso pode ser
especialmente perigoso para o projeto de edificios com lajes lisas,
pois, na pratica das estruturas, € comum ter pilares de edificios
com indice de retangularidade de 4 a 5 pelo menos.

As condigbes de contorno também alteram significativamente a dis-
tribuicdo de tensdes cisalhantes em torno do pilar. Painéis de laje em
um sistema estrutural com arranjo fundamentalmente unidirecional
concentram as tensdes cisalhantes nas faces do pilar perpendicula-
res ao menor vao, conforme pode ser observado em analises com-
putacionais em modelos linear-elasticos, comumente utilizados no
projeto de edificios com lajes lisas. Se a ligagao for com pilares com
elevado indice de retangularidade, isso pode favorecer ainda mais a
polarizagao das tensodes, podendo reduzir a resisténcia a pungéo da
ligagéo laje-pilar. Nenhuma norma apresenta recomendagdes para
auxiliar os projetistas estruturais nestes casos.

2.2 Teoria da fissura critica de cisalhamento (TFCC)

A resisténcia a pungdo € um assunto que sempre mereceu gran-
de atengdo, com inumeras pesquisas ja realizadas buscando en-
tender este fenébmeno para as diferentes situagdes que ocorrem
na pratica do projeto de estruturas de concreto. Recentemente, a
norma fib Model Code 2010 [6, 7] apresentou formulagdes novas,
baseadas na Teoria da Fissura Critica de Cisalhamento (TFCC).
Esta teoria foi desenvolvida inicialmente por Muttoni e Schwartz
[12], mas vem sendo aprimorada em trabalhos como os de Muttoni
[13], Fernandez Ruiz e Muttoni [14] e Sagaseta et al. [15]. Ela es-
tabelece como hipétese fundamental que a resisténcia a pungéo
diminui com o aumento da rotacdo da laje devido ao surgimento
de uma fissura critica de cisalhamento, que se propaga ao longo
da espessura da laje, cortando a biela inclinada que transmite a
forca cortante para o pilar.
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Figura 2 - Teoria da fissura critica de cisalhamento (adaptado de Moraes Neto (36))

Biela de compresséo
Elem. comprimido

Elem. tracionado

Fissura Critica
proporcional a y.d

Ponto de rotago

A abertura da fissura, proporcional ao produto y.d (ver Figura 2),
reduz a resisténcia da biela, podendo levar a ruptura por pungéo.
A transmissao de cisalhamento na fissura critica € assumida como
sendo uma fungdo da rugosidade da superficie, que esta direta-
mente relacionada com o tamanho maximo do agregado graudo.
Esses conceitos levaram ao desenvolvimento da Equagéo 1, que
define a resisténcia a pungao para uma laje sem armadura de ci-
salhamento, expressa como uma fungéo: do comprimento de um
perimetro de controle (u,) afastado d/2 da face do pilar; da altu-
ra Util da laje (d); da resisténcia a compresséo do concreto (f);
do produto y.d, onde y € a rotagdo da laje, calculada segundo a
Equagéo 2; do didametro maximo do agregado (dg); e de um dia-
metro de referéncia do agregado (dgg), admitido como sendo de
16 mm. Com as equagdes 1 e 2 é possivel fazer um grafico igual
ao ilustrado na Figura 3, onde a resisténcia a pungao da ligagéao &
determinada no ponto de interseg¢ao das duas curvas.

Figura 3 - Representacdo grafica do
cdlculo da carga de ruptura por
punc¢do segundo a TFCC
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Onde:

r, € a distancia entre o eixo do pilar e a linha de momentos nulos;
fys é a tensdo de escoamento da armadura de flexao;

E, € o modulo de elasticidade da armadura de flexao;

V. é aforga aplicada;

V.., € a resisténcia a flexéo calculada atraveés da teoria das linhas
de ruptura.

2.3 Fator de flexao (A)

Oliveira [8] propds um parametro A para corrigir as estimativas de
resisténcia a pungao para o caso de lajes apoiadas em pilares re-
tangulares, a fim de levar em consideracéo tanto o comportamen-
to a flexdo das lajes (condigbes de contorno) quanto o indice de
retangularidade e a orientagao dos pilares. Eles foram desenvol-
vidos tendo como referéncia resultados experimentais de ensaios
em lajes de concreto armado sob carregamento pontual.

Os fatores de flexdo (A) foram inicialmente propostos para corre¢éo
dos resultados tedricos obtidos com as equagdes recomendadas
pela antiga norma CEB-FIP MC90 [16], na qual ainda hoje baseiam-
-se as recomendagdes da nova versao da norma brasileira para
projeto de estruturas de concreto. Na metodologia proposta, as la-
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Figura 4 - Classificacdo das lajes e fatores de flexdo (adaptado de Oliveira (8))
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jes foram classificadas em trés grupos distintos, tendo sido proposto
para cada grupo um fator de flexao (A) para corregao das estimati-
vas de resisténcia a pung¢ao, conforme mostrado na Figura 4.

Na proposta de Oliveira et al. [11], os fatores de flexdo funcionam como
um parametro de corregao da constante de 0,18, que é o valor caracte-
ristico se for retirada da equagao original da MC90 o coeficiente de se-
guranga, que é de 1,5, resultando na Equagéo 3. Os resultados obtidos
com esta alteracéo foram significativamente melhores em comparagao
com resultados experimentais e eliminou a tendéncia da norma de su-
perestimar a resisténcia a puncéo de lajes lisas apoiadas sob pilares
retangulares. De forma analoga, esta metodologia sera utilizada nas
estimativas feitas com as recomendagdes da norma brasileira e com
as novas recomendagoes do fib Model Code 2010, a fim de avaliar os
ganhos obtidos com a implementacéo deste parametro.

0,18
€ x

v, (100.0.5) -u-d  (3)

2.4 Classificagdo por pontos de demérito

Collins [9] apresentou uma escala para classificagdo da confiabi-

Tabela 1 - Classifica¢cdo por pontos
de demérito (Collins (9))

Penalidade

<0,50 Extremnamente perigoso 10
(0,50-0,85) Perigoso
(0,85-1,15) Seguranca apropriada
(1,15-2,00) Conservador 1
22,00 Extremnamente conservador 2

lidade das recomendagdes normativas. Trata-se da Classificacao
por Pontos de Demérito (Demerit Points Classification, DPC), que
leva em consideragao aspectos de segurancga, precisao e disper-
sdo, em fungdo da razéo entre a resisténcia Ultima observada em
ensaios experimentais (Vexp) e a capacidade resistente tedrica es-
timada segunda a norma (V,_ ). A Tabela 1 mostra uma adaptagéo
feita nesta pesquisa para a escala de demérito proposta original-
mente. Nela, em func¢éo da faixa dos resultados de V, /V, , séa
estabelecidas penalidades para a norma sob andlise. O valor do
demérito de cada norma é calculado por meio da soma dos pro-
dutos do numero de lajes existentes em cada intervalo, pela sua
penalidade correspondente. Quanto maior o valor da soma total,
pior € considerado o processo normativo.

2.5 Recomendagées normativas
2.5.1 NBR 6118

A NBR 6118 [3] recomenda que a resisténcia a puncao de lajes
lisas de concreto armado sem armadura de cisalhamento seja
verificada em duas regides: a resisténcia a tracdo diagonal da li-
gacéo deve ser verificada no perimetro de controle u,, segundo
a Equacéao 4; a resisténcia maxima da ligagdo (esmagamento da
biela) deve ser verificada no perimetro de controle u, em torno do
pilar, através da Equacao 5. A Figura 5a apresenta detalhes sobre
os perimetros de controle propostos pela norma brasileira.

V. =0.18-(1+/2007d ) (100- p-£.) " -

Onde:

p é a taxa geométrica de armadura de flexdo, expressa por
P=+Px P,

P, €ep, $80 as taxas de armadura nas duas diregcdes ortogonais,
calculadas considerando uma largura igual a dimensao ou area
carregada do pilar acrescida de 3d para cada um dos lados;

@)
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e .

Figura 5 - Perimetro de controle para diferentes métodos de cdlculo

drR u
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g Uy

iy .

e TFCC/MC2010

f. & aresisténcia a compress&o do concreto em MPa (f < 50 MPa);
u, € um perimetro de controle afastado de uma distancia de 2-d
da face do pilar;

d é a altura util da laje em mm.

Ve = 0,270, £ -1ty -d

®)

Onde:
a, = (1 —fc/250)

u, € o perimetro do pilar.
2.5.2 Eurocode 2

As recomendacOes apresentadas pelo Eurocode 2 [4] sdo seme-
Ihantes as apresentadas pela norma brasileira, pois ambas ba-
seiam-se nas recomendagdes da norma CEB-FIP MC90 [16]. Ela
diferencia-se da norma brasileira, que ainda hoje adota as reco-
mendagdes do MC90, por impor limites para o valor do size effect
(£<2,0) e da taxa de armadura de flexao ( p <2,0% ). Isto foi
feito buscando eliminar a tendéncia de resultados contra a segu-
ranga apontada em pesquisas internacionais e nacionais, como as
de Sacramento et al. [17] e Oliveira et al. [18]. Assim, a resisténcia
a puncado é tomada como sendo o menor valor fornecido pelas
Equacgdes 6 e 7. Os perimetros de controle s&o iguais aos da nor-
ma brasileira (ver Figura 5a).

V. =0,18-5-(100.p.1.) " u,-d

©)

Yy =03 £ 15 o

Onde:
f. & aresisténcia a compressé&o do concreto em MPa (f, < 90 MPa);
p € a taxa de armadura de flexao tracionada média da laje obtido
comop=/p. - p, <2,0%;
P, e p, séo as taxas nas direcdes x e y, respectivamente. Devem
ser consideradas as barras dentro de uma regiao afastada 3-d das
faces do pilar.

200 . . . .
E=1+,/~—<2,0 € um nimero adimensional e d deve ser ex-

presso em mm.

2.5.3 ACI 318

Segundo o ACI 318 [5], a verificagdo da resisténcia a pungdo em
lajes lisas de concreto armado sem armaduras de cisalhamento
deve ser feita através da verificagdo das tensdes cisalhantes em
um perimetro de controle afastado de uma distancia igual a d/2
das faces do pilar ou das extremidades da area carregada, confor-
me ilustrado na Figura 5b. A resisténcia a pungéo de uma laje sem
armaduras de cisalhamento é expressa pela Equagéo 8.

21
1+B—C g,’f;uld
V.. =min as~d+2 -L-Jf-u-d (8)
R ul 12 @ 1
1

Onde:

B, € a raz&o entre a maior e a menor dimensao do pilar;

a, € uma constante que assume valor igual a 40 para o caso de
pilares internos, 30 para pilar de borda e 20 para pilar de canto;
u, € o comprimento de um perimetro de controle afastado d/2 da
face do pilar;

f_é aresisténcia a compressé&o do concreto em MPa (f, < 69 MPa).

282 E——
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Figura 6 - Altura Util efetiva da laje (fio Model Code 2010 (6, 7))

2.5.4 fibo MODEL CODE 2010

As recomendagbes apresentadas pelo fib Model Code 2010 [6,
7] baseiam-se num modelo fisico fundamentado na Teoria da Fis-
sura Critica de Cisalhamento, apresentada de forma resumida no
item 2.1 deste artigo. Na norma, a resisténcia a pungéo deve ser
checada em torno de um perimetro de referéncia (b,), admitido a
uma distancia de 0,5-d, das faces do pilar ou das extremidades da
area carregada, com geometria conforme indicado na Figura 5c. A
altura util efetiva da laje, d , deve considerar o nivel do apoio, con-
forme mostra a Figura 6. No caso de lajes lisas sem armaduras de
cisalhamento, a resisténcia a pungéo pode ser calculada segundo
a Equagéao 9.

v <k p 0

Ye

Onde:

f & aresisténcia a compressao do concreto;

d, é a altura util efetiva da laje;

7. € o coeficiente de seguranga do concreto com valor de 1,5.
Para efeito dos calculos ele foi assumido por igual a 1.

kw é calculado pela Equagado 10 e depende da rotagéo da laje na
regiao do apoio.

1
k\V =
1,5+0,9 v -d -k,

<0,6

(10)

© 16+d,

(1)

Onde:

d,é o diametro maximo do agregado usado no concreto da laje.
Caso d, seja maior ou igual a 16 mm, k, pode ser assumido como
sendo igual a 1,0.

O fib Model Code 2010 estabelece que a rotagéo da laje (y) pode
ser calculada com diferentes niveis de complexidade, dependendo
do rigor necessario, com a precisao obtida aumentando em fungéo

da complexidade da analise. O nivel | de aproximagao € o acon-
selhado para o projeto de novas estruturas. O nivel II ¢é apropriado
tanto para o projeto de novas estruturas como para a verificacao de estru-
turas existentes. Em casos especiais, onde os carregamentos ou
a prépria estrutura fuja dos padrdes convencionais, recomenda-se
o nivel Il de aproximagéo a fim de estimar melhor a resposta da
laje. Em casos especiais, permite-se que a rotagdo seja obtida
através de analises nao-lineares, correspondendo ao nivel IV de
aproximacgao.

Na pratica do projeto de estruturas de concreto, o nivel | pode ser
usado, por exemplo, no caso de lajes projetadas por meio de ana-
lises elasticas sem que sejam consideradas redistribuigbes signi-
ficativas das forgas, com a rotagéo podendo ser estimada segun-
do a Equagéo 12. Nos casos em que a redistribuigao significativa
de momentos seja considerada em projeto, pode ser utilizada a
Equacéo 13 para estimar a rotagdo da laje, referente ao nivel Il
de aproximagao.

r.
=15 =.==
v=ls L (12)
fs 1,5
\I":l’s'%.E): . ZS (]3)
s R
Onde:

fyS é a tensdo de escoamento da armadura de flexao;

E € o mddulo de elasticidade da armadura de flex&o;

r.é a disténcia entre o eixo do pilar e a linha de momentos nulos.
O valor de r, pode ser considerado como sendo igual a 0,22-L (nas
diregbes x, L , e y, Ly) em lajes onde a relacdo entre os vaos, LJLy,
fica limitada em 0,5 e 2,0.

m €& o momento fletor medio solicitante;

m.é o momento fletor médio resistente.

Ambos os momentos s&o calculados para uma faixa de compri-
mento b, sendo p =1,5-(r, , "},y)o's <L, -Nestecaso,r er
denota o ponto em que os momentos sao iguais a zero, tendo
como referéncia o eixo do apoio, nas diregdes x e y. O valor apro-
ximado de m_, depende da localizagdo do pilar na edificagio. A
norma considera trés localizagbes possiveis para os pilares: (1)
interno a edificacao, (2) de borda e (3) de canto. No caso de pi-
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lar interno, onde a laje possua momentos resistentes iguais nas
duas diregbes, m_€ calculado simplificadamente pela Equagéo
14. O momento fletor médio resistente (m,) pode ser obtido se-
gundo os conceitos da Teoria das Linhas de Ruptura, através da
Equagao 15.

A
m =2 (14

mR:P’dz'fys' (15)

@

Onde:

p é a taxa de armadura de flexao.

No nivel lll de aproximagéo, o coeficiente 1,5 da Equagao 13 pode
ser substituido por 1,2 se os valores de r, e m_forem calculados
por um modelo linear-elastico. No nivel IV de aproximagao, o

o Lla 2 87,0 85 0,94
28  Lib 2 89,0 85 85 1,18
= Lic 2 87,0 85 85 1,48

ALl 1 1000 150 170 137
%E AL2 1 1020 150 170 1,34
£ AL 1 1000 150 170 1,37
- AL4 1 950 150 170 1,44
Lla 1 1070 120 120 1,09
L1b 1 1080 120 120 1,08
Lic 3 1070 120 120 1,09
L2a 1 1090 120 240 1,07
L2b 2 1060 120 240 11
L2c 3 1070 120 240 1,09
. L3a 1 1080 120 360 1,08
f_§§ L3b 2 1070 120 360 1,09
° L3c 3 1060 120 360 11
Lda 1 1080 120 480 1,08
Ldb 2 1060 120 480 11
L4c 3 1070 120 480 1,09
L5a 1 1080 120 600 1,08
L5b 2 1080 120 600 108
L5c 3 1090 120 600 1,07
1 1 173 305 305 112
2 1 173 203 406 112
3 1 M73 152 457 1,12
gf 4 1 M73 14 495 1,12
EE 5 2 M73 152 457 112
E 6 2 N73 152 457 1,12
7 3 173 152 457 086
8 3 1207 14 495 038
9 3 1207 152 305 076

o T IR 1 79,0 75 100 154
?.;,E% 15R 2 790 100 150 1,54

=T8S R 2 790 100 150 151

Tabela 2- Caracteristicas das lajes presentes no banco de dados

P é o modo de ruptura por puncdo; FP é o modo e ruptura por flexo-pungcdo e F € o modo de ruptura por flexdo.

Modo de
ruptura
P

42,4 488 220,0 12,0 255,1 174,0

51,4 488 220,0 12,0 2642 231,65 FP
43,5 488 220,0 12,0 255,8 190,0 P

42,0 616 2070 19,0 472,0  300,0 P

44,0 616 207.0 19,0 4850 3800 P

41,0 616 207,0 19,0 472,0 3400 B

47,0 616 207.0 19,0 452,0 3100 P

57.0 750 234,0 15,0 241,2 2340 AP
59,0 750 234,0 15,0 657,1 322,0 P

59,0 750 234,0 15,0 706,7 318,0

58,0 750 234,0 15,0 261,7 246,0 FP
58,0 750 234,0 15,0 644,6 3610

57,0 750 234,0 15,0 7356 3310

56,0 750 234,0 15,0 2770 2410 FP
60,0 750 234,0 15,0 6452  400,0

54,0 750 234,0 15,0 745,8 358,0

56,0 750 234,0 15,0 295,3 251,0 FP
54,0 750 234,0 15,0 637.1 395,0

56,0 750 234,0 15,0 792,2 4040 P

57,0 750 234,0 15,0 318,9  287,0 FP
67,0 750 234,0 15,0 6554  426,0 P

63,0 750 234,0 15,0 857,7  446,0 P

30,9 419 200,0 12,0 3620 3910 F

26,9 419 200,0 12,0 384,9  358,0 P

32,6 419 200,0 12,0 400,0 3400 P

31,6 419 200,0 12,0 411,0  337.0 B

27,4 419 200,0 12,0 489,2 362,0 P

23,1 419 200,0 12,0 322,6 3420 F

26,4 419 200,0 12,0 417,9  326,0 P

26,6 422 200,0 12,0 4169  321,0 P

30,1 422 200,0 12,0 3500 3220 P

31,0 670 200,0 13,0 236,9 1564,0 P

30,8 670 200,0 13,0 235,6 172,0 P

29,0 670 200,0 13,0 288,1 170,0 P
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calculo da rotagao y pode ser baseado em uma analise nao-linear.
3. Banco de dados
EE

Para fins de comparacéo e avaliagdo das recomendagdes norma-
tivas apresentadas, foram selecionados resultados experimentais
de ensaios em lajes lisas de concreto armado sem armaduras de
cisalhamento, unidirecionais e bidirecionais, com pilares quadrados
e retangulares, formando um banco de dados com 131 lajes. Foram
usadas as lajes de Forssel e Holmberg [19], Elstner e Hognestad
[20], Mowrer e Vanderbilt [21], Hawkins et. al. [10], Regan [22], Re-
gan [23], Regan e Rezai-Jorabi [24], Tomaszewicz [25], Leong e
Teng. [26], Borges [27], Lima Neto [28], Oliveira [8], Al-Yousif e Re-
gan [29], Ferreira [30], Vilhena et al. [31], Carvalho [32], Mouro [33],
Damasceno [34] e Moraes Neto [35]. Para os calculos segundo o
fib Model Code 2010, como alguns autores néo especificaram o di-
ametro maximo dos agregados, foi adotado o valor médio de 13mm
obtido entre os didmetros conhecidos do banco de dados, excluindo
os valores maiores que d___ =16 mm definido pela norma. A Tabela

gmax

2 mostra as caracteristicas das lajes do banco de dados.

Como o fib Model Code 2010 n&do apresenta nenhuma instrugao
especifica para a verificacdo da resisténcia a puncdo em lajes
apoiadas sobre pilares retangulares, nem tdo pouco como devem
ser tratados os casos onde os painéis de laje tém vaos diferentes
(retangulares por exemplo), foi preciso assumir alguns parame-
tros e tomar algumas decisdes a fim de permitir seu uso nestas
andlises. No caso de painéis retangulares, foram calculadas as
rotagdes nas duas diregdes, usando-se nas estimativas de resis-
téncia a pungao o maior valor encontrado, que segundo a teoria
da fissura critica de cisalhamento, resultaria na situagdo mais des-
favoravel. Ainda sobre o célculo das rotagdes, foram utilizados os
valores de V,  (resisténcia a flexao) fornecidos pelos autores dos
ensaios das lajes que compdem o banco de dados. Por fim, nos
casos de pilares com segao retangular, foram admitidos perime-
tros de controle também retangulares, tomados a uma distancia
de 0,5-dv das faces do pilar.

Buscando melhorar os resultados da NBR 6118 [3], avaliou-se o
desempenho de suas estimativas tedricas se fossem incorporados
nesta norma os fatores de flexdo, conforme sugerido por Olivei-
ra [8]. Ainda no caso da norma brasileira, avaliou-se também o

Tabela 2 - (cont. 1)
ruptura
OC11 3 105,3 200 1,81 36.0 452 200,0 13.0 604,3 423,0

OC13 3 107.3 200 600 1,71 35,8 452 200,0 13,0 676,2  568,0 P
) OC15 3 102,8 200 1000 1,76 40,2 452 200,0 13.0 6978 6490 P
g = OC13 3 109,8 200 600 1,67 33,0 470 200,0 13,0 715,5 508,0 P
g = C11F22 3 155,0 250 250 1,72 354 460 200,0 13.0 1306,3  627.0 P
" C13F22 3 1565,0 250 750 1,66 35,6 460 200,0 13,0 1494,3 7920 P
C15F22 3 160,0 250 1250 1.64 354 460 200,0 13.0 1760,0  1056,0 P
C13F11 3 159.0 250 750 1,07 35,5 520 200,0 13,0 11831 769,0 P
= 10 3 104,0 25 300 0,68 17.6 500 200,0 13,0 221.4 186,0 P
2E€2 1 3 1120 140 540 063 176 500 2000 130 281,8 2790 P
£ 2 12 3 108,0 140 340 0,65 17.6 500 200,0 13,0 308, 1 265,0 P
A7 1 114,5 254 254 2,48 28,5 321 200,0 13,0 416,7 400,0 P
= A8 1 114,5 356 356 2,48 21,9 321 200,0 13,0 423,3  436,0 P
é A2a 3 114,5 254 254 2,48 13,7 321 200,0 13.0 586,0 334,0 =
% g A2b 3 114,5 254 254 2,48 19.5 321 200,0 13.0 655,7 400,0 P
E A2c 3 114,5 254 254 2,48 37.4 321 200,0 13,0 741,3 4670 P
% A7b 3 114,5 254 254 2,48 27.9 321 200,0 13,0 711,1 512,0 P
A5 3 114,5 356 356 2,48 27,8 321 200,0 13.0 762,9 5340 P
§ = DT1 1 190,0 150 150 1,28 43,6 530 200,0 13.0 847,8 780,0 P
< = BD2 1 101,0 100 100 1,28 42,2 530 200,0 13.0 299.0 293,0 P
o= 1 1 80,0 100 500 0,98 23,6 472 200,0 13,0 2296 163,0 P
'E % 2 3 80,0 100 500 0,98 23,2 472 200,0 13,0 2430 2090 P
:_;.2 E’ 3 2 80,0 100 500 0,98 21,2 472 200,0 13.0 225,0 189,0 P
4 3 80,0 300 300 0,98 22,0 472 200,0 13,0 239,6 2420 P
o 1 2 85,0 85 85 1,32 52,0 530 646,0 19,0 220,2 185,0 P
=) 2 2 86,0 85 255 1,32 52,0 530 646,0 19,0 223,8  226,0 P
S 3 2 85,0 85 425 1,32 50,0 530 646,0 19.0 219.3 239.0 P

P & o modo de ruptura por pun¢éo; FP é o modo e ruptura por flexo-pun¢do e F é o modo de ruptura por flexéo.
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Tabela 2 - (cont. 2)

. ; dg Py A/ Modo de
U el A N
L42 3 200 400 P

139.0 1,46 43,2 604 200,0 13,0 1152,6 6570

L42a 3 164,0 200 400 1,23 36,2 604 200,0 13,0 1388,8  693,0 P
L45 3 154,0 200 600 1,31 42,0 604 200,0 13.0 1362,56  798,0 P
é = L46 3 164,0 200 800 1,23 39,3 604 200,0 13.0 15183 911,0 P
f.% = L41 3 139.0 150 250 1,46 44,7 604 200,0 13,0 1103,9 5630 P
L41a 3 164,0 150 250 1,23 38,9 604 200,0 13,0 1304,3  600,0 P
L43 3 164,0 150 450 1,23 38,7 604 200,0 13.0 1369.8  726,0 P
L44 3 164,0 150 600 1,23 40,0 604 200,0 13.0 14358 7610 P
1 3AL 51,0 102 102 1,1 28,6 386 200,0 13,0 75,4 86,0 F
2 3AL 51,0 102 102 2,2 24,9 386 200,0 13,0 136,0 102,0 P
3 3AL 51,0 162 162 1.1 21,1 386 200,0 13.0 77,5 79,0 F
4 3AL 51,0 152 162 2,2 18,0 386 200,0 13,0 132,0 99,0 P
- 5 3AL 51,0 203 203 1,1 15,5 386 200,0 13,0 78,8 93,0 F
? 6 3AL 51,0 203 203 2.2 27,2 386 200,0 13.0 154,7 133,0 P
E = 7 3AL 51,0 254 254 1.1 23,3 386 200,0 13.0 87,9 109.0 F
; = 8 3AL 51,0 254 254 2,2 22,9 386 200,0 13,0 168,3 1562,0 P
% 9 3AL 51,0 305 305 1.1 28,0 386 200,0 13,0 95,2 119.0 F
= 10 3AL 51,0 305 305 2,2 26,4 386 200,0 13.0 171.7 1568,0 P
11 3AL 51,0 356 356 1.1 27.8 386 200,0 13.0 101.5 138.0 F
12 3AL 51,0 356 356 2,2 25,0 386 200,0 13,0 183,2 185,0 F
13 3AL 51,0 406 406 1,1 24,9 386 200,0 13,0 107.4 145,0 F
14 3AL 51,0 406 406 2,2 24,6 386 200,0 13,0 194,7 185,0 P
LTA 2 89,3 85 85 1,22 41,3 600 240,0 13,0 265,5 188,5 P
L2A 2 89,3 85 255 1,22 40,0 600 240,0 13,0 264,6  254,0 FP
° L3A 2 99,7 85 425 1,09 39,7 600 240,0 13,0 303,1 297.0 F
g = L4A 2 98.6 85 595 1.1 404 600 240,0 13.0 2955 3250
c ™
ET L1B 2 98,1 85 85 0,56 41,4 600 240,0 13.0 296,6 172,0 P
= L2B 2 90,5 85 255 0,61 42,0 600 240,0 13,0 273.9 194,5
L3B 2 92,7 85 425 0,59 41,6 600 240,0 13,0 2864 2320 FP
L4B 2 98,1 85 595 0,56 40,5 600 240,0 13,0 292,65  254,5 FP
Lla 2 65,0 85 85 1,2 51,2 518 259,0 12,0 73,0 123,0
= LTb 2 65,0 85 85 1.4 51,2 518 259,0 12,0 89,0 122,0
E = L3a 2 65,0 85 255 1,2 53,6 518 259,0 12,0 73,0 134,5 FP
E’ = L3b 2 67,0 85 255 1.4 53,6 518 259,0 12,0 92,0 134,0 FP
= L5a 2 65,0 85 425 1.2 55,2 518 259,0 12,0 73,0 122,0 F
L5b 2 65,0 85 425 1.4 55,2 518 259,0 12,0 89.0 124,5 F
- S L1 3 87,0 85 85 1.4 39.4 602 255,3 13.0 453,0 2240 P
é ? L2 3 87,5 85 255 1,2 39,8 602 255,3 13,0 422,0 2410 P
= L3 3 86,5 85 425 1.3 40,9 602 255,3 13,0 4730 2940 P

P é o modo de ruptura por pun¢do; FP é o modo e ruptura por flexo-pungdo e F é o modo de ruptura por flexdo.
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efeito de reduzir o coeficiente da Equacao 4, de 0,18 para 0,16,
conforme sugerido por Sacramento et al. [17]. No caso da norma
fib Model Code 2010, também foram testadas adaptagbes que
permitissem a melhoria de suas recomendacgdes. Neste caso, seu
desempenho foi analisado caso os fatores de flexao fossem imple-
mentados nesta norma.

Na Tabela 2 apresenta-se ainda o modo de ruptura das lajes,
que reflete, preferencialmente, as observacoes experimentais
dos autores. Nos casos em que o autor ndo definiu o modo de

ruptura das lajes, o modo de ruptura foi estabelecido através da
razao entre a resisténcia Ultima observada no ensaio e capa-
cidade resistente a flexao estimada . Para 1,10 definiu-se que
o modo de ruptura foi de flexdo. Par 0,90 considerou-se que a
ruptura foi por pungéo. Nos casos intermediarios (0,90<<1,10),
admitiu-se como modo de ruptura a flexo-pungao. Estes resul-
tados séo apresentados e discutidos a seguir, tendo-se retira-
do das analises estatisticas os casos de lajes que romperam
por flexao.

Tabela 2 - (cont. 3)
Autores Laje Tipo MMM <:%) &ﬁ‘, <k°ﬁp) Mr::'c:"c;e
940 250 250 1,39 29,0 597 2150 13,0 5208 3750

L2 3 930 230 270 1.4 29,0 597 215,0 13,0 5132 3900 P

L3 3 94,0 215 285 1,39 29,0 597 215,0 13.0 520,8 375,0 P

S L4 3 90,0 200 300 1,45 29,0 597 215,0 13,0 4938 3950 P
R

= L5 3 91,0 165 335 1,43 22,0 597 215,0 13,0 475,3 3850 P

L6 3 91,0 125 375 1,43 22,0 597 215,0 13,0 479.5 350,0 B

L7 3 91,0 110 390 1,43 22,0 597 2150 13.0 476,2 300,0 P

L8 3 94,0 100 400 1,39 22,0 597 215,0 13,0 500,0 2750 P

1/2 3 77,0 200 200 1,2 234 500 200,0 10,0 374,5 176,0 P

174 3 77,0 200 200 0,92 32,3 500 200,0 10,0 373.1 194,0 P

176 3 79.0 200 200 0.8 21,9 480 200,0 10,0 250,0 165,0 P

1/7 3 79,0 200 200 0.8 30,4 480 200,0 10,0 251,4 186,0 F

§ = 1171 3 2000 250 250 0,98 34,9 530 200,0 200  2171,1 8250 P

2= 172 3 128,0 160 160 0,98 33.3 485 200,0 20,0 812,56 3900 P

173 3 128,0 160 160 0,98 34,3 485 200,0 10,0 811,1 365,0 P

74 3 64,0 80 80 0,98 33,3 480 200,0 20,0 198,3 117.0 P

1175 3 64,0 80 80 0,98 34,3 480 200,0 10,0 198,1 105,0 P

176 3 64,0 80 80 0,98 36,2 480 200,0 5,0 198,1 105,0 P

ND65-1-1 3 275,0 200 200 1.5 64,3 500 200,0 16,0 5694,4 2050 P

ND65-2-1 3 2000 180 150 1,7 70,2 500 200,0 160 33333 1200 P

ND95-1-1 3 2750 200 200 1.5 83,7 500 200,0 160 56250 2250 P

ND95-1-3 3 275,0 200 200 2,5 89.9 500 200,0 16,0 9600,0 2400 P

ND95-2-1 3 2000 180 150 1.7 88,2 500 200,0 160 33333 1100 P

g ND95-2-1D 3 2000 180 150 1,7 86,7 500 200,0 160 33333 1300 P

% g ND95-2-3 3 2000 180 150 2,6 89,5 500 200,0 160  5178,6 1450 P

E ND95-2-3D 3 200,0 150 150 2,6 80,3 500 200,0 16,0 5208,3 1250 P

ND95-2-3D+ 3 2000 180 150 2,6 98,0 500 200,0 160  5178,6 1450 P

ND95-3-1 3 88,0 100 100 1.8 85,1 500 200,0 16,0 702,1 330 P

ND115-1-1 3 2750 200 200 1.5 112,0 500 200,0 16,0 5697,7 2450 P

ND1156-2-1 3 2000 180 150 1.7 119.0 500 200,0 160 33333 1400 =

ND115-2-3 3 2000 180 150 2,6 108,1 500 200,0 160  5166,7 1550 P

P é o modo de ruptura por pun¢do; FP é o modo e ruptura por flexo-pungdo e F é o modo de ruptura por flexdo.
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4. Resultados

EE—

As Tabelas 3a e 3b apresentam comparagdes entre os resulta-
dos experimentais do banco de dados com os resultados tedricos,
obtidos para cada uma das normas analisadas, bem como para
as adaptacgOes avaliadas. As Figuras 7 e 8 mostram graficamente
a precisdo de cada recomendacdo. Nestas figuras, as linhas de
tendéncia dos resultados sao indicadas em azul e em vermelho &
marcada a linha do limite de seguranga, onde os resultados abai-
xo desta linha indicam previsdes tedricas contra a seguranga em
relagéo as evidéncias experimentais.

E possivel perceber que a ACI 318 [5] apresentou resultados
conservadores em relagéo as demais normas com média de 1,45
e com a maior dispersédo dos resultados (coeficiente de variagéo
de 17%). Porém, os resultados do ACI estiveram sempre a favor
da seguranga, com todas as lajes do banco de dados apresentan-
do razao entre a resisténcia experimental e a estimativa tedrica
(Voo orma) Maior que 1,0. O Eurocode 2 [4] mostrou resultados
satisfatérios, com média de 1,15 e coeficiente de variagédo de 14%.
No caso do Eurocode, cerca de 87% dos resultados encontraram-
-se a favor da seguranca, tendo-se 13% de resultados contra a

seguranga. Dentre todos os resultados contra a seguranga, 84%
referem-se as lajes com pilares retangulares. Isto pode indicar que
as equacdes do Eurocode 2 requerem ajustes, pois 0 numero de
resultados contra a seguranca é inadequado, principalmente no
caso de ligacdes com pilares retangulares.

Ja a NBR 6118 [3] apresentou coeficiente de variagdo de 13%,
proximo ao Eurocode, mas com forte tendéncia de resultados
contra a seguranga. A norma brasileira apresentou média de 0,95,
tendo superestimado a resisténcia das lajes do banco de dados
em 71% dos casos, evidenciando a urgéncia de revisar suas reco-
mendacdes. Cerca de 42% de seus resultados contra a seguranca
referem-se aos casos de modelos apoiados em pilares quadrados,
que € uma das situagdes mais comuns no projeto de edificios com
lajes lisas. Estes dados contrastam com o fato de que a norma foi
recentemente revisada, e ainda assim manteve as mesmas reco-
mendagdes para pungao presentes em sua versao anterior, data-
da de 2003, ainda baseadas na antiga CEB-FIP MC90 [16], nao
refletindo o estado da arte nem os avangos obtidos com pesquisas
realizadas no pais e no exterior.

O fib Model Code 2010 [6, 7] em seu nivel | de aproximagao
apresentou resultados conservadores, obtendo média de 1,45 e
resultados dispersos com maior coeficiente de variagéo (26%).

Tabela 3a - Comparagdo entre os resultados experimentais e os normativos

Forssel e Holmberg (19) 104-112 0,63 -0,68 1,58 0,26 1,18 0,09 0,99 0,09
Elstner e Hognestad (20) 114 2,48 13- 34 1,48 0,11 1,13 0.09 0.90 0,09
Mowrer e Vanderbilt (21) 51 11-22 15-28 1,64 0.11 1,32 0,07 0.85 0,07
Hawkins et. al (10) 117-120  0,76-1,12 23-32 1,15 0,08 0,99 0.06 0.85 0,07
Regan (22) 101 - 190 1,28 42-43 1,52 0,14 1,14 0,17 1,01 0,05
Regan (23) 64-200 08-1.2 21-36 1,34 0,12 1,21 0.10 0,95 0,06
Regan e Rezai-Jorabi (24) 79 1,561-1,54 29 - 31 1,50 0,05 1,12 0,01 0,86 0,01
Tomaszewicz (25) 88 -275 1,6-2,6 64-119 1,69 0,10 1,13 0,08 1,04 0,07
Teng et al. (26) 102-160  1,07-1,81 33-40 1,38 0.14 1,09 0.14 0.95 0.09
Borges (27) 139-164  1,23-1,46 36 - 44 1,29 0,07 1,04 0,05 0.97 0,03
Lima Neto (28) 95-102 1,34-1,44 41-47 1,47 0,08 1,26 0,08 1,03 0,09
Oliveira (8) 106-109  1,07-1,1 54 - 67 1,20 0.06 1,07 0,06 0.89 0,06
Al-Yousif e Regan (29) 80 0,98 21-23 1,36 0,12 1,13 0.17 0.86 0.17
Ferreira (30) 87 - 89 0.94-1,48 42 - 51 1,39 0,05 1,10 0,05 0.86 0,05
Vilhena et. al. (31) 65- 67 12-1,4 51-55 1,32 0,01 1,12 0,04 0.80 0,04
Carvalho (32) 85-86 1,32 50 - 52 1,29 0,03 1,00 0.06 0,78 0,06
Mouro (33) 90 - 94 1,39-1,45 22-29 1,84 0.11 1,50 011 1,20 0.11
Damasceno (34) 89-99 0,56 -1,22 39-42 1,23 0.13 1,10 0,02 0,88 0,02
Moraes Neto (35) 86-87 1,2-1,4 39-40 1,66 0,08 1,23 0,06 0,97 0,06

Média 1,45 1,15 0.95 101 117 71

COV (%) 1725 1406 1292 8 16 5
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Pode-se verificar que a maioria dos valores V_ /V, estiveram
acima do valor de referéncia. Seus resultados, comparados com o
ACI 318 [5], foram piores, com 11% das lajes apresentando resul-
tados contra a segurancga. Deve-se destacar contudo, que o nivel
| de aproximag&o apresenta um menor rigor no grau de precisao,
e sua aplicagao é aconselhada para um pré-dimensionamento de
estruturas. No caso do nivel Il de aproximagéo, observaram-se
melhores resultados, tendo-se atingido uma média de 1,04 e coe-
ficiente de variagéo de 14%. Ainda assim, obteve-se cerca de 38%
de resultados contra a seguranga.

Com a utilizagéo do fator de flexdo (A) foi possivel aprimorar as
recomendagoes tanto do MC2010 quanto da NBR 6118. No caso
do MC2010, a média aumentou para 1,10, mas o coeficiente de
variagédo diminuiu para 13%. Além disso, foi possivel reduzir sig-
nificativamente o numero de resultados contra a seguranca, que
passou de 38% para 21%. No caso da NBR 6118, a adog&o dos
fatores de flexdo somada a redugao do coeficiente de 0,18 para
0,16, fez com que seu rendimento melhorasse significativamente.
A média ficou em torno de 1,14, mas o coeficiente de variagao di-
minui para 11%. Mas o principal ganho qualitativo esta relacionado
com a quantidade de resultados contra a segurancga, que foi redu-

zida para niveis mais aceitaveis, similares ao das demais normas,
caindo de 71% para 10%.

Na Tabela 4 apresenta-se a avaliagao das normas segundo o cri-
tério adaptado de Collins [9]. Segundo este critério, a NBR 6118
[3] foi a que apresentou maior penalidade (106 pontos) possuindo
19% dos valores na segunda faixa de classificacéo (entre 0,50 e
0,85), desfavoravel a seguranca. O fib Model Code 2010 [6, 7]
no Nivel | e o ACI 318 [5] foram também bastante penalizados,
mas nesse caso por possuirem muitos resultados conservadores,
tendo tido pontuagéo de 100 e 98 pontos, respectivamente. Ja o
MC2010 Nivel Il e o Eurocode 2 [4] foram as versdes normativas
(sem adaptagdes) com melhor performance segundo este critério,
tendo tido penalidade de 65 e 43 pontos, respectivamente.

Com as adaptagdes sugeridas, a NBR 6118 [3] poderia apresentar
melhorias significativas. E possivel observar que sua penalizagéo
seria da ordem de 42 pontos, com a maioria dos resultados enqua-
drando-se na faixa de classificagdo onde a penalidade € igual a
zero (entre 0,85 e 1,15). Com a aplicagao do fator de flexdo (A) no
fib Model Code 2010 [6, 7] Nivel Il, este seria 0 melhor critério para
uso em projeto, com penalidade de apenas 40 pontos, a menor
dentre todas as hipdteses avaliadas.

Tabela 3b - Comparagdo entre os resultados experimentais e os hormativos

Forssel e Holmberg (19) 17 1,19 0,09
Elstner e Hognestad (20) 13-34 1,11 0,07
Mowrer e Vanderbilt (21) 15-28 1,02 0,06
Hawkins et. al (10) 23-32 111 0,06
Regan (22) 42 - 43 1,13 0,08
Regan (23) 21-36 1,13 0,06
Regan e Rezai-Jorabi (24) 29 - 31 1,00 0,01
Tomaszewicz (25) 64-119 1,22 0,07
Teng et al. (26) 33-40 1,16 0,08
Borges (27) 36-44 1,16 0,04
Lima Neto (28) 41 - 47 1,22 0,09
Oliveira (8) 54 - 67 1,09 0,05
Al-Yousif e Regan (29) 21-23 1,14 0,08
Ferreira (30) 42 - 51 0,98 0,05
Vilhena eft. al. (31) 51-55 0,96 0,04
Carvalho (32) 50-52 0,96 0,02
Mouro (33) 22-29 1,44 0.11
Damasceno (34) 39 -42 1,01 0,06
Moraes Neto (35) 39-40 1,15 0,04
Média 1,14 1,14
COV (%) 11,80 11,80

MCI10 l1+ A

MED cov
1,02 0,14 0,97 0,06 1,03 0,05
1,29 0,12 1,08 0,07 1,17 0,09
1,11 0,20 1,03 0,13 1,09 0,12
1,04 0,07 0,95 0,07 1,09 0,11
1,35 0,13 1,20 0,10 1,18 0,13
1,54 0,14 1,02 0,11 1,06 0,11
1,38 0,05 1,08 0,04 1,11 0,05
1,94 0,09 1,05 0,05 1,07 0,05
1,30 0,22 0,99 0.17 1,06 0,16
1,84 0,11 1,06 0,06 1,11 0,05
1,58 0,09 117 0,09 1,21 0,09
1,39 0,19 0,92 0,10 0,99 0,09
0,95 0,15 0,91 0.15 1,06 0,06
1,49 0,05 1,13 0,06 1,13 0,06
1,19 0,01 1,31 0,06 1,37 0,06
0,75 0,24 0,81 0,14 0,87 0,06
1,86 0,11 1,29 0.11 1,36 0,11
1,28 0,22 0,99 0,15 1,01 0,13
1,48 0,27 1,05 0,16 1,10 0,14
1,45 1,45 1,04 1,04 1,10 1,10
26,30 26,30 14,10 14,10 13,20 13,20
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As Figuras 9 e 10 apresentam as linhas de tendéncia de cada
método tedrico em fungédo do indice de retangularidade dos
pilares. Fica claro para todos os métodos de projeto que existe
uma tendéncia de redugao darelagdo V_ /V _ com o aumen-
to do indice de retangularidade. No caso das normas NBR
6118 [3], Eurocode 2 [4] e fib Model Code 2010 [6, 7], verifica-
-se a tendéncia de superestimar a resisténcia de lajes apoia-
das em pilares retangulares, especialmente no caso da nor-
ma brasileira. As propostas de alteragdes feitas para a NBR
6118 [3] e o fib Model Code 2010 [6, 7] nivel Il corrigiram esta
tendéncia de resultados inseguros, principalmente no caso da
norma brasileira.

5. Conclusoes

EE

Este artigo utilizou resultados de ensaios experimentais de 131
lajes para a avaliagao de diferentes recomendagdes para o dimen-
sionamento a puncao de ligagdes laje-pilar, em fungéo das condi-
¢bes de contorno da ligagéo e do indice de retangularidade dos
pilares. Observou-se que, de um modo geral, as recomendagdes
do ACI 318 [5] e do fib Model Code 2010 [6, 7] em seu Nivel | estao
a favor da segurancga, porém sao conservadoras, indicando a pos-
sibilidade de ajustes a fim de evitar niveis exagerados de seguran-
¢a. Ja o Eurocode 2 [4] e 0 MC2010 em seu nivel |l de aproxima-
¢ao apresentaram resultados satisfatorios, com o MC2010 Nivel Il
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sendo ligeiramente mais preciso, porém com 43% de resultados
contra a seguranga, contra 20% do Eurocode.

Os piores resultados foram observados para a NBR 6118 [3],
que apresentou 77% de resultados contra a seguranca. As adap-
tagbes propostas, tanto para o MC2010 Nivel Il quanto para a
NBR 6118, mostraram-se efetivas, melhorando significativa-
mente a qualidade dos resultados. No caso especifico da NBR
6118, as adaptagdes reduziram o numero de resultados contra
a seguranga e, em média, corrigiram a tendéncia de resultados
inseguros com o aumento do indice de retangularidade. Deve-se
destacar ainda que as propostas feitas sao de simples implemen-

tacao em termos de complexidade de célculo. Espera-se que es-
tes e outros trabalhos possam motivar uma discussao profunda
sobre as recomendacdes atuais para o projeto de lajes lisas no
Brasil, de modo a permitir que a norma brasileira reflita o estado
da arte e os avancos obtidos com pesquisas realizadas no pais
e no exterior.
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Figura 8 - Tendéncia dos resultados segundo diferentes teorias
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Tabela 4 - Classificagcdo segundo o critério de Collins (9)

(0,50:0,85)

Q4

AC N° de Igjes 0 0 2 105
Penal. total 0 0 94 4 98
N° de lajes 0 0 62 43 0 105
EC2
Penal. total 0 0 0 43 0 43
NB N° de Igjes 0 20 79 0 105
Penal. total 0 100 0 0 106
N° de lajes 0 63 42 0 105
NB1*+ A
Penal. total 0 0 42 0 42
N° de lajes 0 26 67 9 105
MCI10|
Penal. total 0 15 0 67 18 100
N° de lajes 0 76 20 0 105
MCI10 Il
Penal. total 0 45 0 20 0 65
N° de lajes 0 2 73 30 0 105
MCI10 II+ A
Penal. total 0 10 0 30 0 40
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Figura 9 - Tendéncia dos resultados segundo diferentes teorias
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Figura 10 -

Tendéncia dos resultados segundo diferentes teorias
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Abstract

This paper demonstrates the application of the active infrared thermography to detect damage in bonding between concrete and glass fiber reinforced
polymer (GFRP). Specimens of concrete and mortar with GFRP externally bonded were prepared and at their interfaces were inserted polystyrene
discs to simulate damages. The samples were divided into two groups. In group 1, one sample was correctly bonded by a GFRP plate to the concrete,
but in the other three were inserted polystyrene discs which had different diameters to simulate damages in bonding. In group 2, all of the samples
contained identical polystyrene discs at their interfaces, but the total thickness of each specimen was different, because the objective was to evalu-
ate the ability of the camera to capture the simulated damage in depth. The experimental procedure was divided into two stages. In the first stage,
four types of heating were used to heat samples of group 1: incandescent lamp, kiln, blended lamp and fan heater. Thus, it was possible to detect
the damage and to observe its format and length. It was noticed that the infrared images are different depending on the heat source incident on the
specimen. Therefore, group 2 was tested only for the more efficient heating (incandescent lamp). In the second stage, the infrared equipment was
tested. Some of the parameters that must be inserted in the camera were varied in order to understand their influence on image formation. The results
show the effectiveness of infrared thermography to assess adherence in GFRP/concrete interface. In the present work, the best results were obtained
when the image is captured towards GFRP/concrete and using incandescent lamp. It was observed that the image and measured temperature suffer
significant distortion when a false value was inserted for the parameter emissivity.

Keywords: infrared termography, non destructive test, concrete, frp, debonding.

Resumo
E——

Para demonstrar a potencialidade da aplicagéo da técnica da termografia infravermelha ativa para detec¢éo de danos na aderéncia entre concreto
e polimero reforcado com fibra de vidro (PRFV), s&o utilizados neste trabalho corpos de prova de concreto e argamassa colados externamente com
PRFV, em cuja interface foram inseridos discos de EPS (poliestireno expandido) para simular danos. Os corpos de prova foram divididos em dois
grupos. No grupo 1, em uma das amostras, a chapa de PRFV estava totalmente aderida ao concreto, nas outras trés foram inseridos discos de EPS
de diferentes diametros para simulagdo de regides com falha de aderéncia. No grupo 2, todos os corpos de prova continham idénticos discos de
EPS na interface, porém a espessura total de cada corpo de prova era diferente, pois o objetivo foi avaliar a capacidade da cAmera em alcancgar o
dano simulado. O procedimento experimental dividiu-se em 2 etapas. Na primeira, foram utilizados 4 tipos de aquecimento para o grupo 1: [ampada
incandescente, estufa, ldmpada de mercurio de alta presséo e termoventilador. Assim, foi possivel detectar o dano e observar seu formato e exten-
sdo. Notou-se uma diferenciacao das imagens devido a fonte de calor incidente no corpo de prova e por isso, o grupo 2 foi testado apenas para o
aquecimento mais eficiente (lAmpada incandescente). Na segunda etapa, a cdmera termografica foi posta em evidéncia. Alguns dos paradmetros de
ajuste que devem ser nela inseridos foram variados a fim de entender suas influéncias na formagao da imagem e consequentemente na identificagao
do dano. Os resultados revelam a eficiéncia da termografia infravermelha para avaliar a aderéncia na interface concreto/PRFV. Neste trabalho, os
melhores resultados foram obtidos quando a imagem foi captada para uma amostra aquecida no sentido PRFV/Concreto por lampada incandescen-
te e para quando s&o inseridos na camera infravermelha os parametros corretos, especialmente a emissividade térmica.

Palavras-chave: termografia infravermelha, ensaios ndo destrutivos, concreto, polimero reforgado com fibras, danos na aderéncia.
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1. Introduction

EE

The combination of Glass Fibres Reinforced Polymer (GFRP) and
concrete has gained increasingly attention in Civil Engineering by
joining lightness and strength [1]. This application has been espe-
cially used as structural reinforcement.[2].

One of the main factors that influence the total strength of this ar-
rangement is the correct adherence of the interface between these
two materials once the right connection between FRP and con-
crete allows they work as an unit. [3]. Therefore, quality of interface
adherence is needed and if a flaw is detected it must be localized
and characterized[4].

A defect caused by incorrect adherence of FRP can only appear
after bonding the polymer to a concrete surface. So, in order to de-
tect flaws, the inspection has to identify it through the FRP. A quick,
practical and possible solution is the use of a non destructive test
known as infrared thermography [5][6].

Thus, the main objective of this paper is the evaluation of defects
at FRP/concrete interface using the active infrared thermography.
To do this, a qualitative analysis will be used and it will compare dif-
ferent thermal excitations and different defect positions (related to
depth). Also, the behaviour of the thermal images will be evaluated
when the infrared camera parameters are not correctly adjusted.
Related to this topic, there is still a lack of research and so this
paper intends to contribute to new experimental results and also
compare them to previous works.

2. Infrared thermography and detection
of defects at FRP/concrete interface
by thermal excitation

There are already researches that present the infrared thermogra-
phy as an efficient technique to evaluate defects at FRP/Concrete
interface. One of them[7] uses water and air-filled debonds in dif-
ferent sizes. These simulated flaws were placed underneath the
layer of the polymer and then samples were heated by two quartz
tower heaters for 70 seconds. Some minutes after heating the im-
ages were captured. The results present the artificial defects quite
evidently (shown up as “hot-spots”) when the thermal images were
analysed. So, the effectiveness of the method was proved.
Another paper [8] analyses different types of artificial flaws such as:
timber, steel, Teflon and cork. The tests were performed consider-
ing two types of thermal excitation. Firstly, two photographic flashes
were used adopting a duration pulse of 10 milliseconds and the fre-
quency was set to 22Hz. Afterwards, two halogen lamps were used
and they heat the area for 10, 30 and 60 seconds. Comparing the
types of heating, the thermal contrast is not evident when the ther-
mal excitation is made by short pulses. According to the authors, this
could be improved if the sample surface had a more homogeneous
thermal emissivity. On the other hand, heating an area using the hal-
ogen lamps showed a better contrast in the infrared image because,
in this case, more thermal energy was provided to the sample’s sur-
face, if compared to the previous thermal excitation.

Another experimental work [9] evaluates different types of thermal
excitation when applied infrared thermography. In this case, indi-
vidual samples of composite material were subjected to infrared
thermography in order to detect internal damages when exposed
to impact. It was concluded that the convective heating presents

more effective results than incandescent lamps.

Like other scientific works previously cited, it is possible to notice
the importance of choosing the type of heating when active infrared
thermography inspections are performed in FRP, and therefore this
is one of the issues which will be discussed in the present paper.

3. The thermal image formation and the
influence of the inserting parameters
in the infrared camera
EE
The influence of the parameters which have to be inserted in the
infrared camera is another important factor which also interferes in
the infrared image formation, once these are the data that allow the
temperature calculation and the adjustment of thermal image [10].
Thus, it is necessary to understand how this equipment works in
order to study its calibration parameters.
The infrared camera is restricted to the infrared spectral band and
its operation is based on the detection of infrared radiation emitted
by bodies which forms “thermal images”. This camera detects ex-
clusively radiant thermal energy from bodies’ surfaces, so it does
not detect the reflected visible light, which means that the thermal
images can be obtained even in total darkness.
If the camera is pointed to an object, it receives emitted radiation
from the object’s surface and from the environment adjacent to the
body. Both are attenuated by atmosphere before they reach the
camera. The camera receives also a third contribution: radiation
emitted from the atmosphere, as Figure 1 illustrates.
Figure 1 illustrates the total radiation potency that the camera re-
ceives (Wtot).
So:

Wiot = £t Wobj + (1 - &) t Wrefl + (1 - 1) Warm ()

Wtot: Total potency [W]

Wobj: Potency of radiation emitted by object [W]

Wrefl: Potency of radiation emitted by adjacent environment [W]
Watm: Potency of radiation emitted by atmosphere [W]

€ : Object’s emittance [no unity]

T: Atmosphere transmittance [no unity]

So, in order to better analyse the infrared thermography inspec-
tions when considered defects at FRP/concrete interface, it is nec-
essary to study some parameters which are inserted in the infrared
camera such as: thermal emissivity, distance from the lens to the
object, and temperature and humidity of the environment.

In relation to this subject, scientific works are more focused on
evaluation of thermal emissivity. One of these works [11] surveyed
about what would be the best technique of thermal emissivity mea-
surement. The paper calls attention to the uncertainty of thermal
emissivity tabulated values because they are not often valid for
insertion into infrared camera. Another important point considered
in this study was the accuracy of emissivity measurement once
it can affect the precision of thermal measurement. Other author
[12], has observed that thermal emissivity is one of the main rea-
sons why theoretical and experimental results do not coincide
when considered defects in ceramic materials applying the infrared
thermography method.
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(2] 3]

Figure 1 - Schematic representation of a thermographic measurement. 1) adjacent ambient,
2) object, 3) atmosphere, 4) camera. Tobj: object's temperature, Trefl: reflected temperature,
Tatm: atmosphere temperature (room temperature). Wobj: radiation potency emitted by object,
Wrefl: radiation potency emitted by adjacent ambient, Watm: radiation potency emitted
by atmosphere (17)
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The scientific works previously cited demonstrate the relevance of
the study of the parameters that must be inserted into the infrared

Figure 2 - Samples of group 1
(measurement in cm)
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camera. However, it is noteworthy that, despite the extensive liter-
ature research carried out, no parametric studies of these param-
eters were found and so this is one of the purposes of this work.
Therefore, this article presents also an unprecedented contribution
to the study of the parameters to be inserted into the infrared cam-
era, assisting in the extension and deepening of this subject.

4. Materials and experimental program
—
4.1 Characteristics of the samples

Samples were divided in two different groups: group 1 and group 2.
Group 1 consists of four concrete samples whose dimensions were
26.0 x 13.0 cm and 9.0 cm of thickness. In one of the faces of the
samples a GFRP sheet (15.0 x 13.0 cm and 0.635 cm of thickness)
was adhered by epoxy resin. Only in one sample of group one, the
GFRP sheet was totally adhered to the concrete whereas in the
remaining three thin polystyrene discs were inserted underneath
the GFRP sheet to simulate a debonding. These discs had differ-
ent diameters for each sample: 2, 6 and 10 cm.

Group two consists of six samples of 15.0 x 13.0 cm. Each sample
had different thicknesses: 7, 6, 5, 4, 3 and 2 cm. A GFRP sheet of
15.0 x 13.0 and 0.635 cm of thickness was bonded at one of the
samples surface. All of them had a thin polystyrene disc of 3 cm
diameter underneath GFRP sheet as shown in Figure 3.

An epoxy resin was applied to bond the GFRP to the concrete sur-
face, except in the area of the polystyrene disc. All samples were at
an age greater than 180 days when tested and at this age the heat
of hydration does not influence their temperatures [13].

298 I
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Figure 3 - Samples of group 2
(measurement in cm)
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4.2 Samples heating

Before capturing infrared images, samples were subjected to pre-
vious heating. The type of heating was: kiln, incandescent lamp
(200 Watts), high-pressure sodium lamp (250 Watts) and convec-
tion heater (1500 Watts).

Samples were placed in kiln for 24 hours at 32° C. However, con-
sidering the heating by lamp (incandescent lamp or high-pressure
sodium lamp) the front surface of samples was positioned perpen-
dicular to the lamp, which was 12 cm above the sample, for 5 min-
utes. The convection heater was placed 14 cm from the front face
of the specimen which was heated for 6 minutes. It is important
to note that the convection heater was not perpendicular to the
central point of simulated damage because the heat concentration

Table 1 - Real values (or measured values)

of parameters
Parameters Measured values
Temperature 17°C
Relative air humidity 64%
Thermal emissivity 0.96
Tm
Distances lens-object

5m

does not occur in the centre of the appliance. For each new heat-
ing, a rest period of 24 hours was provided so that the specimens
could reach a thermal equilibrium condition with the ambient and
thus they could be subjected again to another heating heat source.
In group 1, infrared images were captured towards GFRP-con-
crete, but in group two, images were captured towards concrete-
GFRP, one minute after removing the heat source in both cases.
After testing the different types of heating to group one, results
showed that when samples were heated by incandescent lamp,
the best infrared images were obtained. So, this kind of heating
was used to test samples of group two.

An infrared camera was used to capture the images. This device
was a FLIR B400, specific for inspection buildings, available on
Non Destructive Research Group (GPEND) at Federal University
of Santa Catarina.

4.3 Parameters of infrared camera

In order to evaluate the parameters which must be inserted in the cam-
era, the samples of group one were used and they were heated by
incandescent lamp. In this case, the temperature and humidity of the
environment were set according to the weather forecast of Florianopolis
—SC, Brazil, on the day and time of the experiment, as shown in Table 1.
In order to calibrate thermal emissivity, the procedures recom-
mended by the camera manufacturer’s manual were adopted.

As thermal emissivity of materials considered in this experiment
are height and the ambient is not subjected to strong heat sources,
the parameters of “Reflected Apparent Temperature” does not in-
fluence the final result and so it does not need to be set. The value
inserted was 20°C.

Table 1 also shows the measured values of the parameters, i.e.
the values of ambient temperature, humidity, distance from lens
to object and emissivity which were obtained in the moment of the
experiment. The measured values are named “real values” or “real
parameters”.

Afterwards, the variation of parameters which will be inserted in
the camera was defined so that the difference between images
(or temperatures) captured when included real or false parameters
could be observed.

Tables 2 to 5 present how the parameters were varied and which
were the values inserted in the camera, for each case. It was noted
that the distance from lens to object is the only parameter which
can be varied considering the “real value”, and so two different
distances were adopted: 1m and 5 m.

While one parameter was varied, the other parameters were set to
the real measurements. In case of distance from lens to object the
standard adopted was 1 m distance.

Table 2 - Real value and variations
of room temperature

Room temperature (°C)
Variations
60%  100%  150%  200%
17

221 27.2 34.0 42.5 51.0

Table 3 - Real value and variations
of thermal emissivity

Thermal emissivity
Variations

0.96 0.7 04 0.1
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Table 4 - Real value and variations of relative
air humidity

Relative air humidity (%)

Variations
64 83 45 26 6

The infrared images were captured for each sample of group 1, for
each variation of parameter, after being heated by incandescent
lamp located 12 cm distant from the surface sample, for 5 min-
utes. In this case, a special function of the camera which allows
the measurement of one point in the image was used. The chosen
point was the centre of the artificial defect.

If one parameter is varied, it is expected a different result (or a
different infrared image). However, a careful analysis is needed
because when the heating stops the natural tendency is that the
temperature of the sample decreases to reach the thermal equi-
librium. Thus, the analysis must not consider this decrease as an
error caused by the insertion of false parameter. To solve this prob-
lem, the capture of infrared images followed the next sequence:
firstly, images were captured when inserted real parameters, then
images were captured setting false parameters and finally images
were captured again when inserted the real parameters.

Despite the short period of time between the first and the second
measurement (less than 1 minute), the sample still loses heat be-
cause of its thermal properties. So, recording the infrared image
using real parameters twice (first and last image recorded) indi-
cates whether the decrease of temperature is related to the setting
of parameters or not.

Scientific studies already proves the efficiency of infrared thermog-
raphy to detect flaws at FRP/concrete interface[14][15][16]. How-

Table 5 - Real values and variations
of distance lens-object

Distance lens-object (m)

Real Variations
1 2 5 10 15
5 1 2 10 15

ever, this article analyses this subject even deeper providing re-
sults of an assessment for different types of heating and evaluates
the infrared image for different situations, as it will be shown next.

5. Results and discussion
E——

5.1 Samples of group 1

The infrared images captured for samples of group 1, after heating
using incandescent lamp (Figures 4 to 7), show clearly the location
and shape of the artificial defect. It is important to note that the dif-
ference of temperature between the location of the defect and the
sound area increases as the defect becomes greater.

When the kiln was used to heat the same samples, it was not so
easy to observe the defects in infrared images and so, two spe-
cial camera functions named “above” and “below” were used.
At the moment the samples were removed from kiln two images
were captured: the first one shows in infrared only temperatures
above the temperature marked in the white square (on the right
of image) and the second one present the lower temperatures,
as shown in Figures 8 to 15. In this case, the defect is visible,
but not as visible as when samples were heated by incandes-
cent lamp.

Figure 4 - CP1, group 1, complete adherence,
heated by incandescent lamp

Figure 5 - CP2, group 1, EPS $=2 cm, heated
by incandescent lamp
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IBRACON Structures and Materials Journal < 2015+ vol. 8 *n°3



M. M. CALDEIRA | I. J. PADARATZ

Figure 6 - CP3, group 1, EPS ¢=6 cm, heated
by incandescent lamp

Figure 8 - CP1, group 1, complete adherence,
kiln, higher temperatures (function “above”)

[0,

The results shown in Figures 16 to 19 are related to heating sam-
ples using the convection heater.

The convection heater could rise even more the temperature of
samples and this means that the defect can be clearly visible. None-
theless, the heating was not uniform and this can induce to mistaken
interpretation of results. For example, it is possible to conclude that
there is a defect in the bottom left of CP1 (Figure 16). The other im-
ages also present higher temperatures in the top left corner which
could be wrongly interpreted as a small defect. So, the conclusion
is that the larger the defect is, if the convection heater is correctly
positioned, the better the result is. Figures 18 and 19 prove this af-
firmation once the polystyrene contour disc appears clearly and the
heat build-up in the upper left side is less visible.

Finally, the results of experiments using high-pressure sodium
lamp are shown in Figures 20 to 23.

In this case, the difference of temperature between the place where
the defect is and the sound area is small, but it increases when the
defect dimension increases. Furthermore, as the emission of heat-
ing is not high, the image loses some clearness, if compared to the
images obtained for the other heat sources studied.

Comparing the four heating sources used in samples of group 1,
it was observed a better resolution when images were captured
after being heated by incandescent lamp. Thus, only this heating
device was applied on samples of group 2, as the main aim next is
to work out how deep it could be reached by the infrared camera
to detect the defect.

Figure 7 - CP4, group 1, EPS $=10 cm, heated
by incandescent lamp

Figure 9 - CP1, group 1, complete adherence,
kiln, lower temperatures (function “below”)
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Figure 10 - CP2, groupl, EPS ¢$=2 cm, kiln,
higher temperatures (function “above”)

T

Figure 13 - CP3 group1, EPS ¢=6 cm, kiln,
lower temperatures (function “below”)

Figure 11 - CP2, group 1, EPS ¢$=2 cm, kiln,
lower temperatures (function “below”)

Figure 14 - CP4, group1, EPS $=10 cm, kiln,
higher temperatures (function “above”)

Figure 12 - CP3, groupl, EPS ¢=6 cm, kiln,
higher temperatures (function “above”)

O s

Figure 15 - CP4, group1, EPS ¢=10 cm, kiln,
lower temperatures (function “below”)
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Figure 16 - CP1, group 1, complete adherence,
heated by convection heater

Figure 19 - CP4, group 1, EPS ¢$=10 cm,
heated by convection heater

Figure 17 - CP2, group 1, EPS ¢=2cm,
heated by convection heater

Figure 20 - CP1, group 1, complete adherence,
heated by high-pressure sodium lamp

28.7
28.6 0

Spot 1

Spot 2
Difference

Spl -Sp2 0 1

Figure 18 - CP3, group 1, EPS ¢=6 cm,
heated by convection heater

Figure 21 - CP2, group 1, EPS ¢$=2 cm,
heated by high-pressure sodium lamp

Spot 2 28.9
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Figure 22 - CP3, group 1, EPS ¢=6 cm,

heated by high-pressure sodium lamp i 29 = Gl pioile) & (il & e

Difference

Spl -5p2

Figure 23 - CP4, group 1, EPS ¢$=10 cm,

heated by high-pressure sodium lamp Figure 26 CR3, groupi2 heightid cim

ifference

Sp:l -8pZ

Figure 24 - CP1, group 2, height 2 cm
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5.2 Samples of group 2

The results related to samples of group 2 are shown in Figures
24 to 29. In Figure 26, it is noted that from 4 cm mortar thickness
(or 5cm total sample height) the image appear less clear than the
previous and this lack of clearness has worsened with the increase
in mortar layer (or the depth of the damage).

However, it is important to remark that this result is valid only for
these experiment conditions: incandescent lamp heating and the
time of heating. If the time of heating was increased, for example,
one might infer that it should be possible to detect a sample defect
located at greater depths. Nonetheless, it does not mean that heat-
ing time can be indiscriminately elevated in order to reach the visu-
alization of a greater depth of defect, because an excessive heat-
ing can damage the FRP system, impair the adhesion and also
the material strength. Summarizing, the excessive heating can
weaken and even cancel the structural function of FRP system[17].

5.3 Inserting parameters for the infrared camera

Considering samples of group 1 heated by incandescent lamp,

some wrong parameters were purposefully inserted in infrared
camera and so the infrared images were compared taking into ac-
count their temperatures and the differences between images.
Firstly, the focus was in inserting in the infrared camera greater
values of “distance from lens to object” than the ones of the real
situation. It is shown in Figure 30 that despite the decrease of tem-
perature values in the point of the defect, it is not possible to assert
that this is an effect caused by the insertion of false parameters.
The decrease of temperature values also occurs between the first
and the last measurement, which have exactly the same param-
eters inserted. Therefore, this fact might be only due to the natural
condition of thermal equilibrium. Thus, if the camera is positioned
1 m distant from the target and if there is an increase of values
of “distance from lens to object”, there will be no influence in the
result of sample temperature when it is measured with the infrared
camera.

Figure 31 present the results when considered the 5m real dis-
tance (from lens to object).

Once again, it is possible to notice the gradual decrease of tem-
perature between the first and the last measurement which have
identical parameters. Thus, also in this case, there will be no

Figure 28 - CPS5, group 2, height 6 cm

Figure 30 - Graphic of variation of temperature
in the point of artificial defect and the variation
of parameter “distance lens-object”

(real distance = 1 m)
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Figure 31 - Graphic of variation of temperature
in the point of artificial defect and the variation
of parameter “distance lens-object”
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Figure 32 - Graphic of variation of temperature
in the point of artificial defect and the variation
of parameter “relative air humidity”

(real relative air humidity = 64%)
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Figure 34 - Graphic of variation of temperature
in the point of artificial defect and the variation
of parameter of thermal emissivity
(real thermal emissivity = 0.96)
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influence in the result of sample temperature when the camera is
positioned 5 m distant to the target.

Similarly to the previous case, the infrared images also do not
present significant contrast differences.

However, if the focus is only in the difference of temperature be-
tween samples, it can be noteworthy that, considering 5m distance
from lens to object, there is a relation between the size of the de-
fect and temperature: the larger the defect is, the higher the mea-
sured temperature in the central point of the defect will be. This is
shown in Figure 31.

In Figure 31, the temperature value in the 2cm artificial defect
(sample CP2) is very close to the temperature of sample CP1,
which have no artificial defect. However, it is noteworthy that the
temperature value in 6cm artificial defect (sample CP3) is higher

Figure 33 - Graphic of variation of temperature
in the point of artificial defect and the variation
of parameter “room temperature”

(real room temperature = 17°C)

Realroom temperature 17°C
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than CP1 (no defect) and CP2 (2cm artificial defect) and lower than
CP4 (10 cm defect). The conclusion is that the measurement of
temperature of small subsurface damages is impaired when the
infrared camera is moved away from the target.

In Figures 32 and 33, the results of variation of parameters of rela-
tive humidity and room temperature are respectively shown.

In Figure 32 it is shown that there is an influence if the inserted
room temperature is higher than real because there is a small rise
in the graphic lines. However, this rises are less than 0.5°C even
if the values inserted are very far from real. Thus, the insertion of
these false room temperatures can lead to a slight decrease of
measurement of temperatures, if compared to real temperatures.
Nonetheless, the influence of relative air humidity (Figure 33) does
not present any abnormality of line graphic decay and thus this
behaviour can be attributed to the thermal equilibrium.

In Figure 34, is shown that the variation of thermal emissivity has
definitely influenced the measurement of temperature when using
the infrared camera, because it had a significant increase when the
value of thermal emissivity inserted was small.

Form figures 35 and 36 one may infer that the visual detection of
damages is not impaired when the thermal emissivity inserted in IR
camera is far from the real value.

6. Conclusions
E——

Comparing the different types of heating, it is observed that the
incandescent lamp is the best device because it allows the identifi-
cation of the simulated lack of adherence. However, some analysis
must be considered if the type of heating is taken into account.
Despite the fact that the incandescent lamp provides clearer infra-
red images when used as source of heating, its disadvantage is
that it consumes too much energy and also that it has poor durabil-
ity. It does not happen if the high-pressure sodium lamp is used,
because the latter is more economic.

Nonetheless, the choice of the heat source depends on how
and where the inspection will be performed. If the ambient has
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Figure 35 - Infrared images indicating the temperature in the point of the arfificial defect
when thermal emissivity inserted was 0.96 (1¥ measurement): (a) CP2, (b) CP3, (c) CP4

controlled temperature, i.e. constant temperatures, without wind or
other heating sources interferences (as in tunnels, for instance),
the high-pressure sodium lamp could be the best option. Although
the images are less clear than other heat sources, the identification
of the defect was noticeable.

According to the experimental work, the results using the convec-
tion heater do not demonstrated precision and reliability, unlike
those given by the scientific works [7] and [9]. In the later studies
the heat flux was controlled, procedure not followed in the pres-
ent research. This demonstrate that not only the type of heating
influences the thermographic evaluation but also how the heat flux
will cover the surface of the sample, which is an relevant factor to
consider in the analysis.

The individual parameters of “relative air humidity” and “distance from
lens to object” do not presented any abnormality neither in the mea-
surement of temperature nor in the distinctness clearness of infrared
images. However, the insertion of higher room temperature values
can lead to measurements of temperature slightly below the real ones.

The variation of the parameter of thermal emissivity has led to ex-
pressive errors when considered temperature measurement and
also it has slightly impaired the clearness of the infrared image.
These errors were expected because the thermal emissivity is one
of the most complex parameters and so it has been studied care-
fully by some researchers [11][12]. These authors also concluded
that the use of incorrect thermal emissivity values could lead to
significant errors in the infrared images when the temperature is
measured and this lead to misleading interpretations.

In the present paper, it was observed that the visual identification of
artificial defect at interface FRP/concrete was not impaired even if
the thermal emissivity was far from the real value, once the contour
of the polystyrene disc was very visible as it is shown in Figures
35 and 36. Therefore, even if considered an adverse situation, the
identification of subsurface damages using infrared thermography
as an NDT technique for diagnostic purposes is not invalidated.

A suggestion for future analysis is the study of combined variation
of parameters and not only individually, once in field these values

Figure 36 - Infrared images indicating the temperature in the point of the artificial defect
when thermal emissivity inserted was 0.1 (4" measurement): (a) CP2, (b) CP3, (c) CP4
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can be varied together. The ongoing research project will consider
this factor.

Finally, it is noteworthy that this paper ratifies part of results
achieved by other authors who confirm the applicability of the in-
frared thermography method to verify damages at FRP/concrete
interface. It also contributes to new results and indicates the ne-
cessity of additional research to clarify some questions raised in
the present work.
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Abstract

This paper demonstrates the application of the active infrared thermography to detect damage in bonding between concrete and glass fiber reinforced
polymer (GFRP). Specimens of concrete and mortar with GFRP externally bonded were prepared and at their interfaces were inserted polystyrene
discs to simulate damages. The samples were divided into two groups. In group 1, one sample was correctly bonded by a GFRP plate to the concrete,
but in the other three were inserted polystyrene discs which had different diameters to simulate damages in bonding. In group 2, all of the samples
contained identical polystyrene discs at their interfaces, but the total thickness of each specimen was different, because the objective was to evalu-
ate the ability of the camera to capture the simulated damage in depth. The experimental procedure was divided into two stages. In the first stage,
four types of heating were used to heat samples of group 1: incandescent lamp, kiln, blended lamp and fan heater. Thus, it was possible to detect
the damage and to observe its format and length. It was noticed that the infrared images are different depending on the heat source incident on the
specimen. Therefore, group 2 was tested only for the more efficient heating (incandescent lamp). In the second stage, the infrared equipment was
tested. Some of the parameters that must be inserted in the camera were varied in order to understand their influence on image formation. The results
show the effectiveness of infrared thermography to assess adherence in GFRP/concrete interface. In the present work, the best results were obtained
when the image is captured towards GFRP/concrete and using incandescent lamp. It was observed that the image and measured temperature suffer
significant distortion when a false value was inserted for the parameter emissivity.

Keywords: infrared termography, non destructive test, concrete, frp, debonding.

Resumo
E——

Para demonstrar a potencialidade da aplicagéo da técnica da termografia infravermelha ativa para detec¢éo de danos na aderéncia entre concreto
e polimero reforcado com fibra de vidro (PRFV), s&o utilizados neste trabalho corpos de prova de concreto e argamassa colados externamente com
PRFV, em cuja interface foram inseridos discos de EPS (poliestireno expandido) para simular danos. Os corpos de prova foram divididos em dois
grupos. No grupo 1, em uma das amostras, a chapa de PRFV estava totalmente aderida ao concreto, nas outras trés foram inseridos discos de EPS
de diferentes diametros para simulagdo de regides com falha de aderéncia. No grupo 2, todos os corpos de prova continham idénticos discos de
EPS na interface, porém a espessura total de cada corpo de prova era diferente, pois o objetivo foi avaliar a capacidade da cAmera em alcancgar o
dano simulado. O procedimento experimental dividiu-se em 2 etapas. Na primeira, foram utilizados 4 tipos de aquecimento para o grupo 1: lampada
incandescente, estufa, ldmpada de mercurio de alta presséo e termoventilador. Assim, foi possivel detectar o dano e observar seu formato e exten-
sdo. Notou-se uma diferenciacao das imagens devido a fonte de calor incidente no corpo de prova e por isso, o grupo 2 foi testado apenas para o
aquecimento mais eficiente (lAmpada incandescente). Na segunda etapa, a cdmera termografica foi posta em evidéncia. Alguns dos paradmetros de
ajuste que devem ser nela inseridos foram variados a fim de entender suas influéncias na formagao da imagem e consequentemente na identificagao
do dano. Os resultados revelam a eficiéncia da termografia infravermelha para avaliar a aderéncia na interface concreto/PRFV. Neste trabalho, os
melhores resultados foram obtidos quando a imagem foi captada para uma amostra aquecida no sentido PRFV/Concreto por lampada incandescen-
te e para quando s&o inseridos na camera infravermelha os parametros corretos, especialmente a emissividade térmica.
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1. Introducgao

EE

A combinagao de Polimero Reforcado com Fibras (PRF) e concre-
to, incluindo o Polimero Reforgcado de Fibra de Vidro (PRFV), tem
ganhado bastante destaque na Engenharia Civil por aliar leveza
e resisténcia [1]. A aplicagdo dessa composi¢do tem sido muito
utilizada principalmente na execugéo de reforgos estruturais [2].
Um dos principais fatores que influencia a resisténcia total desse
arranjo é a aderéncia adequada na interface entre esses dois ma-
teriais, pois a solidarizagao correta entre PRF e concreto permite
que funcionem como uma unidade [3]. Por isso, é preciso garantir
a qualidade da aderéncia nessa interface e caso se identifique
uma falha deve-se localiza-la bem como caracteriza-la [4].

A falha na aderéncia pode aparecer apds a colagem do polime-
ro ao concreto. Logo, torna-se necessario adotar uma técnica de
inspecdo que permita identifica-la através do PRF. Uma solugdo
possivel, pratica e rapida é a utilizagdo do ensaio nao destrutivo
da termografia infravermelha [5] [6].

Portanto, o principal objetivo do presente artigo consiste na ava-
liacdo de defeitos na interface entre PRF e concreto utilizando a
termografia infravermelha ativa. Para isto, sera feita uma andlise
qualitativa comparando diferentes excitagdes térmicas, diferentes
profundidades de localizagéo do defeito e por fim pretende-se ain-
da avaliar o comportamento das imagens térmicas quando a inser-
¢ao dos parametros da cdmera nédo é correta.

Em relagao a este tema, ainda ha escassez de pesquisas, sendo
assim, este artigo pretende contribuir com novos resultados expe-
rimentais e compara-los com trabalhos precedentes.

2. Termografia infravermelha e deteccao
de danos na aderéncia entre PRF

e concreto por excitagao térmica
—

Ja existem estudos que indicam a termografia infravermelha como
uma técnica eficiente para avaliagdo de danos na interface PRF/
concreto. Um deles [7] faz uma simulagéo de descolamentos pre-
enchidos por ar e por agua, em varios tamanhos, na camada entre
o polimero e o concreto. Estes corpos de prova foram aquecidos
por dois aquecedores convectivos (em torre) durante 70 segun-
dos. Alguns minutos apds o aquecimento, as imagens foram cap-
tadas. Os resultados mostram os danos artificiais bastante eviden-
tes nas areas com temperaturas mais altas indicadas nas imagens
(“hot-spots”) comprovando a eficacia do método.

Em outro artigo [8], na interface PRF/concreto foram inseridos di-
ferentes tipos de danos artificiais tais como: madeira, ago, teflon
e cortica. Os testes foram realizados para dois tipos de excitagdo
térmica. Para o primeiro tipo utilizaram-se dois flashes do tipo fo-
tografico em pulsos de 10 milissegundos para frequéncia de 22
Hz e para o segundo utilizaram-se duas lampadas halégenas que
aqueceram a area durante 10, 30 e 60 segundos. Comparando os
tipos de aquecimento, nota-se que o contraste térmico nas ima-
gens para quando ocorre a excitagdo térmica por pulsos € fraco.
Segundo os autores, isso poderia ser melhorado se a superficie
do corpo de prova fosse tratada de forma a obter-se uma maior
homogeneidade em sua emissividade térmica. Por outro lado,
0 aquecimento por area com lampadas halégenas produziu um
contraste mais forte, ja que mais energia térmica foi fornecida a
superficie da amostra do que na excitagao anterior.

Pode-se citar ainda outro estudo [9], no qual também foram avalia-
dos diferentes tipos de excitagao térmica para aplicagdo da termo-
grafia infravermelha. Neste caso, amostras individuais de material
compodsito foram submetidas a termografia infravermelha para
deteccdo de danos internos quando submetidas a impacto. Con-
cluiu-se que o aquecimento convectivo mostrou resultados mais
eficazes do que aquele que empregou lampadas incandescentes.
A exemplo dos artigos citados anteriormente, percebe-se a im-
portancia da escolha do tipo de aquecimento em inspegbes por
termografia infravermelha ativa utilizada em Polimeros Reforga-
dos com Fibras e por isso € um dos assuntos que sera tratado
neste trabalho.

3. Formagéo da imagem térmica e 3
influéncia dos parametros de insergao

na camera infravermelha
—

A influéncia dos parametros que devem ser inseridos na camera
infravermelha é outro fator muito importante e que também inter-
fere na formagéo da imagem, uma vez que sao estes dados que
possibilitam o calculo de temperatura e ajuste da imagem térmica
obtida [10]. Portanto, & necessario entender melhor como funcio-
na este equipamento para melhor estudar os parametros de sua
calibragao.

A camera infravermelha restringe-se a utilizagdo da banda
espectral de infravermelhos e fundamenta-se na deteccdo e
captacdo da radiagado infravermelha emitida pelos corpos, o que
forma, consequentemente, a “imagem térmica”. Nota-se que a
camera capta apenas energia radiante recebida da superficie
do objeto e ndo sua luz visivel refletida, o que significa que as
imagens térmicas podem ser obtidas mesmo em total escuridao.
A camera ao ser apontada a um objeto recebe radiagdes emitidas
pela superficie do proprio objeto bem como do meio adjacente.
Ambas as radiagbes séo, em parte, atenuadas pela atmosfera na
trajetoria de medicdo. A estas, se junta uma terceira contribuigao
de radiagdes emitidas pela prépria atmosfera, como esta ilustrado
pela Figura 1.

AFigura 1 ilustra a poténcia total de radiagdo que a camera recebe
(Wtot).

Sendo:

Witot = 1 Wobj + (1 -€)T Wrefl + (1 - 1) Watm (1)

Witot: poténcia total [W]

Wobj: poténcia da radiagéo emitida pelo objeto [W]

Wrefl: potencia da radiagdo emitida pelo meio adjacente [W]
Watm: poténcia da radiagéo emitida pela atmosfera [W]

€ : emitancia do objeto [sem unidade]

T transmiténcia da atmosfera [sem unidade]

Percebe-se, portanto, que para compreender melhor as inspeg¢oes
feitas por termografia infravermelha para avaliagdo de danos na
interface PRF/concreto, é necessaria uma analise da insergao de
alguns parametros na camera tais como: emissividade térmica,
distancia da lente ao objeto, temperatura e umidade do ambiente.
Em relagéo a este assunto, os estudos cientificos estdo mais
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Figura 1 - Representacdo esquematica da situacdo da medicdo termogrdfica geral.

1) meio adjacente, 2) objeto, 3) atmosfera, 4) cmera. Tobj: temperatura do objeto, Trefl:
temperatura refletida, Tatm: temperatura da atmosfera. Wobj: poténcia da radia¢do emitida pelo
objeto, Wrefl: potencia da radia¢cdo emitida pelo meio adjacente, Watm: poténcia da radiacdo
emitida pela atmosfera (17)

/ € Wop, £ET W,,b,-_
Tobj (1-€) Wi (1-€) TW,eq
e \ ) (1-7) Wam _
Woee T Tam .
1 Treﬂ
e =1

voltados para avaliagao da emissividade térmica. Em um desses
estudos [11], houve a preocupacéo em se pesquisar qual a me-

Figura 2 - Corpos de prova do grupo 1
(medidas em cm)
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Ihor técnica de medicao da emissividade térmica, uma vez que os
valores tabelados muitas vezes nao s&o validos para insercdo em
camera infravermelha e ainda sobre como a precisdo da medigcao
da emissividade térmica afeta a precisdo da medigédo de tempera-
tura. Outro autor [12] observou que a emissividade térmica € uma
das principais causas da diferenga entre resultados tedricos e ex-
perimentais, quando tratou da detecgao de defeitos em materiais
ceramicos utilizando a termografia infravermelha.

Os artigos cientificos anteriormente citados demonstram a rele-
vancia do estudo dos parametros que devem ser inseridos na ca-
mera infravermelha. Entretanto, cabe ressaltar que, apesar de ex-
tensas pesquisas bibliograficas, ndo foram encontrados estudos
parameétricos tal como propde o presente trabalho. Portanto, este
artigo apresenta-se também como uma contribuigao inédita para
o estudo dos parametros a serem inseridos na camera infraver-
melha, auxiliando na extensdo e aprofundamento desse assunto.

4. Materiais e programa experimental
——

4.1 Caracteristicas das amostras

Para a realizagao do experimento, as amostras foram divididas em
dois diferentes grupos: grupo 1 e grupo 2.

O grupo 1 é formado por 4 corpos de prova, todos de dimensdes
iguais: 26,0 x 13,0 cm e 9,0 cm de espessura. Foram molda-
dos em concreto e na metade de uma das faces foi colada, no
momento da concretagem, uma chapa de PRFV de dimensdes
15,0 x 13,0 cm e 0,635 cm de espessura. Um dos corpos de
prova teve a chapa de PRFV totalmente aderida ao concreto e

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3
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Figura 3 - Corpos de prova do grupo 2
(medidas em cm)
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nos outros 3 foram inseridos discos de EPS de diferentes dia-
metros na interface PRFV/concreto, de 2, 6 e 10 cm, conforme
Figura 2.

O grupo 2 é formado por 6 corpos de prova de argamassa com
dimensdes em planta de 15,0 x 13,0 cm, porém com diferentes
espessuras: 7, 6, 5, 4, 3 e 2 cm. Em cada um deles foi colada uma
chapa de PRFV de 15 x 13 cm e 0,635 cm de espessura em cuja
interface foi inserido um disco fino de EPS de 3 cm de diametro
como mostra a Figura 3.

Para obter a aderéncia do PRFV as amostras, em ambos os gru-
pos, foi empregado um adesivo estrutural bicomponente a base
de resina epodxi. Todas as amostras apresentavam, na ocasiao dos
ensaios, idade superior a 180 dias, idade em que o calor de hidra-
tacdo ndo influencia em suas temperaturas [13].

Tabela 1 - Valores reais medidos
dos parametros estudados

Parametros Valores medidos

Temperatura 17°C
Umidade 64%
Emissividade térmica 0,96
m
Distancias lente-objeto
5m

4.2 Aquecimento das amostras

As amostras foram submetidas a aquecimento prévio antes de
serem captadas as imagens infravermelhas e os tipos de aque-
cimento utilizados foram: estufa, lampada incandescente de 200
Watts, lampada de mercurio de alta pressao de 250 Watts e ter-
moventilador (1500 Watts).

Na estufa os corpos de prova permaneceram durante 24 horas a
32°C. No caso de aquecimento por lampada, para os dois tipos de
ldampadas (incandescente e mercurio de alta presséo), o aqueci-
mento ocorreu durante 5 minutos com o posicionamento perpen-
dicular da lampada em relagéo a face frontal do corpo de prova no
ponto onde havia o dano, distanciados de 12 cm a partir da ponta
da lampada. O termoventilador foi posicionado 14 cm distante da
face frontal do corpo de prova que foi aquecido durante 6 minutos.
Salienta-se que o termoventilador ndo ficou perpendicularmente
centralizado ao ponto do dano simulado, pois se percebeu que
a concentragao de calor ndo ocorre na parte central do aparelho.
Para cada novo aquecimento, aguardou-se um periodo de 24 ho-
ras para os corpos de prova atingirem sua condigéo de equilibrio
térmico com o ambiente e assim serem novamente submetidos ao
aquecimento de outra fonte de calor.

As amostras dos dois grupos possuem uma das faces frontais co-
lada com uma chapa de PRFYV, porém, enquanto os corpos de pro-
va do grupo 1 tiveram a superficie do PRFV aquecida, os corpos
de prova do grupo 2 foram aquecidos na face oposta de argamas-
sa. As imagens foram captadas 1 minuto apos a retirada da fonte
de calor em todos os casos.

Apos os testes com os diferentes tipos de aquecimento para o
grupo 1, observou-se que a lampada incandescente de 200 Wat-
ts apresentou maior eficacia, sendo entdo adotada para testar as
amostras do grupo 2.

As imagens dos ensaios foram obtidas com a utilizagdo da camera
infravermelha da marca FLIR da série especifica para inspegdes
em edifica¢des (Infrared Camera for Building), tipo B400, disponi-
vel no Grupo de Pesquisa em Ensaios nao Destrutivos (GPEND)
da Universidade Federal de Santa Catarina.

4.3 Estudos dos parametros da camera
infravermelha

Para testar a influéncia de parametros que devem ser inseridos
na camera, adotou-se apenas o grupo 1 com aquecimento por
ldampada incandescente. Neste caso, a temperatura ambiente e a
umidade relativa foram ajustadas de acordo com a previsdo mete-
orolégica da cidade de Florianépolis-SC, Brasil, no dia e na hora
do inicio do ensaio, conforme mostra a Tabela 1.

Tabela 2 - Valor real e variacoes
da temperatura ambiente

Temperatura ambiente (°C)

Variagoes

o o o

27.2 34,0 42,5 51,0

Tabela 3 - Valor real e variagoes
da emissividade térmica

Emissividade térmica
Variagoes

0,96 0.7 0.4 0.1
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Tabela 4 - Valor real e variacoes
de umidade relativa

Umidade relativa (%)
Variacoes

64 83 45 26 6

Para efetuar a medigao da emissividade térmica, foi adotado um
dos procedimentos sugeridos pelo manual do fabricante da ca-
mera.

Como a emissividade térmica dos materiais deste experimento
é relativamente alta e o ambiente ndo esta submetido a fontes
de radiagdo intensa, o parametro de “Temperatura aparente
refletida” ndo exerce influéncias no resultado final e por isso ndo
necessita de ajustes. Sendo assim, inseriu-se um valor de refe-
réncia 20°C.

A Tabela 1 expde ainda os valores medidos dos parametros es-
tudados nesta pesquisa, ou seja, os valores existentes de tem-
peratura ambiente, umidade do ar, distancia lente-objeto e emis-
sividade. Os valores medidos serdo denominados “valores reais”
ou “parametros reais”.

O préximo passo foi a definicéo da variagao dos parametros que
serao inseridos na camera para que assim pudesse ser observa-
da qual sera a diferenga entre imagens e/ou temperaturas produ-
zidas com a insergao de parametros reais e parametros falsos.
As Tabelas de 2 a 5 mostram como os parametros foram varia-
dos e quais valores foram inseridos na camera, em cada caso.
Observa-se que a distancia da lente ao objeto é o Unico parame-
tro que permite uma variagado do considerado real e, por isso, foi
tomada para duas situagdes reais diferentes: 1m e 5 m.
Enquanto um parametro era variado, os outros permaneciam

Tabela 5 - Valores reais e variacoes
da distancia da lente ao objeto

Distancia lente-objeto (m)

Real Variacoes
1 2 5 10 15
5 1 2 10 15

ajustados para as medidas reais. No caso da distancia da lente
ao objeto, foi tomada como padrao a distancia de 1 metro.

As imagens infravermelhas foram captadas para cada um dos
quatro corpos de prova do grupo 1, para cada situacdo, apos se-
rem aquecidos na superficie de PRFV por lampada de 200 Watts,
distante 12 cm da pega, durante 5 minutos. Utilizou-se a fungéo
da camera que permite marcar a temperatura de um ponto no
corpo de prova. O ponto escolhido para leitura de temperatura
foi onde se simulou a falta de aderéncia entre concreto e PRFV.
Variando-se um parametro, espera-se que haja um comporta-
mento diferente na imagem infravermelha, porém é preciso uma
analise cuidadosa. Sabe-se que, para qualquer objeto, logo apos
cessar o aquecimento, ha uma tendéncia natural de queda de
temperatura no corpo de prova, pois se inicia um equilibrio térmi-
co com o ambiente. Sendo assim, deve-se ter o cuidado de nao
atribuir a diminuicao natural de temperatura do corpo de prova,
registrada pela camera infravermelha, a insergado de parametros
falsos. Por isso, realizou-se a captura das imagens com a se-
guinte sequéncia: primeiramente, registrou-se a imagem com os
parametros reais, em seguida as imagens eram captadas para
0s parametros falsos e, por ultimo, captava-se novamente a ima-
gem com parametros reais.

Apesar do curto periodo de tempo entre a primeira e a ultima

Figura 4 - CP1, grupo 1, aderéncia completa,
aquecido por Iampada incandescente

Figura 5 - CP2, grupo 1, EPS D=2 cm, aquecido
por ldmpada incandescente
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Figura 6 - CP3, grupo 1, EPS D=6 cm, aquecido
por lampada incandescente

Figura 8 - CP1, grupol, aderéncia completa,
estufa, em fusdo, temperaturas mais altas

medi¢cdo (menos de um minuto) ha uma rapida perda de calor
do corpo de prova para o ambiente devido a suas propriedades
térmicas. Logo, registrar a imagem infravermelha em uma mesma
configuragao no inicio e no final visa observar qual a queda de
temperatura durante o periodo de ajuste dos parametros e, assim,
pode-se perceber se a variagdo da temperatura esta ou nao rela-
cionada a alteragao destes.

Diversos estudos cientificos ja comprovam a eficacia da termografia
infravermelha na detecgéo de danos na interface PRF e concreto
[14] [15] [16]. Entretanto, esta pesquisa se aprofunda neste tema
fornecendo resultados de uma avaliagdo para diferentes tipos de
aquecimento e ainda avaliando o comportamento da imagem infra-
vermelha em diferentes situagdes, como sera mostrado a seguir.

5. Resultados e discussoes
E——

5.1 Amostras do grupo 1

As imagens infravermelhas captadas para o grupo 1, empregan-
do aquecimento com lampada incandescente (Figuras de 4 a 7),
mostram com clareza a localizagao e o formato do dano. Um ponto
importante a ser destacado é que a diferenga de temperatura en-
tre o local do dano e outro mais distante, aumenta quanto maior
for sua extenséo.

Utilizando o aquecimento em estufa, observou-se certa dificulda-
de de observagao dos danos com a fungao comum infravermelha
da camera. Entao, foi necessario utilizar duas de suas funcgoes

Figura 7 - CP4, grupo 1, EPS D=10 cm, aquecido
por ldmpada incandescente

Figura 9 - CP1, grupol, aderéncia completa,
estufa, em fusdo, temperaturas mais baixas

314 I ——
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Figura 10 - CP2, grupol, EPS D = 2 cm, estufa,
em fusdo para temperaturas mais altas

g,

Figura 13 - CP3 grupol, EPS D = 6 cm, estufa
em fusdo, temperaturas mais baixas

Figura 11 - CP2, grupol, EPS D = 2 cm, estufa,
em fusdo para temperaturas baixas

Figura 14 - CP4, grupol, EPS D = 10 cm, estufa,
em fusdo, temperaturas mais altas

Figura 12 - CP3, grupol, EPS D = 6 cm, estufa,
em fusdo, temperaturas mais altas

Figura 15 - CP4, grupol, EPS D = 10 cm, estufa,
em fusdo, temperaturas mais baixas
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Figura 16 - CP1, grupo 1, aderéncia completa,
aquecido por termoventilador

Figura 19 - CP4, grupo 1, EPSD = 10 cm,
aquecido por termoventilador

Figura 17 - CP2, grupo 1, EPS D =2 cm,
aquecido por termoventilador

Figura 20 - CP1, grupo 1, aderéncia completa,
aquecido por Iampada mista

Spot 1 28.7
Spot2 28.6 N
Difference

Spl -Sp2 0 1

Figura 18 - CP3, grupo 1, EPS D = 6 cm,
aquecido por termoventilador

;;Difference
z Spl -Sp2

Figura 21 - CP2, grupo 1, EPS D = 2 cm,
aquecido por Idmpada mista
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Figura 22 - CP3, grupo 1, EPS D = 6 cm,

aquecido por ldmpada mista Figura 25 - CP2, grupo 2, altura 3 cm

Figura 23 - CP4, grupo 1, EPSD = 10 cm,

aquecido por lampada mista Figura 26 - CP3, grupo 2, altura 4 cm

ifference

Sp:l -8pZ

Figura 24 - CP1, grupo 2, altura 2 cm
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especiais, chamadas “above” e “below”. No momento da retirada
dos corpos de prova da estufa, foram captadas duas imagens para
0 mesmo corpo de prova: a primeira mostra em imagem infraver-
melha apenas as temperaturas mais altas (“above”) em relagao
aquela marcada no baldo a direita da imagem, ja a segunda ima-
gem captada apresenta as temperaturas mais baixas (“below”),
conforme mostram as Figuras de 8 a 15.

Nota-se que é possivel visualizar o dano, porém o contorno néo é
téo nitido quanto ao observado nas imagens em que os corpos de
prova foram aquecidos por lampada incandescente.

A préxima situagdo avaliada foi o aquecimento das amostras do
grupo 1 com termoventilador (Figuras de 16 a 19).

Este equipamento mostrou grande potencial em aquecer as amos-
tras, o que faz com que o dano possa ser visualizado com clareza.
Contudo, o aquecimento se deu de forma desigual, o que pode in-
duzir a erros na interpretacao da imagem. Por exemplo, poder-se-
-ia inferir que ha um dano na parte inferior esquerda do CP1 (Fi-
gura 16). Nas demais imagens o canto superior esquerdo também
mostra pontos de maior aquecimento, o que, talvez, poderia ser
considerado como um dano menor, porém sabe-se que isso nao
representa a realidade. Entretanto, pode-se afirmar que quanto

maior o dano, posicionando-se essa fonte da maneira correta na
area analisada, melhor o resultado, ja que nas Figuras 18 e 19 o
contorno do disco de EPS aparece melhor delineado e o acumulo
de aquecimento do lado esquerdo superior € menos visivel.
Finalmente, os testes para o aquecimento com lampada mista
de mercurio de alta presséo, sdo apresentados nas Figuras de
20 a 23.

Neste caso, a diferenga de temperatura entre o ponto onde ha o
dano e o ponto externo a ele é pequena, mas aumenta conforme
aumenta o dano na amostra. Além disso, como sua emisséo de
calor ndo é muito alta, a imagem do dano perde um pouco de
nitidez se comparada as imagens obtidas para as outras fontes de
calor estudadas.

Dentre os quatro tipos de aquecimento utilizados nas amostras do
grupo 1, percebeu-se uma melhor resolugdo na observagéo dos
danos nas imagens captadas mediante aquecimento realizado
com lampada incandescente. Pelos resultados obtidos, adotou-se
entdo para o grupo 2 apenas este tipo de aquecimento, ja que o
objetivo na etapa seguinte era descobrir qual a maior profundi-
dade que a camera infravermelha poderia alcangar para detectar
determinado dano.

Figura 28 - CP5, grupo 2, altura 6 cm

Figura 30 - Grdfico da variagcdo de
temperatura no ponto do dano com a
alteragdo do par@metro de distncia da lente
ao objeto (distancia real de 1 m)

Distincia real 1m

10 2,0 50 10,0 150 10

Parimetros (m)

Figura 31 - Grdfico da variacdo de
temperatura no ponto do dano com a
alteragdo do par@metro de distncia da lente
ao objeto (distancia real de 5 m)
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Figura 32 - Grdfico da variagcdo de
temperatura no ponto do dano com a
alteracdo do parémetro de umidade relativa
(umidade relativa real de 64%)
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Figura 34 - Grdfico da variacdo de
temperatura no ponto do dano com a
alteracdo do pardmetro de emissividade
térmica (emissividade térmica medida 0,96)
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5.2 Amostras do grupo 2

Para o grupo 2, os resultados estdo expostos nas Figuras de 24 a
29. Observou-se que a partir da espessura efetiva de 4 cm (Figura
26) de argamassa (ou 5 cm de altura total do corpo de prova), a
imagem revelou-se menos nitida que as anteriores e esta falta
de nitidez cresceu com o aumento da camada de argamassa (ou
profundidade do dano).

Entretanto, cabe ressaltar que este resultado é valido para
as condicdes do experimento: aquecimento com |ampada
incandescente e periodo de aquecimento. Para um tempo de
aquecimento maior, por exemplo, pode-se inferir que a imagem in-
fravermelha mostrasse o dano em uma profundidade ainda maior.
Contudo, isso nao significa que se pode aumentar o tempo de

Figura 33 - Grdfico da variacdo de
temperatura no ponto do dano com a
altera¢cdo da temperatura ambiente
(temperatura real de 17°C)
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aquecimento de maneira indiscriminada esperando-se alcangar
a profundidade de visualizagao desejada, pois um aquecimento
excessivo pode acarretar, por exemplo, danos ao sistema PRFV,
prejudicando a aderéncia bem como a resisténcia desse material
e, consequentemente, enfraquecendo ou anulando sua fungéo es-
trutural [17].

5.3 Parametros de uso da camera

Considerando-se 0 aquecimento por lampada incandescente para
as amostras do grupo 1, avaliou-se qual a alteragao nas imagens
termograficas e na definicéo de temperatura da camera, quando al-
guns dos parametros sdo erroneamente inseridos no equipamento.
Analisando primeiramente um aumento da distancia lente-objeto
inserida na camera, observa-se pela Figura 30 que, apesar de ha-
ver uma pequena queda nos valores da temperatura no ponto do
dano, nao se pode afirmar que isto seja um efeito da inser¢éo dos
falsos parametros, pois a diminui¢cdo de temperatura ocorre entre
a primeira e a ultima medigéo, que possuem idénticos parametros
inseridos. Portanto, atribui-se a este fato apenas a condi¢do na-
tural de equilibrio térmico do corpo. Logo, para a camera posicio-
nada a 1 metro do objeto, a insercéo de valores de configuracao
maiores nao exercera influéncia na medigdo de temperatura do
corpo utilizando a camera infravermelha.

Para a distancia real de 5 metros, foram obtidos os resultados con-
forme mostra a Figura 31. Novamente, observa-se que a queda
na temperatura se da de forma gradual mesmo entre a primeira
e ultima medigao que simulam uma situagao idéntica e, portanto,
a variagao desse parametro quando a camera € posicionada a 5
metros do corpo de prova também nao apresenta grandes influén-
cias nos resultados.

Similarmente ao caso anterior, as imagens também ndo demons-
traram diferencgas significativas de contraste.

Entretanto, tirando por um momento o foco da atengdo para a varia-
G¢ao dos parametros e observando agora apenas as diferengas de
temperaturas entre os corpos de prova, percebe-se que, para uma
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Figura 35 - Imagens infravermelhas registrando temperatura no ponto do dano,
inserida emissividade térmica 0,96 (1° medicdo): (a) CP2, (b) CP3, (c) CP4

distancia lente-objeto de 5 metros, existe uma relagdo entre o tama-
nho da falha de aderéncia e a temperatura. Pela Figura 31, nota-se
que quanto maior o dano, maior a temperatura registrada pela came-
ra infravermelha no ponto do dano o que é tao evidente na Figura 30.
Na Figura 31, a temperatura obtida no ponto do dano do CP2, que
simula uma falha de aderéncia de apenas 2 cm, fica muito proxima a
temperatura do CP1, que nao apresenta falha. Porém, fica bastante
claro que a temperatura no dano de CP3 é maior que a de CP1 e
CP2 e, consequentemente, menor que a de CP4, que apresenta a
simulagao de maior dano. Portanto, infere-se que a medigao da tem-
peratura de pequenas falhas por camera infravermelha fica um pouco
prejudicada quando o equipamento esta mais distante do alvo.

As Figuras 32 e 33 mostram as respostas da variagao dos parame-
tros de umidade relativa e temperatura ambiente, respectivamente.
Pode-se observar na Figura 32 que existe uma influéncia do para-
metro de insergao de temperaturas falsas uma vez que, de acordo
com o fenémeno do equilibrio térmico, era esperado que o ponto
da ultima medigao também caisse, no entanto ha uma ligeira as-

censao. Nota-se, porém, que € uma elevagao de menos de 0,5°C
apos a insergdo de valores bem acima do real. Assim, conclui-se
que a insergao de falsa temperatura ambiental para avaliar danos
pode demonstrar valores ligeiramente abaixo do real.

Porém, a influéncia do fator umidade relativa do ar, na Figura 33,
ndo demonstra uma anormalidade de decaimento da curva, po-
dendo-se atribuir seu comportamento ao equilibro térmico.

A Figura 34 indica com clareza que a variagdo da emissividade
térmica influencia definitivamente na captagdo da temperatura na
imagem infravermelha, aumentando-a significativamente, quanto
menor for a emissividade térmica inserida.

Nas Figuras 35 e 36, observa-se que em relagéo ao contraste tér-
mico das imagens, ndo foram observadas diferengas visuais.

6. Conclusoes

Comparando os diferentes tipos de aquecimento, observou-se
que a lampada incandescente é a que melhor identifica a falta de

Figura 36 - Imagens infravermelhas registrando temperatura no ponto do dano,
inserida emissividade térmica 0,1 (4° medicdo): (a) CP2, (b) CP3, (c) CP4
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aderéncia simulada. No entanto, deve-se fazer uma analise caute-
losa na hora de escolher o tipo de aquecimento.

Apesar de apresentar imagens infravermelhas mais nitidas quan-
do utilizada como fonte de calor, a lampada incandescente apre-
senta a desvantagem de consumir muita energia e ter uma menor
durabilidade, ao contrario da lampada mista de mercurio, que é
mais econdmica.

Porém, tudo depende de como e onde o ensaio sera realizado. Em
ambientes com temperaturas controladas, ou seja, de temperatu-
ras constantes, sem vento, sem interferéncias de outras fontes de
calor (como em tuneis, por exemplo), a lampada mista de mercurio
pode ser a melhor op¢éo, pois apesar das imagens serem menos
nitidas a identificagdo do dano é notavel.

Neste experimento, os resultados obtidos com aquecimento por
termoventilador ndo demonstraram precisdo e confiabilidade, ao
contrario do que mostram os estudos [7] e [9]. Entretanto, dife-
rentemente da presente pesquisa, o aquecimento convectivo das
citadas fontes foi feito por fluxo controlado de ar. Isto demonstra
que nao apenas o tipo de aquecimento influencia na avaliagéo
termografica, mas principalmente como o fluxo de calor incidira
sobre a amostra e, portanto, percebe-se que é um fator relevante
nas avaliagdes.

A alteragédo individual dos parametros de umidade relativa e
distancia da lente ao objeto ndo indicaram anormalidades nem
na medigdo de temperatura € nem mesmo na delineagdo das
imagens infravermelhas, ja a alteracdo da temperatura ambiente
demonstrou que uma falsa insergédo pode acarretar em resultados
de temperatura no dano um pouco abaixo do real.

O parametro da emissividade térmica, por sua vez, produziu erros
expressivos na medi¢ao de temperatura pela camera infraverme-
lha e também prejudicou ligeiramente a imagem, fornecendo me-
nos detalhes. Tais erros eram esperados ja que a emissividade
térmica mostra ser um dos parametros de aplicacdo mais com-
plexos e que mais chama a atengao dos pesquisadores, como
por exemplo, nos estudos [11] e [12]. Estes dois autores também
concluiram que a utilizagdo de uma emissividade térmica que nao
corresponde a emissividade térmica real pode produzir erros sig-
nificativos de temperatura, trazendo dificuldades de interpretacao
das imagens na pratica.

Contudo, constatou-se neste trabalho que n&o houve grandes
problemas em relagéo a identificagdo visual do dano simulado na
interface concreto/PRF, mesmo adotando uma emissividade térmi-
ca bem fora da real, visto que o contorno do disco de EPS conti-
nuou bastante visivel, como é possivel observar pela comparagao
das figuras 35 e 36. Logo, como a visualizagao do dano foi pouco
comprometida, percebe-se que a provisdo de diagnodstico deste
ensaio nao destrutivo n&o fica totalmente invalidada, mesmo em
situagbes adversas.

Sugere-se como, analise futura, a alteragdo combinada dos para-
metros e ndo apenas de maneira individual, uma vez que em campo
estes valores podem sofrer alteragdes também em conjunto. O pro-
jeto de pesquisa em andamento devera contemplar esta alternativa.
Por fim, ressalta-se que este trabalho ratifica em parte resultados
de experimentos realizados por outros pesquisadores, que compro-
vam a aplicabilidade do método de termografia infravermelha para
a verificagdo de danos na interface PRF/concreto, contribuindo com
novos resultados e indicando a necessidade de estudos adicionais
para esclarecer alguns questionamentos levantados na pesquisa.
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Abstract

Size effect is an important issue in concrete structures bearing in mind that it can influence many aspects of analysis such as strength, brittleness
and structural ductility, fracture toughness and fracture energy, among others. Further this, ever more new methods are being developed to evalu-
ate displacement fields in structures. In this paper an experimental evaluation of the size effect is performed applying Digital Image Correlation
(DIC) technique to measure displacements on the surface of beams. Three point bending tests were performed on three different size concrete
beams with a notch at the midspan. The results allow a better understanding of the size effect and demonstrate the efficiency of Digital Image
Correlation to obtain measures of displacements.

Keywords: size effect, digital image correlation, experimental analysis.

Resumo
E——

O efeito de escala € uma questéo relevante em estruturas de concreto, uma vez que influencia varios aspectos de analise, principalmente
aspectos correlacionados com a resisténcia, fragilidade e ductilidade estrutural, energia e tenacidade a fratura, dentre outros. Além disto, cada
vez mais, novas metodologias estao sendo desenvolvidas para avaliar campos de deslocamentos em estruturas. Neste trabalho uma avaliagéo
experimental do efeito de escala é realizada, utilizando como ferramenta de medida a correlagdo de imagem digital (CID). Vigas de concreto,
com trés tamanhos distintos e com entalhes no meio do vao, foram ensaiadas por meio do esquema de flexdo em trés pontos. Os resultados
encontrados permitem um melhor entendimento do efeito de escala e demonstram a eficiéncia da correlagéo de imagem digital na obtencéo de
medidas de deslocamentos.
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Study of size effect using digital image correlation

1. Introduction

B

The size effect is an aspect that should be considered in any physi-
cal theory, which is why this subject has been the focus of many
engineering problems. This matter is so ancient that it was noted
by Leonardo da Vinci in the 1500s, when he performed experimen-
tal studies with iron wires of equal diameters and different lengths
and observed that tensile strength decreased as the wire length
increased.

The study of the size effect was advanced greatly with the cre-
ation of fracture mechanics in the work by GRIFFITH [1], where the
variation of the elastic energy of solids caused by the presence of
faults was investigated, which was linked to the statistical concepts
of Mariotte’s ideas. This effect is without a doubt, the strongest ar-
gument in favor of the use of fracture mechanics to study concrete
structures because it influences many aspects of analysis, particu-
larly those correlated to resistance, structural brittleness and ductil-
ity, fracture energy, fracture toughness, etc.

Until the early 1980s, there were few studies regarding size ef-
fect, which included those performed by KAPLAN [2], KANI [3] and
GLUCKLICH [4] in the experimental field and by HILLERBORG
et al. [5] in the theoretical field. These studies evidenced a strong
dependency between the nature of a concrete fracture and the size
effect and indicated the need to relate it to the energy necessary
for the propagation of fissures (BAZANT; CEDOLIN [6] and OZ-
BOLT et al. [7]).

Currently, the size effect has been analyzed by tests in symmetri-
cal beams subjected to flexural bending at three points, where the
span/height ratio is maintained constant and the height is changed
according to the specification by RILEM 89-FMT [8]. In these tests,
load versus CMOD (crack mouth opening displacement) curves or
load versus vertical displacement curves are obtained.

Various techniques can be used to obtain the displacements of
such beams, such as digital image correlation (DIC). This tech-

nique provides high-resolution measurements of the displacement
field on the sample’s surface. With DIC, the monitoring points are
defined in the area of analysis, and then the relative displacements
between these points along the entire field are calculated (NGUY-
EN et al.[9], RETHORE et al.[10], ALAM[11]).

In this study, the size effect is evaluated using digital image corre-
lation as a measurement tool. The results allow better observation
and understanding of the phenomenon.

2. Digital image correlation technique
—

Digital image correlation (DIC) is an optical method to visualize
displacement fields by successive post-processing of captured im-
ages at a constant frequency, as explained by SKARZYNSKI et
al. [12].

This technique uses textural patterns, natural or artificial, as in-
formation carriers. Displacement patterns can be obtained by
combining the captured image surfaces before and after the de-
formation or displacement using a function of adequate correlation
(SUTTON et al. [13]).

The images are captured by high-precision digital cameras with
sensors. The sensors of these cameras are composed of small,
photo-sensitive elements, called pixels. When an image is cap-
tured, each pixel represents three numbers (color components Y,
Cb, and Cr) at the proportion of the amount of light reflected by the
object being photographed. The Y, Cb, and Cr indexes represent
luminosity or brightness, blue tonality, and red tonality, respective-
ly. The digital image correlation system should be able to interpret
different light intensities and record grayscale patterns for each
pixel such that each point is unique.

To use the digital image correlation technique, the system should
have at least three functions, as indicated by SKARZYNSKI et al.
[12], which are (i) image intensity field, (ii) correlation function, and
(iii) interpolation function.

Figure 1 - Two successive digital images of an area of interest and respective
pixel subsets, which indicates patterns to be observed (SKARZYNSKI et al. (12))
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Figure 2 - Digital image capture system (modified) (Pan et al. (14))
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The image intensity field attributes a scalar value to each point of
the image plane that represents the light intensity (Y component) of
the corresponding point in the physical space. The image intensity
field also indicates the shades of grey that represent the point,
which can vary numerically between 0 (black) and 255 (white) for
an 8-bit image.

In the digital image, the area of interest should be selected, and
small subsets, called patterns, should be chosen. In Figure [1],
four patterns are selected in the first image, and the first pattern is
observed in the second image. If the displacements of these pat-
terns between two sequential images are too small, their Cartesian
positions are considered to have been maintained. The strain pat-
tern is detected by comparing two consecutive images, which are

captured by a digital camera that is maintained at a fixed position
with its axis oriented perpendicular to the beam’s surface plane, as
indicated by PAN et al. [14] (Figure [2]).

A local displacement vector is obtained for each pattern (Figure
[1]) using a correlation function between two consecutive light
intensity distributions (Y component) in two digital images. The
function calculates possible displacements and correlates all
grey values from the first image with all of the grey values from
the second image. This displacement vector is adjusted using an
interpolation function.

In digital cameras, charged coupled devices operate in the Y-Cb-
Cr color space as opposed to the R-G-B color space (Ris red, G is
green, B is blue). Image storage is preceded by conversion of the

Figure 3 - Diagram of the three-point bending test on a concrete beam

L
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R-G-B to the Y-Cb-Cr color space according to Norm ISO/TC42N
4378:1998 [15], as indicated in Equation [1].

Y =0.2989R +0.5866G +0.1145B;
C, =128—0.168736R —0.331264G +0.5B; (1)
C, =128+0.5R—0.418688G —0.081312B.

The precision of the digital image correlation technique is strongly
dependent on the size of the pattern selected and on its quality.
The pattern spot should contain 4 to 10 pixels on the surface of the
specimen, as indicated by SKARZYNSKI et al. [12].

3. Experimental program
—

The experimental program consisted of laboratory tests using
beams subjected to flexural bending at three points performed in
concrete specimens of three different sizes. Table [1] presents the
nominal dimensions of the tested beams according to the scheme
represented in Figure [3].

The specimens were composed of a rectangular cross-section (B
x D) with a fixed width of 80 mm and an effective span (S) equal to
four times the section height D. The notch at the mid-section of the
span (a,) was maintained at 40% of the beam height. The notch
on the underside of each specimen was wet-cut using a diamond
cutting disk with a thickness of approximately 2 mm.

The concrete used was made from a Portland CPII-E32 cement
mixture; the fine aggregates had a fineness modulus equal to 2.25
mm, and the coarse aggregates had a maximum diameter of 12.5
mm. Figure [4] presents the grain size curves of the aggregates.
To determine the mechanical parameters of the compressive
strength, tensile strength, and static elastic modulus of con-
crete, an EMIC PC 200 servo-hydraulic machine was used fol-
lowing the recommendations of norms NBR 5739:2007 [16],
NBR 8522:2008 [17], and NBR 7222:2011 [18], respectively.
The cylindrical specimens measured 10 cm in diameter and 20

cm in length. Table [2] presents the values of these mechanical
parameters.

To apply the load, a plane frame with an MTS 244.22 actuator with
a 100-kN load capacity was used. A 50-kN load cell was coupled
to this actuator for compliance of the load-displacement results in
the data acquisition system (Figure [5]). The beam displacement
control was induced by a vertical displacement “v” imposed on the
half span of the beam at a rate of 0.01 mm/min.

Before the test, the surfaces of the concrete beams were polished
and then grid-marked for better monitoring of the standards. The
images were captured by a high-resolution USB microscope with
a 2.0 megapixel image sensor and video resolution capture of
1280 x 960, as presented in Figure [6]. The image capture rate
was set at 5 frames per second, which was recorded in an AVI
format, and the light was generated by LED lamps from the micro-
scope itself. This equipment along with the digital image process-

Figure 5 - Load application
system - Frame with MTS 244.22 actuator
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Figure 6 - Concrete beam surface prepared with grid marking and USB Microscope

ing software developed in a LabView platform, which was provided
by the Graduation Program in Structural Engineering (Programa
de Pds-Graduagao de Engenharia de Estruturas — PROPEES) of
the Federal University of Minas Gerais (Universidade Federal de
Minas Gerais - UFMG), was used to analyze the translation and
rotation movements of the monitoring standards; thus, the relative
displacements could be determined. The captured images were
synchronized with the measurements of the test machine. Next,
the results are presented and discussed.

4. Results and discussion
E——

For each beam size presented in Table [1], three specimens
were tested.

The load versus vertical displacement curves in the mid-span for
the three tested sizes are grouped in Figure [7]. The vertical dis-
placement was measured at the underside of the beam. To observe
the influence of size on the beams’ structural properties, Figure [7]
shows the experimental spectra obtained with the corresponding
mean curve.

For B2 class beams, during the test performance period, the labo-
ratory went through a layout restructure that required moving the
load application system, which created movement in the hoses

and a pressure difference in the actuator. Consequently, at the end
of the softening of these curves, control was impossible because
of the disturbance that occurred in the loading rate due to the pres-
sure relief in the actuator.

Figure 7 - Load x displacement
curves obtained experimentally

B1 (D = 80 mm)

B2 (D = 100 mm)

B3 (D = 150 mm)

Load (N)
g

o 01 02 03 04 0,5 0,6 07
Vertical displacement (mm)

Total span - C
(mm)

B1 380 320
B2 450 400
B3 700 600

Table 1 - Beam dimensions

Thickness - B
(mm)

80 80 32
80 100 40
80 180 60

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3
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Table 2 - Mechanical parameters

of concrete
Standard Coeff. of
Parameter ?II\IIIGF% '; deviation variation
(MPa) (%)
Compressive 35.43 3.73 10.53
strength
alshife 25982 1652 6.36
modulus
Tensile 293 0.31 10.50
strength

Table 3 - Fracture energy G, and brittleness
number (S,)

\(=Te ]
under Energy - G,
the curve (N/m)
(N x mm)
B1 80 302.5 78.64 3.35x 10*
B2 100 425.2 88.54 3.02x10*
B3 150 840.2 116.7 2.66 x 10*

4.1 Size effect on structural ductility

After calculating the areas under the load-displacement curves
presented in Figure [7], the values of the work were obtained,
which were equal to 302.5 Nmm, 425.2 Nmm, and 840.2 Nmm for
beam sizes B1, B2, and B3, respectively. Using these values and
Equation [2], the respective G, fracture energies were obtained,
as presented in Table [3]. An increase in the fracture energy with
increases in the specimen size was observed. This fact was also
observed by Nallathambi et al. [19] and Karihaloo [20], Gettu et al.
[21], and Hillerborg [22] after performing more than 700 three-point
flexural tests in beams. The fracture energy values found using
DIC varied between 78 and 116 N/m. These results are extreme-
ly similar to those found by Nallathambi et al. [19] and Karihaloo
[20], who determined using conventional methods that G_ varies
between 40 and 130 N/m for samples with spans, heights, and
notches equivalent to those presented in this study.

The reason why G, varies with specimen size is due to the hy-
pothesis proposed in Equation [2], where all work performed by
the external load is completely reversed to the stable propagation
of the crack. Figure [8] shows the variation in G_ with the height of
the specimens (D); this representation is also in accordance with
the results presented by Nallathambi et al. [19] and Karihaloo [20].

Area under load - displacement curve (2)

Energy =
¥ B-D-a,)

Table [3] also presents the brittleness number (S,) values pro-
posed by Carpinteri [23] and given by Equation [3].

Se=7 ©)

where f, is the concrete tensile strength, in this case f, = 2.93 MPa
according to Table [2].

The present tests indicate that S, is reduced as the beam height
increases, which indicates an increase in structural brittleness.
The dimensional analysis used by Carpinteri [23] to define Equa-
tion [3] was based on the physical difference of the two intrinsic
properties of concrete, i.e., resistance and tenacity. Resistance
is defined as the force per unit area or energy per unit volume,
whereas tenacity is the energy per unit area. Hence, the energy
ratio (S,) presented includes a dimensional scale of the specimen
(D) to generate a dimensionless number. This proposal is based on
the fact that what characterizes brittleness or ductility of a structure
is not the individual values of G, and D but rather a dimensionless
function (S,). Following this reference, Karihallo [20] concludes
that the tendencies in the function of the notch size, height, and
free span can all be represented by S, and that as the beam’s
height increases, S, decreases. This response obtained by con-
ventional methods to obtain the P-Delta curve is in accordance
with the results obtained using DIC.

In the study by Karihallo [20], beams with heights varying between
100 and 300 mm resulted in S, varying between 8.359 x 10 and
2.09 x 10*. For the present study, beams varying between 80 and

Figure 8 - Variation in fracture energy (G,)
with specimen height (D)
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Figure 9 - Dimensionless load versus
dimensionless displacement structural
response and brittleness number (S,)

0,12
B1(D =80 mm)
01 - B2 ( D = 100 mm)
+83 (D = 150 mm)
0,08 | 7\
\
viga | sex10”

0,06 \

3,02
3,36

Dimensionless Load P / (ft. D)

0 1 2 3 4 5
Dimensionless Displacement (v/D x 107)

150 mm resulted in S, varying between 3.35 x 10 and 2.66 x 10
Figure [7] also indicates that the longer the beam, the steeper
the slope of the descending section of the trajectory is, which is a
direct consequence of the size effect on structural ductility. To im-
prove the visualization of this effect and relate it to the brittleness
number (S,), Figure [9] presents the dimensionless conversion of
the curves in Figure [7]. For this purpose, the load values were
divided by ft D? and the displacements were divided by 103xD.
The smaller the beam’s characteristic dimension, the larger the
displacements obtained were, which thus indicates a more duc-
tile behavior.

4.2 Size effect on nominal strength
When analyzing the variation in strength according to beam height,

the nominal stress (0, ) applied to the beams were determined with
the expression defined by PLANAS et al. [24]. (Equation [4]).

oy =S (4)

"~ 2.B.D?

where Pis the applied load, S is the free span of the beam, B is the
section’s width, and D is the total height of the entire cross-section
outside the notch section.

Figure [10] indicates that the behavior represented by the nomi-
nal stress versus vertical displacement curves is different for each
beam size. In the pre-peak region, the vertical displacement is
greater in beam B3 compared with that of beam B1 regardless of
the nominal stress applied. This difference becomes more signifi-
cant with load increase. This is most likely the result of the abso-
lute length of the notch in B3 beams being larger than that in B1
beams. For the maximum load, a reduction in the nominal stress
(nominal resistance) is observed with increases in the specimen
size, which thus provides evidence for the size effect. After reach-
ing the maximum load, there is a steep decline in displacement

in relation to the nominal stress. This decline is related to the fact
that the damage is intensified along the largest part of the beam’s
section. At the tail of the curve, in the post-critical regimen, the
ratio between the vertical displacement and nominal stress begins
to exhibit approximately similar behavior for all beams, except for
beam B2, which as previously mentioned, exhibited a disturbance
in the loading rate.

Figure [11] better demonstrates the size effect, which shows the
variation in the vertical displacement and nominal stress in relation
to the maximum load for the three beam classes tested.

These data were also analyzed using Bazant’s size effect law (BA-
ZANT and PFEIFFER [25], BAZANT and PLANAS [26], RILEM
89-FMT [8]). According to this law, it is possible to characterize
what type of fault theory should be applied to a structural project
by considering the nominal fault stress (o,) and the characteristic
dimension of the structure (d,), which will be discussed next.
Because of the influence of a relatively large zone of microfis-
sures concentrated at the front of the concrete crack tip (Fracture
Process Zone), the beam'’s strength capacity, as measured by the
nominal fault stress, should be studied based on an intermediate

Figure 10 - Mean curve - nominal stress
versus vertical displacement
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Figure 11 - Effect of size on nominal
stress and vertical displacement
associated with peak load
200 210
180 +
T .00
:E 1 1% g
% 140 + i
! &
3 1,80 E
e 120 S
g =a—Vertical Displacement
100 4 —a-Nominal Stress Lo
&0 90 120 150 180
Specimen Height (mm)

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3

IEEEESSE———— 300



Study of size effect using digital image correlation

Table 4 - Ultimate tensile strength
and fracture parameters

(e}
(MPa) B,
(MPa)
B1 B3
2.05 1.88 1.80 161.8 0.41

criterion among the classical resistance criteria for concrete struc-
tures and linear elastic fracture mechanics (LEFM). Equation [5]
expresses the size effect law proposed by Bazant [27], which de-
scribes the transition between these theories.

Bl S =
oy = Tfﬁ with B=D/d, )

where f is the material's tensile strength, d, is the material’s char-
acteristic size that corresponds to the change of the mechanism
between the plasticity phenomenon and the fracture mechanics, B
is a parameter of the material, which is a function of the specimen’s
geometry and of the load applied, and 1/8 is the structural brittle-
ness number proposed by Bazant [25].

The values of Bf, and d, in Equation [5] are obtained by linear re-
gression according to Equation [6] and Equation [7].

Y=dAX+C (6)
where
1 1 C
X=D, Y:(EJ, Bf, -7 d=— (7)

Table [4] presents the fracture parameters determined by the scale
effect method and the maximum tensile strengths obtained for
beams B1, B2, and B3.

According to the method, d, is the characteristic dimension of the
structure located in the point of transition between linear elastic
fracture mechanics and the mechanical laws based on strength.
In the present analysis, this value is larger than the heights of all
specimens used, which thus indicates that a more ductile behavior
should be expected for all beams. The brittleness number (Equa-
tion [5]) was found to be 0.50, 0.62, and 0.93 for beams B1, B2,
and B3, respectively. Therefore, the specimens are at an interme-
diary stage between plastic behavior (8<< 0.1) and the transition
state (8 = 1). This type of behavior is desirable for concrete so it
can be used in civil construction.

The size effect curve proposed by Bazant [26] is presented in
Figure [12], where the influence on nominal strength for the three
beam classes is observed. The size effect law, i.e., Equation [5],

Figure 12 - Bazant's size effect law
0,05
0,03 -
Resistance Criterion
0,00
0,03
§ 0,05
e <
(=] 3 | <
= 0,08 2
= 0,10 -
= Bazant’s Law
013 1 o g1 A
015 | & 82
o83
0,18 + ; i
40,45 -0,30 -0,15 0,00 0,15 0,30
log (d/dy)

generates a smooth transition between beams B1, B2, and B3,
which indicates a good fit of the results obtained.

5. Conclusion

N

In this study, an experimental investigation of the size effect using
the digital image correlation technique was performed.

DIC was found to be an effective technique to determine displace-
ment fields on concrete surfaces with the advantage of not requir-
ing physical contact with the specimen’s surface.

This technique allowed observing the influence of the size effect
on the structural ductility of the beams. According to the calcula-
tion of the beams’ brittleness number (S,) via an analysis of the
load versus vertical displacement curves, this number indicated
an increase in the structural brittleness of the beams as their
sizes increased.

Additionally, it was observed that the nominal strength (maximum
nominal stress) of the notched concrete beams bent at three points
decreases with the increase in the respective characteristic dimen-
sion, as has been demonstrated in literature on this subject. Addi-
tionally, the experimental results were analyzed based on Bazant’s
size effect law and were found to completely follow this law.
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Abstract

Size effect is an important issue in concrete structures bearing in mind that it can influence many aspects of analysis such as strength, brittleness
and structural ductility, fracture toughness and fracture energy, among others. Further this, ever more new methods are being developed to evalu-
ate displacement fields in structures. In this paper an experimental evaluation of the size effect is performed applying Digital Image Correlation
(DIC) technique to measure displacements on the surface of beams. Three point bending tests were performed on three different size concrete
beams with a notch at the midspan. The results allow a better understanding of the size effect and demonstrate the efficiency of Digital Image
Correlation to obtain measures of displacements.

Keywords: size effect, digital image correlation, experimental analysis.

Resumo
E——

O efeito de escala € uma questéo relevante em estruturas de concreto, uma vez que influencia varios aspectos de analise, principalmente
aspectos correlacionados com a resisténcia, fragilidade e ductilidade estrutural, energia e tenacidade a fratura, dentre outros. Além disto, cada
vez mais, novas metodologias estao sendo desenvolvidas para avaliar campos de deslocamentos em estruturas. Neste trabalho uma avaliagéo
experimental do efeito de escala é realizada, utilizando como ferramenta de medida a correlagdo de imagem digital (CID). Vigas de concreto,
com trés tamanhos distintos e com entalhes no meio do vao, foram ensaiadas por meio do esquema de flexdo em trés pontos. Os resultados
encontrados permitem um melhor entendimento do efeito de escala e demonstram a eficiéncia da correlagéo de imagem digital na obtencéo de
medidas de deslocamentos.
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1. Introducgao

B

O efeito de escala € um aspecto que deve ser considerado em
qualquer teoria fisica e tal fato permite entender porque a ques-
tdo tem ocupado uma posi¢cao importante em muitos problemas
de engenharia. Esta questdo é tdo antiga que foi apontada por
Leonardo da Vinci nos anos 1500, quando realizou estudos expe-
rimentais com fios de ferro de mesmo diametro e diferentes com-
primentos, observando que a resisténcia a tragao diminuia quando
o comprimento dos fios aumentava.

O estudo do efeito de escala teve um grande avango com a criagéo
da Mecanica da Fratura no trabalho de GRIFFITH [1], onde foi estu-
dada a variagéo na energia elastica dos sdlidos devido a existéncia
de falhas, fazendo um elo com os conceitos estatisticos das ideias
de Mariotte. Este efeito € sem duvida o mais forte argumento a favor
do uso da Mecanica da Fratura para estudar estruturas de concreto,
uma vez que influencia varios aspectos de anadlise, principalmente
os correlacionados com a resisténcia, fragilidade e ductilidade es-
trutural, energia e tenacidade a fratura, dentre outros.

Até o inicio dos anos 80, haviam poucos estudos relacionados
com o efeito de escala, podendo-se citar os realizados por KA-
PLAN [2], KANI [3] e GLUCKLICH [4], no campo experimental,
e o de HILLERBORG et al. [5] no campo tedrico. Estes estudos
evidenciaram forte dependéncia entre a natureza do fraturamento
do concreto e o efeito de escala indicando a necessidade de re-
laciona-lo com a energia necessaria para propagacao de fissuras
(BAZANT; CEDOLIN [6] e OZBOLT et al. [7]).

Atualmente, o efeito de escala tem sido analisado por meio de
ensaios em vigas simétricas submetidas a flexdo em trés pontos,
nas quais a relagao vao/altura € mantida constante, alterando-se
a altura, conforme especificagdo do RILEM 89-FMT [8]. Nestes
ensaios, devem ser obtidas curvas carga versus CMOD (deslo-
camento de abertura na boca da trinca) ou curvas carga versus
deslocamento vertical.

Diversas técnicas podem ser utilizadas para obtengéo dos deslo-
camentos dessas vigas sendo uma delas a correlagéo de imagem
digital (CID). Esta técnica fornece medic¢des de alta resolugéo do
campo de deslocamento nas superficies da amostra. Com a CID,
pontos de monitoramento sao definidos na area de analise e, em
seguida, os deslocamentos relativos sao calculados entre estes
pontos ao longo de todo o dominio (NGUYEN et al.[9], RETHORE
et al.[10], ALAM[11]).

Neste trabalho, o efeito de escala é avaliado utilizando como ferra-
menta de medida a correlagdo de imagem digital. Os resultados en-
contrados permitem observar e compreender melhor tal fenémeno.

2. Técnica de correlagao de imagem digital
B

A correlagédo de imagem digital (CID) € um método 6tico para vi-
sualizar campos de deslocamentos por sucessivos pos-processa-
mentos das imagens captadas a uma frequéncia constante, con-
forme explicado por SKARZYNSKI et al. [12].

Esta técnica utiliza padrdes de texturas, naturais ou artificiais,
como portadores de informagdo. Padroes de deslocamentos po-
dem ser obtidos ao se combinar as superficies das imagens captu-
radas, antes e depois da deformagao ou deslocamento, utilizando-
-se uma fungao de correlacdo adequada (SUTTON et al. [13]).

As imagens sao captadas por cameras digitais, de alta preciséao,
que possuem sensores. Os sensores dessas cameras sdo com-
postos de pequenos elementos, sensiveis a luz, denominados
pixels. Quando uma imagem é capturada, cada pixel representa
trés numeros (chamados de componentes de cores Y Cb Cr) na
proporgao da quantidade de luz refletida do objeto fotografado. Os
indices Y, Cb e Cr representam a luminosidade ou brilho, tonalida-
de de azul e tonalidade de vermelho, respectivamente. O sistema
de correlagao de imagem digital deve ser capaz de interpretar dife-
rentes intensidades de luz, bem como gravar padrdes de escalas
de cinza para cada pixel, de modo que cada ponto seja unico.

Figura 1 - Duas imagens digitais sucessivas de uma drea de interesse e respectivos
subconjuntos de pixels, indicando padrées a serem observados (SKARZYNSKI et al. (12))
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Figura 2 - Sistema de captacdo de imagens digitais (modificado) (Pan et al. (14))
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Para uso da técnica de correlagéo de imagem digital, no minimo
trés fungdes devem existir no sistema, conforme indicado por
SKARZYNSKI et al. [12], sendo elas: (i) campo de intensidade da
imagem, (ii) fungao de correlagao e (iii) fungdo de interpolagéo.

O campo de intensidade da imagem atribui a cada ponto no pla-
no da imagem um valor escalar que representa a intensidade da
luz (componente Y) do ponto correspondente no espaco fisico.
Este também indica os niveis de cinza que representam o ponto,
podendo os mesmos variar numericamente entre 0 (preto) e 255
(branco) para uma imagem de 8 bits.

Na imagem digital, a area de interesse deve ser selecionada e
pequenos subconjuntos, chamados de padrbes, devem ser esco-
Ihidos. Na Figura [1], 4 padrdes sdo escolhidos na 1° imagem e o

primeiro padrdo é observado na 2° imagem. Se os deslocamentos
destes padrdes, entre duas imagens sequenciais, forem muito pe-
quenos, considera-se que as posigdes cartesianas destes foram
mantidas. O padrdo de deformacéo é detectado por comparagao
de duas imagens consecutivas, capturadas por uma camara digi-
tal que se mantém numa posi¢éo fixa com o seu eixo orientado
de forma perpendicular ao plano da superficie da viga, conforme
indicado por PAN et al. [14] (Figura [2]).

Um vetor de deslocamento local é obtido para cada padrao (Figura
[1]) por meio de uma fungéo de correlagao entre duas distribuicdes
consecutivas da intensidade da luz (componente Y) em duas ima-
gens digitais. A funcéo calcula possiveis deslocamentos, correla-
cionando todos os valores de cinza a partir da primeira imagem

Figura 3 - Esquema do ensaio de vigas de concreto submetidas a flexdo em trés pontos

L
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com todos os valores de cinza a partir da segunda imagem. O
ajuste deste vetor de deslocamento é realizado utilizando-se uma
fungdo de interpolagao.

Nas cameras digitais, o Dispositivo de Carga Acoplada (“Charged
Coupled Device”) opera no espaco de cor Y - Cb - Cr em oposigéo ao
espaco de cor R -G - B (R é vermelho, G é verde, B é azul). O arma-
zenamento da imagem é precedido pela converséo do espago de cor
R - G - B para o espago de cor Y - Cb - Cr, de acordo com a Norma
ISO/TC42N 4378:1998 [15], conforme indicado na Equagéo [1].

Y =0.2989R +0.5866G +0.1145B;
C, =128-0.168736R —0.331264G +0.58; (1)
C, =128 +0.5R - 0.418688G —0.081312B.

A precisao da técnica de correlagdo de imagem digital depende for-
temente do tamanho do padréo selecionado e da qualidade deste
padrao. A mancha do padréo deve conter de 4 a 10 pixels na su-
perficie do corpo de prova, conforme indicado por SKARZYNSKI
etal. [12].

3. Programa experimental
—

O programa experimental consistiu de testes em laboratério uti-
lizando-se vigas submetidas a flexdo em trés pontos, realizados
em corpos-de-prova de concreto com trés tamanhos distintos. A
Tabela [1] apresenta as dimensdes nominais das vigas ensaiadas
conforme esquema representado na Figura [3].

Os corpos-de-prova tinham secao transversal retangular (B x D),
com largura fixa de 80 mm, e o vao efetivo (S) igual a quatro vezes
a altura D da seg&o. O entalhe, na se¢do média do véo (a,), foi
mantido igual a 40% da altura da viga. Este entalhe na face inferior
de cada corpo-de-prova foi executado por meio de corte umido

utilizando-se serra circular com disco adiamantado, cuja espessu-
ra era de aproximadamente 2 mm.

O concreto utilizado foi confeccionado com mistura de cimen-
to Portland CPII-E32, agregados miudos com mdédulo de finura
igual a 2,25mm e agregados graudos com didmetro maximo de
12,5mm. A Figura [4] apresenta as curvas granulométricas dos re-
feridos agregados.

Para determinacdo dos paradmetros mecanicos de resisténcia a
compressao, resisténcia a tragéo e modulo de elasticidade estatico
do concreto, utilizou-se a maquina servo-hidraulica EMIC, Modelo
PC 200, tendo como recomendagdes as normas NBR 5739:2007
[16], NBR 8522:2008 [17] e NBR 7222:2011 [18], respectivamen-
te. Os corpos-de-prova cilindricos utilizados mediam 10 cm de

Figura 5 - Sistema de aplicacdo de
carga - pértico com atuador MTS 244.22

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3
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Figura 6 - Superficie da viga de concreto preparada com marcacdo de “grid” e microscopio USB

diametro e 20 cm de comprimento. A Tabela [2] apresenta os valo-
res desses parametros mecanicos.

Para aplicagdo da carga utilizou-se um portico plano com atuador
MTS 244.22 de 100 kN de capacidade de carga. A este atuador foi
acoplado uma célula de carga de 50 kN para compatibilizacdo dos
resultados carga-deslocamento no sistema de aquisicdo de dados
(Figura [5]). O controle de deslocamento das vigas foi induzido por
um deslocamento vertical “v” imposto no meio vao da viga a uma taxa
de 0,01 mm/min.

As vigas de concreto, antes de serem submetidas ao ensaio, tive-
ram a sua superficie polida, sobre a qual foi efetuada a marcagao
de uma malha de pontos regularmente espagados (“grid”) para
melhor monitoramento dos padrées. As imagens foram capturadas
com um microscépio USB de alta resolugdo com sensor de ima-
gem de 2.0 Megapixels, com captura em resolucdo de video de
1280 x 960, conforme apresentado na Figura [6]. A taxa de capta-
¢éo das imagens adotada foi de 5 quadros por segundo, gravados
em formato de video Avi, e a iluminagao foi gerada por lampadas
de LED do préprio microscopio. Este equipamento, juntamente
com o software de tratamento de imagem digital desenvolvido na
plataforma LabView, no ambito do Programa de Pds-Graduagao
de Engenharia de Estruturas da UFMG - (PROPEESs), foi utilizado
para analisar os movimentos de translacao e rotagcao dos padroes

de monitoramento, permitindo a determinagéo dos deslocamentos
relativos entre os mesmos. As imagens capturadas foram sincro-
nizadas com as medi¢gdes da maquina de ensaio. Os resultados
obtidos sdo apresentados e discutidos a seguir.

Figura 7 - Curvas Carga x Deslocamento
obtidas experimentalmente

4000
ey I V1(D = 80 mm)
3000
[ V2 (D= 100 mm})
2500
s I V3 (D= 150 mm)
£
g, 2000 -
1500

(1] 01 0.2 0.3 0.4 0.5 06 0.7

Deslocamento Vertical {mm])

Vao total - C
(mm)
V1 380 320
V2 450 400
V3 700 600

Tabela 1 - Dimensoes das vigas

Espessura - B
(mm)

Entalhe - a,
(mm)

80 80 32
80 100 40
80 150 60
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Tabela 2 - Pardmetros mecdnicos
do concreto

Coef. de
variacao

Desvio

Parémetro = Média (MPa)

padrdo
(MPa) (%)

Resisténcia a

) 35,43 3,73 10,53
compressao
plecliche 25982 1652 6,36
elasticidade
Resistencia 2,93 0,31 10,50

& tfracdo

Tabela 3 - Energia de Fratura G,
e Nimero de Fragilidade (S,)

Vi 80 302,5 78,64 3,35% 104

V2 100 4252 88,54 3,02 % 104

V3 150 840,2 116,7 2,66 % 104

4. Resultados e discussoes
N

Para cada tamanho de viga apresentada na Tabela [1], trés cor-
pos-de-prova foram ensaiados.

As curvas carga versus deslocamento vertical no meio do véo, para
os trés tamanhos ensaiados, foram agrupadas no grafico da Figura
[7]. O deslocamento vertical foi medido na face inferior da viga. Com
a finalidade de observar a influéncia do tamanho nas propriedades
estruturais das vigas, a Figura [7] apresenta os espectros experi-
mentais obtidos, com a correspondente curva média.

Para as vigas da classe V2, no periodo de realizagdo dos ensaios,
o laboratério passou por uma reestruturagéo de layout, o que gerou
a necessidade de movimentagao do sistema de aplicagdo de carga
ocasionando movimentagéo nas mangueiras e diferenca de pressao
no atuador. Assim, no final do ramo de amolecimento destas curvas
o controle nao foi possivel devido a perturbagéo ocorrida na taxa de
carregamento em decorréncia do alivio de pressao no atuador.

4.1 Efeito de escala na ductilidade
estrutural

Calculando-se as areas sob as curvas carga-deslocamento apresen-
tadas na Figura [7], obtiveram-se os valores do trabalho realizado
iguais a 302,5 Nmm, 425,2 Nmm e 840,2 Nmm, respectivamente,
para os tamanhos de viga V1, V2 e V3. Usando esses valores e a
Equacéo [2], obtém-se as respectivas energias de fratura G, confor-
me Tabela [3]. Observa-se que ocorre um aumento de energia de
fratura com o aumento do tamanho da pecga. Esse fato foi observado
por Nallathambi et al.[19] apud Karihaloo [20], Gettu et al. [21] e tam-

bém por Hillerborg [22] apds realizar mais de 700 ensaios de flexao
em trés pontos em vigas. Os valores encontrados para a energia de
fratura, utilizando o CID variam entre 78 e 116 N/m. Esses resultados
sdo muito similares aos encontrados por Nallathambi et al.[19] apud
Karihaloo [20], que determinou por meio de métodos convencionais
que G, varia entre 40 e 130 N/m para pegas com vé&os, alturas e en-
talhes equivalentes aos apresentados neste trabalho.

A razéo para variagéo de G, com o tamanho dos corpos-de-prova se
deve a hipétese assumida na Equagao [2] de que todo o trabalho realiza-
do pela carga externa é revertido totalmente para a propagacao estavel
da trinca. A Figura [8] ilustra a variagédo de GF com a altura dos corpos-
-de-prova (D), sendo essa representacéo também equivalente com os
resultados apresentados por Nallathambi et al.[19] apud Karihaloo [20].

Area sob a curva carga — deslocamento <2>

Energia =
B: (D _ao)

A Tabela [3] também apresenta os valores do numero de fragilida-
de (S,) proposto por Carpinteri [23] e dado pela Equagé&o [3].

Se=7 d)

onde f, & a resisténcia a tragéo do concreto, neste caso f = 2,93
MPa, conforme Tabela [2].

Figura 8 - Variagdo da Energia de Fratura (G;)
com a altura dos corpos-de-prova (D)
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Figura 9 - Resposta Estrutural Carga
adimensional versus Deslocamento
adimensional e nimero de fragilidade (S,)
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Pelos presentes ensaios, observa-se que S, reduz com o aumento
do altura da viga, indicando aumento da fragilidade estrutural.

A analise dimensional usada por Carpinteri [23] para definir a
Equagéo [3] foi baseada na diferenga fisica de duas propriedades
intrisicas do concreto, denominada resisténcia e tenacidade. Re-
sisténcia & definida como forga por unidade de area ou energia por
unidade de volume, enquanto tenacidade é energia por unidade
de area. Assim, raz&o de energia (S,) mostrada, inclui uma escala
dimensional do corpo-de-prova (D) para gerar um nimero adimen-
sinal. Essa proposta se baseia no fato de que, o que caracateriza
a fragilidade ou ductilidade da estrutura, ndo séo os valores indivi-
duais de G, e D mas sua fungéo adimensional (S,). Seguindo essa
referéncia, Karihallo[20] conclui que as tendéncias em fungéo do
tamanho do entalhe, altura e vao livre podem ser todas represen-
tadas por S, e afirma que a medida que ocorre um aumento da
altura da viga, menor € o valor de S,. Essa resposta obtida por
métodos convencionais para obter a curva P-Delta, equivale com
os resultados obtidos utilizando o CID.

No trabalho de Karihallo[20], vigas com altura variando entre 100
e 300 mm apresentaram S, variando entre 8,359 x 10# até 2,09 x
10*. Para o presente trabalho, vigas variando entre 80 e 150 mm
apresentaram S_ variando entre 3,35 x 10 até 2,66 x 10*.
Observando-se novamente a Figura [7], percebe-se que quanto
maior a viga, mais acentuada € a inclinagdo do ramo descendente
da trajetdria, sendo essa uma consequéncia direta do efeito de es-
cala na ductilidade estrutural. Para melhorar a visualizagao desse
efeito e relaciona-lo com o nimero de fragilidade (S,), apresenta-se
na Figura [9] a adimensionalizagdo das curvas da Figura [7]. Para
tanto os valores de carga foram divididos por ft D? e os desloca-
mentos foram divididos por 703xD. Verifica-se que quanto menor
a dimenséo caracteristica da viga, maiores séo os deslocamentos
obtidos, revelando-se, portanto, um comportamento mais ductil.

4.2 Efeito de escala na resisténcia nominal

Analisando-se a variagao da resisténcia com a altura da viga,

determinou-se a tens&o nominal (o, ) aplicada nas vigas a partir da
expresséo definida por PLANAS et al. [24]. (Equagéo [4])

oy =S (4)

2.B-D’

onde P é a carga aplicada, S é o vao livre da viga, B a largura da
sec¢ao, e D a altura total da secéo transversal plena, fora da segao
do entalhe.

Na Figura [10], observa-se que o comportamento representado
pelas curvas tensdo nominal versus deslocamento vertical € dis-
tinto para cada tamanho de viga. Na regido pré-pico o desloca-
mento vertical € maior para a viga V3 se compararmos com a viga
V1, independente do nivel de tensdo nominal aplicada. A diferen-
¢a torna-se mais significativa com o incremento do carregamento.
Isto possivelmente pode ser atribuido ao fato que o comprimento
absoluto do entalhe ser maior para as vigas V3 do que para as
vigas V1. Para a carga maxima, uma reducéo na tensdo nomi-

Figura 10 - Curva média - Tensdo nominal
versus Deslocamento vertical
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Figura 11 - Efeito tamanho na tensdo
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Tabela 4 - Maxima tensdo e pardmetros
da fratura
(¢)
(MPQq) B,
(MPaq)
% V3
2,05 1,88 1,80 161,8 0,41

nal (resisténcia nominal) é observada com o aumento do tamanho
do corpo-de-prova, evidenciando o efeito de escala. Logo apds a
carga maxima, uma queda brusca do deslocamento em relagéo a
tensao nominal é observada. Esta queda esta relacionada ao fato
que o dano se intensifica ao longo da maior parte da segédo da
viga. Na cauda da curva, no regime poés-critico, a relagéo entre o
deslocamento vertical e a tensdo nominal passa a ter um compor-
tamento quase similar para todas as vigas, com excegao da viga
V2 que, como dito anteriormente, apresentou uma perturbagao na
taxa de carregamento.

A Figura [11] ajuda a observar melhor o efeito de escala. Esta figura
mostra a variagdo do deslocamento vertical e da tensao nominal,
relativos a carga maxima, para as trés classes de vigas ensaiadas.
Estes dados também foram analisados utilizando a lei do efeito de es-
cala de Bazant. (BAZANT e PFEIFFER [25], BAZANT e PLANAS [26],
RILEM 89-FMT [8]). Com base nesta lei, € possivel caracterizar que
tipo de teoria de falha deve-se utilizar em um projeto estrutural, levan-
do-se em consideragéo a tensdo nominal de falha (o,) e a dimens&o
caracteristica da estrutura (d,), tal como se discute em seguida.
Devido a influéncia de uma zona relativamente grande de micro-
fissuras que se concentram a frente da ponta da trinca no con-
creto (Zona de Processo de Fratura), a capacidade resistente da
viga, medida pela tensdo nominal de falha, deve ser estudada com
base em um critério intermediério, entre os critérios de resisténcia
classicos para estruturas de concreto e a Mecanica da Fratura
Linear Elastica (MFLE). A Equagao [5] é a expresséo da Lei do
Efeito de Escala proposta por Bazant [27] que descreve a transi-
cao entre estas teorias.

B com f=D/d, (®)

(Y =—'—1—‘,—IB

onde f & a resisténcia a tragdo do material, d, € o tamanho carac-
teristico do material que corresponde a mudanga do mecanismo
entre o fendbmeno da plasticidade e da mecanica da fratura e B é
um parametro do material que é fungéo da geometria do corpo-de-
-prova e do carregamento aplicado e 1/B € o nimero de fragilidade
estrutural proposto por Bazant [25].

Os valores de Bf e d, na Equagéo [5] sdo obtidos por regresséo
linear, conforme Equagao [6] e Equacgao [7].

Y=dAX+C (6)

Figura 12 - Lei do efeito de escala de Bazant
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A Tabela [4] apresenta os parametros da fratura determinados pelo
método do efeito de escala bem como as maximas tensdes obti-
das paras vigas V1, V2 e V3.

De acordo com o método, d, é a dimens&o caracteristica da estrutura
localizada no ponto de transicdo entre a mecanica da fratura linear
elastica e as leis mecéanicas baseadas em resisténcia. Na presente
andlise, este valor & superior a altura de todos os corpos-de-prova
utilizados, algo que indica que um comportamento mais ductil deve
ser esperado para todas as vigas. O niumero de fragilidade (Equagéo
[5]) foi encontrado igual a 0,50; 0,62 e 0,93 para as vigas V1, V2 e V3,
respectivamente. Portanto, os corpos de prova encontram-se em um
estagio intermediario entre o comportamento plastico (8<< 0.1) e o
estado de transi¢ao (8 = 1). Este tipo de comportamento é o desejado
para concreto ser bem utilizado na construgao civil.

A curva do efeito de escala proposta por Bazant [26] € apresenta-
da na Figura [12] sendo possivel observar a influéncia na resistén-
cia nominal para as trés classes de vigas. A lei do efeito de escala,
Equagéo [5], gera uma suave transigéo entre as vigas V1, V2 e V3
mostrando um bom ajuste aos resultados obtidos.

5. Conclusao
E——

Neste trabalho uma investigagaéo experimental do efeito de escala
utilizando a técnica de correlagdo de imagem digital foi realizada.
A CID demonstra ser uma técnica efetiva para a determinagao de
campos de deslocamento de superficies de concreto, com a van-
tagem de nao necessitar de contato fisico com a superficie do
corpo-de-prova.

Esta técnica permitiu observar a influéncia do efeito de escala
na ductilidade estrutural das vigas. Calculando-se o numero de
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fragilidade (S,) das vigas, por meio da andlise das curvas carga
versus deslocamento vertical, este nimero indicou um aumento
da fragilidade estrutural das vigas a medida que as mesmas au-
mentam de tamanho.

Também observou-se que a resisténcia nominal (tensdo nominal
maxima) das vigas de concreto entalhadas e submetidas a flexao
em trés pontos reduz com o aumento da respectiva dimensao ca-
racteristica, tal como constatado na literatura especifica deste as-
sunto. Além disto, os resultados experimentais foram analisados
com base na lei do efeito de escala de Bazant e demonstraram-se
plenamente ajustados a esta lei.
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Abstract

This paper presents an experimental investigation on the compressive strength and stress-strain curves of concrete block masonry with varying
block and grout strengths and reinforcement ratio. The three-block prisms, built with 8.5 and 15.0 MPa blocks, were tested hollow and filled with
17.0 and 30.0 MPa compressive strength grouts. In addition, prisms and walls with reinforcement rates of 0.15%, 0.40% and 1.0 % were also
tested. With the results, it was possible to measure the compressive strength and stress-strain behavior of masonry with inclusion of different grout
and reinforcement components, giving parameters for better evaluation of their performance and design. Among the conclusions, it was observed
that increasing the compressive strength of masonry is not proportional to the increase of the grouting area and the efficiency of reinforcement to
increase compressive strength is low. Stress-strain curves for the several materials combinations are made available.

Keywords: concrete blocks, reinforcement, masonry, compressive strength, stress-strain curve.

Resumo
E———

Este trabalho apresenta uma investigacdo experimental do comportamento estrutural, resisténcia a compressao axial e deformabilidade, da alve-
naria de bloco de concreto em fungao da variagéo da resisténcia dos blocos e graute e da taxa de armadura. Os prismas de trés fiadas de altura,
construidos com blocos de 8,5 e 15,0 MPa, foram ensaiados ocos e preenchidos com grautes de 17,0 e 30,0 MPa. Além destes, também foram
ensaiados prismas e paredes armadas com taxas de 0,15%, 0,40% e 1,0%. Com os resultados foi possivel mensurar a variagéo da resisténcia
e os diagramas tensdo-deformagéo da alvenaria com a insercéo destes componentes (graute e armadura), fornecendo parametros para melhor
avaliacdo de seu desempenho para projeto. Entre as conclusdes, pode-se afirmar que o aumento da resisténcia a compresséo das alvenarias
néo é proporcional ao aumento de area pelo grauteamento e que é baixa a eficiéncia da presenga de armaduras para aumento da resisténcia a
compressao. Sao disponibilizados os diagramas tensdo-deformacao para as varias combinagdes de materiais.

Palavras-chave: blocos de concreto, armadura, alvenaria estrutural, resisténcia a compressao, curva tensao-deformagao.
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The influence of grouting and reinforcement ratio in the concrete block masonry compressive behavior

1. Introduction

EE

Everyday, the construction of high structural masonry buildings,
with greater spans and higher load, becomes more frequent. Ma-
sonry elements are then subject to high load with high load resis-
tance demand in walls and columns.

However, many important issues in the masonry research remains
unanswered. The theoretical analysis of the masonry structural
system yields a large number of variables, given that it is a system
with plates and shells composed of non-homogeneous materials
and nonlinear behavior [1].

In reinforced masonry, the interference between different materials
are even greater. The insertion of grout and rebar increases the num-
ber of variables uncertain. At a certain point, the unknowns on the
masonry structural behavior cause some insecurity and inhibit its use.
The compatibility of all components involved in the production of
masonry (block, mortar, grout and rebar) is paramount and essen-
tial to maximize and optimize their performance, taking advantage
of all the system’s potential. This compatibility is only possible with
knowledge of the material characteristics and the physical and me-
chanical phenomena developed in the masonry under service and
ultimate loadings [2].

Several reports of experimental tests on concrete and ceramic
blocks ([3], [4], [5]) indicate that it is not valid to simply add a grout-
ed area to the hollow ungrouted section to determine the prism
strength. According to [6] incomplete consolidation of the grout,
plastic and drying shrinkage, incompatibility between block and
grout deformation and geometric factors may explain this effect.
Regarding the reinforcement ratio, the 1989 version of the Brazilian
standard for structural concrete blocks masonry design [7], allowed
a small increase in the masonry compressive strength with the re-
bar presence. However, the allowable compression stress in the
rebar was limited to 62 MPa. In practice this specification resulted
in very small efficiency of including rebar to increased compressive
strength. The 2011 version of the same standard [8] eliminates the
possibility of using rebar to increased compression resistance. The
main cause of this low efficiency in walls under compression load is
the lack of providing stirrups to tie laterally the longitudinal rebar [6].
The use of stirrups in walls is not the common practice.

Figure 1 - Design masonry stress-strain
curve as Eurocode (9)

_ Typical diagram
.\*,
P e N )
; \\‘ Idealised diagram

" Design diagram

—

On the masonry stress-strain curves, Eurocode [9] indicates the

curve on Figure 1, with an masonry failure strain equal to 0.0035

blocks for Group 1 and 0.002 for Group 2 and 3, wherein the Group

blocks 1 are the maximum void volume of 25% (perforated ma-

sonry) and Group 2 blocks between 25% and 50% (includes hollow

blocks). Other standards admit the following values:

B BS 5628-part 2 — 1995 [10] = 0.0035 (all masonry types).

B MSJC (2011) [11] = 0.0035 (clay masonry) ou 0.0025 (concrete
masonry).

B S304. 1-04 [12] = 0.0030 (all masonry types).

B AS 3700-1998 [13] = 0.0035 (all masonry types).

Tests reported in [14] indicates the stress-strain diagram of Figure

2, with failure strain equal to 0.002 for concrete blocks.

According to [6] “from the observation that the maximum failure

strain varies between 0.0020 and 0.0035 for prisms with concrete

and ceramic blocks, the adoption of an average value of 0.0030

for the national standards would be appropriate, as specified in the

Canadian code”.

The main objective of this paper is to present a study on the behav-

ior of concrete hollow block masonry with variable grout and rebar

use. Parameters are measured to assess the increase of structural

masonry resistance in the presence of grout and rebar, as well as

the behavior of materials at rupture, providing information to aid in

the understanding of this composite material behavior and to better

calibrate design models in the ultimate limit state .

1.1 Justificative

Masonry buildings in are built in Brazil in heights and boldness
conceptions not usually seen in other parts of the world. The in-
crease in masonry elements strength capacity demand, in partic-
ular compression strength, is noticeable. Recently, an effort was
made to update the Brazilian codes regarding concrete blocks
masonry design, with elements now designed within the ultimate
limit state criteria. Thus, experimental studies that contribute to the

Figure 2 - Masonry stress-strain curve as (14)
- —— Clay Block Masonry
% 40  _ _ _Concrete Block Masonry
£
e 30}
g
&
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g
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BI 24.93
B2 41.34

Strength Ccv

S (Gross area) (MPa) (%)

B 8.64 7.39

B2 15.76 8.88

Table 1 - Results of blocks characterization testing

Strength Ccv
(Net area) (MPa) (%)

Net area (cm?)
(Net/gross areq)

227.92 (0.57)
289.67 (0.71)

Absorption (%)

6.86
4.79

Failure strain

(%o)
156.39 7.39 3.30
22.09 8.88 1.60

better understanding of elements composed by different combina-
tions of blocks, mortar, grout and rebar are fully justified.

2. Materials and experimental program
E—

2.1 Concrete blocks

The concrete blocks have dimensions of 14 cm x 19 cm x 29 cm,
regular block, and 14 cm x 19 cm x 14 cm, half block (width x height
x length) with two block strength tested, designated B1 and B2.
The test results indicated compression strengths of 8.64 (B1) and
15.76 (B2) MPa with their net areas shown in Table 1.

Tests were performed according to NBR 12118 [15]. The blocks
were capped with gypsum plaster in the proportions 1: 0.6 (plaster
: water). Dial gauges, electrical strain gauge and load cells were
used to measure the stress-strain diagram. Figure 3 illustrates the
test scheme and Table 1 shows the results.

2.2 Prisms

The prisms were built with three blocks and pre-mixed mortar with
mix proportions in volume of 1: 0.5: 4.5 (cement: lime: sand), with

Table 2 - Mortar, grout and rebar

characteristics

Average Mix
strength propotions
(MPa) (by weitght)

Mortar 7.0 1:0.34:6.39 1.27
Grout G1 17.0 1:1.83:2.17 0.67
Grout G2 30.0 1:1.20:1.80 0.55
Reinforcement Rebar area

# Rebar diameter

ratio (cm?)
pl =0.15% 0.63 2 6.3mm
p2 =0.4% 1.60 2 10.0 mm
p3=1.0% 4,00 2 16.0 mm

a/c ratio equal to 1.27, and following the procedures described by
NBR 15961- 2 [16] for the two classes of blocks.

Two grout strengths of 17 and 30 MPa were tested, with slumps of
200 £ 30 mm, named G1 and G2, respectively, which were com-
bined with each block strength. Thus, the grout and block combina-
tion in prism testing are B1-G1 and B1-G2, B2-G1 and B2-G2, and
also hollow prisms for each class of blocks B1 and B2.

Three reinforcement ratios were tested, r1, r2 e r3, combined with
grouted prisms cited above. The rebar sizes and grouts mix pro-
portions are shown in Table 2. Prism capping are the same as the
blocks.

The axial compression resistance tests were also performed using
dial gauges, electrical strain gauges and load cells. Table 3 sum-
marize results and Figure 4 presents the prisms test scheme.

Figure 3 - Scheme of the blocks testing
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2.3 Walls

Small walls with dimensions of 100 cm x 90 cm (height x length,
three blocks long and five courses high), were assembled and
tested using the two classes of blocks. Walls were built with the
two block strengths.

The mortar, grout and rebar used were the same adopted in the
prisms, with the difference that in the walls only one type of grout
was used, G1, as this grout showed higher efficiency in the prism
testing. The walls building procedures followed NBR 8949 [17]. In-
strumentation and gypsum capping were similar to the prism testing.
Table 4 summarize the results and Figure 5 show the test assembling.

3. Results and discussion
E——

3.1 Prisms

Table 4 presents the prism strength results of all combinations,
which shows a significant increase in the grouted prisms strength
when compared to the hollow prisms results (compared to gross
area). However, increasing the grout strength accounted for minor
variations in prism strength, a fact confirmed by other authors such
as [18], [19], [20], [21].

Looking at reinforced prisms results, significant variations in the
masonry resistance with increasing steel area are not observed.
Table 3 shows the results of the prisms in the net area of un-
reinforced but grouted prisms of the two block strengths. It is
observed that, considering the resistance in the net area, hol-
low prism B1 resistance substantially matched with the grout-
ed prism, while the hollow prism B2 resistance was increased
about 50% after grouting. This can be explained by the thicker
block-wall thickness of B2 resulting in a lower area of grout. The
B2 thicker block walls are more resistant to inner transverse
expansion of the grout, which will also deform less because of
its smaller area.

Comparing the results of the prisms with the same blocks and grout
type and varying only the reinforcement ratios (Table 3), there is
an average increase observed for prism with block B1 when com-
pared to B2. However, comparing different reinforcement ratios for
the same block and grout type did not show an increased propor-
tional to the reinforcement ratio and only a very small resistance
increase to the unreinforced prism is noted.

Strain-strain curves of the hollow and grouted unreinforced and
reinforced prisms are plotted in Figures 6 to 11, with stressed cal-
culated in the gross and net area. Figure 6 shows the B1-prisms
curves, in which one verifies that grouted prisms G1 and G2 show

Table 3 - Results for mortar, grout and hollow, unreinforced and reinforced grouted prism testing
Mortar 6.10 21.31 -
Grout G1 17.73 10.07 -
Grout G2 26.66 15.93 -
Hollow B1 5.63 10.04 6.19 1.97
B1-G1 11.29 11.29 3.74 1.70
B1-G2 10.50 10.50 11.67 1.43
Hollow B2 7.77 10.89 3.91 1.90
B2-G1 15.33 15.33 492 1.90
B2-G2 15.17 15.17 8.94 1.43
B1-G1-pl 10.20 10.20 4.70 1.77
B1-G1-p2 11.39 11.39 8.50 1.60
B1-G1-p3 11.73 11.73 4.32 1.90
B1-G2-p1 11.91 11.91 7.38 1.33
B1-G2-p2 11.03 11.03 8.90 1.63
B1-G2-p3 11.79 11.79 8.71 1.37
B2-G1-p] 14.25 14.25 452 1.67
B2-G1-p2 13.87 13.87 9.55 1.67
B2-G1-p3 15.01 15,01 3.27 1.63
B2-G2-p1 15.64 15.64 12.79 173
B2-G2-p2 15.75 15.75 6.04 1.56
B2-G2-p3 17.30 17.30 7.36 1.43
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Figure 4 - Scheme of the prisms testing

a close behavior with each other and with hollow prisms with re-
spect to its net areas.

Figure 7 shows the B2-prisms curves. Grouted prisms G1 and G2
show initial deformation similar to the ungrouted prism. The failure

Table 4 - Results hollow, unreinforced
and reinforced grouted wall testing

RESSIGnES Failure strain

(MPa) (%)
(Gross area)

Hollow B1 4.39 2.58 1.35
B1-G1 7.86 4.52 1.35
Hollow B2 8.19 0.09 1.80
B2-G1 156.17 4.88 1.00
B1-G1-pl 9.32 11.61 1.25
B1-G1-p2 9.50 13.55 1.25
B1-G1-p3 9.11 5.51 1.05
B2-G1-pl 13.93 3.27 0.95
B2-G1-p2 15.86 0.72 0.90
B2-G1p3 17.31 16.44 0.70

strain is also similar although at higher stresses.

Figures 8 to 11 show the reinforced prisms curves including the
four combinations of block and grout. The curves are similar re-
gardless the reinforcement ratios.

3.2 Walls

Table 4 shows the mean strength of the hollow ungrouted and the
unreinforced and reinforced grouted walls. armed and grouted. The

Steel beam

Block strain gage

Universal testing
machine base

Figure 5 - Walls testing scheme

" Dial gages supports

Remforced concrete
wall base
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Prism Stress (MPa)

180 -

Figure 6 - Stress-strain curve - hollow and grouted prisms B1
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hollow and the unreinforced grouted wall with B1 blocks resulted in
similar net area strength. For the B2 walls, there is an increase of
30% in the unreinforced grouted wall strength at net area.

Several authors, e.g. [22], concluded that the percentage increase

in compressive strength of grouted walls in relation to hollow un-
grouted walls is inversely proportional to the increased block
resistance. It should be noted here that the geometry of blocks
(thickness of the block wall) are different on blocks B1 and B2, so
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Figure 7 - Stress-strain curve - hollow and grouted prisms B2
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Figure 8 - Stress-strain curve - reinforced prisms B1-G1
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direct comparison is not suitable. What can be comment is that  and thicker walls have better resistance to the lateral expansion.

thicker block-walls provided greater increase in resistance when  The variation of reinforcement ratios (r1, r2 e r3) on B1-walls did
fully grouted, possibly because failure occurs by lateral expansion  not lead to variation in the resistance of the walls, with an in-
of the blocks due to the lateral deformation of the stiffer inner grout  crease of about 18% observed for all reinforcement ratios when

Figure 9 - Stress-strain curve - reinforced prisms B1-G2
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Figure 10 - Stress-strain curve - reinforced prisms B2-G1
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compared to the unreinforced walls. In examining the wall failure  of the breaking strain of 1.0 %o, one obtains a rebar force equal
strain, one can see that there is not enough deformation to yield  to 39.7 kN very small value (about 2.6%) compared with the wall
the steel. For example, with the rebar area of 1.89 cm? area (area  failure load in the order of 1500 kN. Thus, the observed increase
relative to r1), steel elastic modulus equal to 21 GPa and the wall  in reinforced B1 walls is related to the change in the failure mode

Figure 11 - Stress-strain curve - reinforced prisms B2-G2
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Figure 12 - Stress-strain curve - hollow and unreinforced walls B1-G1
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(which occurs by lateral expansion of the block due to the expan-  with the reinforcement ratio variation. However, for small diam-
sion of the inner grout) than the rebar contribution on carrying  eter bars (6.3 mm, r1), wall strength was smaller than in the un-
part of the failure load. reinforced grouted walls, with similar values for 10 mm rebar (r2).
In the reinforced B2-walls, results do show a strength variation ~ An increase of 14% was observed only with 16 mm rebar (r3).

Figure 13 - Stress-strain curve - hollow and unreinforced walls B2-G1
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Since these reabar are not laterally restrained by stirrups, it is
suggested the small diameter bars, subjected to greater stresses
than in the case of B1, contributing negatively possibly because
of their buckling.

Results indicate that reinforcing grouted walls with longitudinal re-
bars, without providing stirrups, will not contribute to increasing its
compression load capacity proportionally to the reinforcement rate.
Eventually, depending on the rebar diameter, the wall strength can
be reduced. Results reported in [22] also indicate small changes
in resistance of reinforced concrete block walls compared to their
respective grouted walls.

To analyze the behavior of the stress-strain curves of combinations
of hollow ungrouted and unreinforced and reinforced, graphs are
presented in Figures 12 to 15. Referring to Figure 12, one can see
the same deformation behavior of B1 hollow and grouted walls in re-
spect to the net area. This behavior was also observed in the prism
testing in which both rebar, and block gages showed similar reading.
Figure 13 shows hollow and unreinforced grouted B2 walls. Grout-
ing these walls increased its stiffness and ultimate strength in net
area compared with the hollow walls. This behavior was also ob-
served with at prisms testing.

Figures 14 and 15 show the curves of the reinforced B1 and B2
walls. A very similar masonry deformation behavior is observed at
the three reinforcement rates, considering both the gage readings
at the block and at the rebar. This behavior is also similar to the
prism testing.

4. Conclusion

Based on the observations reported here, we can conclude:
B The grouted and hollow B1 prism testing results show the same

strength in the net area, but a 50% increased in the grouted to
hollow prism strength was observed with B2 blocks. Similar be-
havior was observed on the walls, with lower increase (30%) for
the B2 case. This behavior suggest that the greater wall thick-
ness of the B2 blocks showed greater resistance to lateral ex-
pansion of the inner grout, leading to the greater prism strength.

B The prism filled with the stiffer grout resulted in smaller fail-
ure strain than the one with weaker grout, although the failure
strength was similar for the two grout-strengths tested.

B The insertion of grout on the walls increased by 80% the wall
average load-capacity when compared with the hollow walls.
Increased masonry resistance with the grouting is not neces-
sarily proportional to ungrouted/grouted net area ratio.

B The presence of reinforcement did not alter significantly the
structural behavior of the prisms and walls (compressive
strength and deformability), being eventually observed a small
resistance reduction (6.3 mm rebars and B2 blocks), little or no
increase in compression resistance (other cases). It is not pos-
sible to calculate the reinforced wall resistance by accounting
the compatibility of strain and stresses at the block, grout and
rebar areas. The lateral expansion of the grout and rebar (with-
out stirrups in this study) affect the wall behavior and resistance.

B The elongation at break of masonry concrete block is close to
2.0 %o, a smaller value than the currently adopted in Brazilian
standards, specified as 3.5 %o, but similar to that reported in
other references.
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Abstract

This paper presents an experimental investigation on the compressive strength and stress-strain curves of concrete block masonry with varying
block and grout strengths and reinforcement ratio. The three-block prisms, built with 8.5 and 15.0 MPa blocks, were tested hollow and filled with
17.0 and 30.0 MPa compressive strength grouts. In addition, prisms and walls with reinforcement rates of 0.15%, 0.40% and 1.0 % were also
tested. With the results, it was possible to measure the compressive strength and stress-strain behavior of masonry with inclusion of different grout
and reinforcement components, giving parameters for better evaluation of their performance and design. Among the conclusions, it was observed
that increasing the compressive strength of masonry is not proportional to the increase of the grouting area and the efficiency of reinforcement to
increase compressive strength is low. Stress-strain curves for the several materials combinations are made available.

Keywords: concrete blocks, reinforcement, masonry, compressive strength, stress-strain curve.

Resumo
E———

Este trabalho apresenta uma investigacdo experimental do comportamento estrutural, resisténcia a compressao axial e deformabilidade, da alve-
naria de bloco de concreto em fungao da variagéo da resisténcia dos blocos e graute e da taxa de armadura. Os prismas de trés fiadas de altura,
construidos com blocos de 8,5 e 15,0 MPa, foram ensaiados ocos e preenchidos com grautes de 17,0 e 30,0 MPa. Além destes, também foram
ensaiados prismas e paredes armadas com taxas de 0,15%, 0,40% e 1,0%. Com os resultados foi possivel mensurar a variagéo da resisténcia
e os diagramas tensdo-deformagéo da alvenaria com a insercéo destes componentes (graute e armadura), fornecendo parametros para melhor
avaliacdo de seu desempenho para projeto. Entre as conclusdes, pode-se afirmar que o aumento da resisténcia a compresséo das alvenarias
néo é proporcional ao aumento de area pelo grauteamento e que é baixa a eficiéncia da presenga de armaduras para aumento da resisténcia a
compressao. Sao disponibilizados os diagramas tensdo-deformacao para as varias combinagdes de materiais.

Palavras-chave: blocos de concreto, armadura, alvenaria estrutural, resisténcia a compressao, curva tensao-deformagao.
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1. Introdugao

EE

Tem sido frequente atualmente a construgao de edificios em alve-
naria estrutural de maior porte e com vaos mais arrojados, subme-
tendo o sistema a carregamentos mais intensos. Face ao crescen-
te aumento das solicitagdes nos elementos em alvenaria estrutural
tem-se mostrado importantes agdes que possam aumentar a ca-
pacidade resistente de paredes e colunas em alvenaria.
Entretanto, muitos problemas relevantes na alvenaria continuam
sem respostas. A analise tedrica do sistema estrutural de uma
obra de alvenaria apresenta uma série de dificuldades, conside-
rando que se trata de um sistema estrutural de placas e chapas,
composto por materiais ndo homogéneos e de comportamento
nao linear [1].

Na alvenaria estrutural armada sdo ainda maiores as interferén-
cias entre materiais distintos. A insergéo do graute e da armadura
aumenta as duvidas e inibem a utilizagao desse sistema, pois ge-
ram inseguranga do meio técnico diante do desconhecimento de
seu comportamento estrutural.

A compatibilizagado de todos os componentes envolvidos na pro-
ducao da alvenaria (bloco, argamassa, graute e armadura) é pri-
mordial e indispensavel para se maximizar e otimizar o seu de-
sempenho, com o aproveitamento de todo o potencial do sistema.
Essa compatibilidade s6 é possivel com o conhecimento das ca-
racteristicas dos materiais e dos fendmenos fisicos e mecanicos,
desenvolvidos na alvenaria quando em regime de trabalho [2].
Varios relatos de ensaios experimentais em blocos de concreto e
ceramicos [3], [4], [5] (Drysdale & Hamid, 1979, Chachine, 1989,
Hamid & Chukwunenye, 1986) indicam que n&o é valido fazer a
superposigao de resisténcia do bloco mais segéo grauteada para
determinar a resisténcia do prisma. De acordo com [6] o aden-
samento incompleto do graute, retragéo plastica e por secagem,
incompatibilidade entre curvas de deformagao do bloco e graute e
fatores geométricos podem explicar esse efeito.

Sobre a taxa de armadura, a versdo de 1989 da norma brasilei-
ra para projeto de alvenaria estrutural de blocos de concreto [7],
permitia um pequeno aumento da resisténcia a compressao da
alvenaria com a presenga de armadura. Entretanto, a tensao ad-
missivel na armadura comprimida era limitada a 62 MPa, o que

Figura 1 - Diagrama tens@o-deformagdo para
dimensionamento de alvenaria segundo Eurocode (9)

i \\‘ Idealised diagram

[
: Design diagram

o

|
S— _/_1

na pratica resultava em eficiéncia muito pequena da inclusédo de
armadura para aumento da resisténcia a compressao. A versao de
2011 da norma [8] elimina a possibilidade de armadura para au-
mento da resisténcia a compressao. A principal causa da baixa efi-
ciéncia em paredes comprimidas é de ordem construtiva, devido a
falta de estribos em paredes armadas de alvenaria estrutural [6].
Sobre o diagrama tens&o-deformagéo de alvenaria, o Eurocode
[9] indica o diagrama da Figura 1, sendo a deformagéo na ruptu-
ra admitida igua a 0,0035 para blocos do Grupo 1 e 0,002 para
Grupo 2 e 3, sendo que blocos do Grupo 1 tém volume maximo
de vazios de 25% (alvenaria perfurada) e blocos do Grupo 2 entre
25% e 50% (inclui blocos vazados). Outras normas admitem os
seguintes valores:
B BS 5628-part 2 — 1995 [10] = 0,0035 (todas as alvenarias).
B MSJC (2011) [11] = 0,0035 (alvenaria ceramica) ou 0,0025
(alvenaria de blocos de concreto).
W S304. 1-04 [12] = 0,0030 (todas as alvenarias).
B AS 3700-1998 [13] = 0,0035 (todas as alvenarias).
Ensaios relatados em [14] indicam o diagrama tensao-deformacgao
da Figura 2, com deformacgé&o na ruptura igual a 0,002 para blocos
de concreto.
Segundo [6] “a partir da constatacdo que a maxima deformagéao de
compressao varia entre 0,0020 e 0,0035 para prismas com blocos
de concreto e ceramico, entende-se que a adogao de um valor
médio igual a 0,0030 para a normalizagéo nacional seria adequa-
do, como esta especificado na norma canadense”.
O objetivo principal deste trabalho é apresentar estudo sobre a
variagao do comportamento da alvenaria estrutural de blocos de
concreto em fungéo da utilizagéo de graute e armadura. Sao afe-
ridos parédmetros para avaliar o aumento da resisténcia da alve-
naria estrutural na presenga do graute e armadura, bem como o
comportamento dos materiais no instante de ruptura, fornecendo
informacdes que auxiliam no entendimento desse material com-
posto e permitem melhor calibrar modelos de dimensionamento
no estado limite ultimo.

Figura 2 - Diagrama tens@o-deformacdo
de alvenarias segundo (14)

E‘ Alvenaria de blocos ceramicos
E., 40| . _ . Alvenaria de blocos de concreto
o
s
(2]
g sof
A
8
-~
9 20} Vi
o <
g
(3-': 0 Blocos de 15 cm
i Argamassa 1:0,5:4,5
é 0 1 | | |
0,0 0,001 0,002 0,003 0,004
Deformagio
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Tabela 1 - Resultados dos ensaios de resisténc

B1 24,93

B2 41,34
Bloco Resisténcia CcVv
(A. bruta) (MPa) (%)
B1 8,64 7,39
B2 15,76 8,88

ia & compressdo e caracterizagcdo dos blocos

Area liquida (cm?)

o o) (Area liquida/bruta)
6,86 227,92 (0,57)
4,79 289,67 (0,71)
Ccv Def. de ruptura
(A. liquida) (MPa) (%) (%o)
15,39 7,39 3,30
22,09 8,88 1,60

1.1 Justificativa

Edificios em alvenaria estrutural séo construidos no Brasil em al-
turas e concepgdes arrojadas em relagéo ao atualmente visto em
outras partes do planeta. O aumento do nivel de solicitagdo em
elementos de alvenaria, em especial a compresséao, € percepti-
vel. Ainda recetemente foi feito um esforco para que a atualiza-
¢ao da normalizacéo a respeito do dimensionamento de elemen-
tos em alvenaria de blocos de concreto indroduzisse critérios de
verificagbes no estado limite ultimo. Desta forma entende-se ser
plenamente justificavel a realizagdo e apresentacdo de estudos
experimentais que possam contribuir para melhor entendimento
de elementos compostos por diferentes combinagdes de blocos,
argamassa, graute e armaduras.

2. Materiais e programa experimental
E——

2.1 Blocos de concreto

Os blocos de concreto apresentam dimensodes de 14 cm x 19 cm x
29 cm, bloco inteiro, e 14 cm x 19 cm x 14 cm, meio bloco (largura
x altura x comprimento), sendo utilizadas duas resisténcias, desig-

Tabela 2 - Caracteristicas da argamassa,
grautes e armaduras
Corpo- Re'sri‘s;‘éj?:ia Traco Relacdo
de-prova ) (em massa) a/c
Argamassa 7,0 1:0,34:6,39 1,27
Graute G1 17,0 1:1,83:2,17 0,67
Graute G2 30,0 1:1,20:1,80 0,55
Taxa de Area de aco Armadura
armadura (cm?) executada
pl1=0,15% 0,63 20 6,3mm
p2 =0,4% 1,60 2 ® 10,0 mm
p3=1,0% 4,00 2 16,0 mm

nadas B1 e B2. Os resultados de ensaios indicaram resisténcias a
compressao iguais a 8,64 (B1) e 15,76 (B2) Mpa, com suas areas
liquidas indicadas na tabela 1.

Foram realizados ensaios de resisténcia a compressao axial e ca-
racterizacao fisica desses blocos, segundo NBR 12118 [15]. Nos
ensaios de resisténcia, os blocos foram capeados com pasta de
gesso, nas propor¢cdes 1 : 0,6 (gesso : agua), e, foram adotados
relégios comparadores, extensémetro elétricos e células de car-
ga, para aferir o diagrama tensédo-deformacao. A Figura 3 ilustra o
esquema de ensaio e a Tabela 1 apresenta os resultados obtidos.

2.2 Prismas

Os prismas foram executados com trés blocos e argamassa mista,

Figura 3 - Esquema de ensaio dos blocos
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com trago em volume 1: 0,5 : 4,5 (cimento : cal : areia) e a/c igual
a 1,27, conforme os procedimentos descritos pela norma NBR
15961-2 [16] para as duas classes de blocos.

Os grautes utilizados foram de duas resisténcias distintas, sendo
elas 17 e 30 MPa e consisténcia de 200 £ 30 mm, denominados de
G1 e G2, respectivamente, e foram combinados com as classes
de blocos. Assim, foram executados prismas B1-G1 e B1-G2, B2-
G1 e B2-G2, além de prismas vazios para cada classe de blocos
B1 e B2.

Foram utilizadas trés taxas de armaduras, r1, r2 e r3, e combi-
nadas com os prismas grauteados, acima citados. As armaduras
e os tragos dos grautes adotados sdo mostrados na Tabela 2, o
capeamento dos prismas foi feito com pasta de gesso na mesma
proporgéao dos blocos.

Os ensaios de resisténcia a compressao axial foram realizados uti-
lizando novamente reldgios comparadores, extensémetros elétricos
e células de carga. Os resultados obtidos séo apresentados na Ta-
bela 3 e a Figura 4 apresenta o esquema de ensaio dos prismas.

2.3 Paredes

Foram montados e ensaiados pequenos painéis de alvenaria
com dimensdes de 100 cm x 90 cm (altura x comprimento), ou

seja, pequenas paredes de alvenaria estrutural, utilizando as
duas classes de blocos, com trés blocos de comprimento e cinco
fiadas de altura.

A argamassa, grautes e armaduras utilizadas foram os mesmos
adotados nos prismas, com a diferenca que nas paredes foi empre-
gado apenas um tipo de graute, G1, pois esse graute apresentou
maior fator de eficiéncia nos prismas. Os procedimentos de execu-
¢ao das paredes foram realizados segundo a NBR 8949 [17], nos
ensaios de compressao foi utilizada essa mesma norma, adotando-
-se reldgios comparadores, extensometros elétricos e células de
carga, as paredes foram capeadas também com pasta de gesso.
Os resultados das paredes sdo dados na Tabela 4 e o esquema de
ensaio pode ser observado na Figura 5.

3. Resultados e discussoes
E——

3.1 Prismas

A Tabela 4 apresenta os resultados de resisténcias de todas as
combinagdes de prismas, na qual se observa um aumento expressi-
Vo na alvenaria destes prismas vazios (relagdo a area bruta) para os
grauteados. Contudo, os aumentos da resisténcia dos graute ado-
tados representaram variagdes minimas na resisténcia do prisma,

Tabela 3 - Resultados de argamassa e grautes, dos prismas vazios, grauteados e armados
Argamassa 6,10 21,31 -
Graute G1 17.73 10,07 -
Graute G2 26,66 15,93 -

Vazio Bl 5,63 10,04 6,19 1,97

B1-G1 11,29 11,29 3,74 1,70
B1-G2 10,50 10,50 11,67 1,43
Vazio B2 7.77 10,89 3,91 1,90
B2-G1 15,33 15,33 4,92 1,90
B2-G2 15,17 15,17 8,94 1,43

B1-G1-pl 10,20 10,20 4,70 1,77

B1-G1-p2 11,39 11,39 8,50 1,60

B1-G1-p3 11,73 11,73 4,32 1,90

B1-G2-pl 11,91 11,91 7.38 1,33

B1-G2-p2 11,08 11,03 8,90 1,63

B1-G2-p3 11,79 11,79 8,71 1,37

B2-G1-pl 14,25 14,25 4,52 1,67

B2-G1-p2 13,87 13,87 9,55 1,67

B2-G1-p3 15,01 15,01 3,27 1,63

B2-G2-pl 15,64 15,64 12,79 1,73

B2-G2-p2 15,75 15,75 6,04 1,56

B2-G2-p3 17.30 17,30 7.36 1,43

350
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Figura 4 - Esquema de ensaio dos prismas

fato constatado por outros autores como [18], [19], [20], [21].

Observando os prismas armados, ndo foram constatadas variagdes
expressivas nas resisténcias da alvenaria com o aumento da area
de ago, comparando-se com seus respectivos prismas grauteados.

Tabela 4 - Resultados das paredes vazias,
grauteadas e armadas

Parede CV %
Vazia B1 4,39 2,68 1.35
B1-G1 7,86 4,52 1.35
Vazia B2 8,19 0,09 1,80
B2-G1 15,17 4,88 1,00
B1-G1-pl 9,32 11,61 1,25
B1-G1-p2 9.50 13,55 1,25
B1-G1-p3 9,11 5,51 1,05
B2-G1-pl 13,93 3,27 0,95
B2-G1-p2 15,86 0,72 0,90
B2-G1p3 17,31 16,44 0,70

A Tabela 3 mostra os resultados dos prismas vazios na area liqui-
da com os prismas apenas grauteados das duas classes de blo-
cos. Os dados da figura mostram os prismas vazios (area liquida)
de blocos B1 tiveram suas resisténcias praticamente igualadas
com o grauteamento, ja os prismas de blocos B2 apresentaram
resisténcias quando grauteados 50% superiores aos seus pris-
mas vazios na area liquida. Esse efeito pode ser dado pela maior
espessura das paredes dos blocos B2 aliada a menor area de
graute, pois as paredes de B2 sdo mais resistentes a expansao

Perfil metilico

Extensémetro bloco

Base da prensa
universal

Figura 5 - Esquema de ensaio das paredes

" Gabaritos para relogios

Base de concreto
armado, montada a

~ parede
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Figura 6 - Grafico Tens@o x Deformacg¢do dos prismas vazios e grauteados B1
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transversal interna do graute, que, por sua vez, tendo uma area
inferior deforma-se menos.

Comparando os resultados das resisténcias de compressao fixan-
do os valores de blocos e grautes e variando apenas as taxas de

armaduras (Tabela 3), houve um aumento médio da resisténcia
dos prismas da classe de blocos B1 para B2, entretanto as varia-
¢Oes relativas as armaduras mostraram-se diferentes em todas as
combinagdes, ndo apresentando um comportamento comum na

Figura 7 - Grdfico TensGo x Deformagdo dos prismas vazios e grauteados B2
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Figura 8 - Grdfico TensGo x Deformacdo dos prismas B1-G1 com armaduras
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variagdo de resisténcia das combinagdes de prismas, além destas  Deformagdo das combinagdes de prismas vazios e grauteados, e tam-
variagdes serem muito pequenas dentro dos conjuntos de mesma  bém dos prismas grauteados com os armados, séo forecidos os grafi-
combinagéo nédo permitindo avaliar ganhos. cos das Figuras 6 até 11, sendo, a tens&o adotada, em todos os graficos,
Com o intuito de analisar os comportamentos das curvas de Tens@o x  referente a carga de ruptura dos prismas, dividida pela sua area bruta.

Figura 9 - Grdfico Tensdo x Deformagdo dos prismas B1-G2 com armaduras
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Figura 10 - Grdfico TensGo x Deformacdo dos prismas B2-G1 com armaduras
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Na Figura 6 € mostrada a curva dos prismas B1, na qual se verifica A Figura 7, dos prismas vazios e grauteados de B2, mostra, nova-
que os prismas grauteados com G1 e G2 apresentaram um com-  mente, um mesmo comportamento de deformabilidade dos prismas
portamento proximo entre si € com os prismas vazios em relagdo  grauteados com G1 e G2. Os prismas grauteados apresentam inicio

a suas areas liquidas. de curva tensédo-deformagao semelhantes aos dos prismas ocos, com
. pon - ~ .
Figura 11 - Grdfico Tensdo x Deformagdo dos prismas B2-G2 com armaduras
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Figura 12 - Grdfico TensGo x Deformacdo das paredes vazias e grauteadas B1

10

—a—B1.Gl1-1
—t— Extensémetro Bloco G1-1
—5=—0B1-G1-2
=e=eeer (1-Vama (A Broa)-1
e 51-Vazia (A Liquida}-1

o B1-Vazna (A Brua}-2
i B1-Vazia (A Liquich)-2

g |- xtensometro Bloco Vazia (A Bruea)-2

g Extensometre Bloco Vana (A Liquda)-2

Tensio na Parede (MPa)

0,001 0,0015 0,002 0,0025

Deformagio

deformagdes na ruptura em valores proximos.As Figuras 8 até 11 3.2 Paredes

apresentam os prismas apenas grauteados e armados, para as quatro

combinagdes de blocos e grautes, sendo, observado um mesmo com- A Tabela 4 mostra os resultados médios de resisténcia das pare-
portamento para as taxas de armaduras em todas estas combinagbes.  des vazias, grauteadas e armadas. Para casos ndo armados a

Figura 13 - Grdfico TensGo x Deformagdo das paredes vazias e grauteadas B2
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resisténcia na area liquida é igual para os blocos B1 grauteados
ou nao, comportamento semelhante ao observado nos prismas.
Para o B2, observa-se um aumento de 30% na resisténcia em
relagdo a area liquida.

Varios autores, p. e. [22], concluem que 0 aumento percentual na
resisténcia a compressao das paredes grauteadas em relagéo as
paredes ndo grauteadas € inversamente proporcional ao aumen-
to da resisténcia do bloco. Deve-se destacar que os blocos aqui
ensaiados tem geometria (espessura da parede do bloco) distintas
para B1 e B2, portanto o compartivo direto ndo é adequado. O que
se pode inferir € que blocos de paredes mais espessas proporcio-
naram maior aumento de resisténcia quando totalmente grauteado,
possivelmente porque a ruptura ocorre por expansao lateral dos
blocos devido a maior rigidez do graute interior e paredes mais es-
pessas possuem melhor resisténcia a essa expansao lateral.

A variagdo das taxas de armadura (rl, r2 e r3) nas paredes de
blocos B1 n&o gerou variagdo na resisténcia das paredes, com
aumento de cerca de 18% em relagdo a parede sem armadura.
Ao analisar a deformacgao de ruptura das parede, percebe-se que
ndo ha deformacao suficiente para aproveitamento do ago. Por
exemplo, com uma éarea de armadura de 1,89 cm? (area relativa
a taxa de armadura r1) adotando E do ago igual a 21 GPa e com
a deformagéo de ruptura da parede de 1,0%o, obtém-se uma con-
tribuicdo em carga da armadura préxima de 39,7 kN, valor muito
pequeno (cerca de 2,6%) se comparado com a carga final da pa-
rede na ordem de 1.500 kN. Desta forma, o aumento observado
nas paredes B1 esta relacionado a alteragdo na forma de ruptura
(que ocorre por expansao lateral do bloco em fungdo da expanséo
do graute interno) do que com a contribuigdo da armadura em
absorver parte da carga de compressao.

Nas paredes armadas B2 é possivel identificar variagdo da resis-

téncia com a variagao da taxa de armadura. Porém, para as barras
de diametros pequeno (6,3 mm, r1) houve diminuicdo da resis-
téncia em relacdo a parede grauteada, com valores semelhantes
para as barras de 10 mm (r2) e aumento de 14% para barras de
16 mm (r3). Novamente entende-se que ha alteragdo na forma
de ruptura, com barras de pequeno didmetro sujeitas a tensdes
maiores que no caso do B1, contribuindo de forma negativa (pos-
sivelmente por conta de efeito de flambagem).

Os resultados indicam que o efeito de armaduras sem estribos
em paredes grauteadas ndo €& proporcional ao aumento da taxa
mecanica de ago/graute, sendo seu efeito variavel em fungéo do
diametro da barra de aco e do nivel de tenséo aplicada, com pe-
quenas variagdes na resisténcia a compressao do conjunto, even-
tualmente de forma negativa. Resultados apresentados em [22]
também indicam pequenas variagdes nas resisténcias de paredes
de blocos de concreto armadas comparadas com suas respecti-
vas paredes grauteadas.

Visando analisar os comportamentos das curvas de Tenséo x De-
formagédo das combinagdes de paredes vazias e grauteadas, e
também das paredes grauteadas com as armadas, sdo dados os
graficos das Figuras 12 a 15. Observando a Figura 12, se perce-
be um mesmo comportamento de deformabilidade das paredes
B1 grauteadas e vazias na area liquida, fato também verificado
nos prismas, inclusive nas leituras obtidas pelos extensémetros
de bloco e armadura.

AFigura 13 apresenta as paredes B2 vazias e apenas grauteadas.
O grauteamento destas paredes aumentou sua rigidez e resistén-
cia final se comparado com as paredes vazias na area liquida,
este fato foi também verificado com os prismas.

As Figuras 14 e 15 apresentam as curvas das paredes B1 e B2 arma-
das, que apresentaram um comportamento bastante semelhante da

Figura 14 - Grdfico TensGo x Deformacgdo das paredes armadas B1
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Figura 15 - Grdfico TensGo x Deformacgdo das paredes armadas B2
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alvenaria, com as trés taxas de armaduras, e, dos blocos e barras de [ |
aco inseridas, fato também ocorrido com os prismas armados.

4. Conclusoes
E—

A partir das observagdes aqui relatadas, pode-se concluir: 5.

A deformagéo na ruptura de alvenarias de blocos de concreto
é préxima a 2,0%o, valor esse inferior ao atualmente adotado
na normalizagéo brasileira, adotado em 3,5%o, porém seme-
Ihante ao relatado em outras referéncias.
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Abstract

The safety evaluation of an existing concrete structure differs from the design of new structures. The partial safety factors for actions and resis-
tances adopted in the design phase consider uncertainties and inaccuracies related to the building processes of structures, variability of materials
strength and numerical approximations of the calculation and design processes. However, when analyzing a finished structure, a large number of
unknown factors during the design stage are already defined and can be measured, which justifies a change in the increasing factors of the ac-
tions or reduction factors of resistances. Therefore, it is understood that safety assessment in existing structures is more complex than introducing
security when designing a new structure, because it requires inspection, testing, analysis and careful diagnose. Strong knowledge and security
concepts in structural engineering are needed, as well as knowledge about the materials of construction employed, in order to identify, control and
properly consider the variability of actions and resistances in the structure. With the intention of discussing this topic considered complex and dif-
fuse, this paper presents an introduction to the safety of concrete structures, a synthesis of the recommended procedures by Brazilian standards
and another codes, associated with the topic, as well a realistic example of the safety assessment of an existing structure.

Keywords: structures safety, existing concrete structures safety, concrete structures evaluation.

Resumo
[

A avaliagcdo da seguranga de uma estrutura de concreto existente difere daquela adotada no projeto de estruturas novas. Os coeficientes de
ponderagéo das solicitacdes e das resisténcias, adotados na fase de projeto, levam em conta incertezas e imprecisdes relacionadas com os
processos de construcéo das estruturas, variabilidade da resisténcia dos materiais, além das aproximagbes numéricas dos processos de calculo
e dimensionamento. Entretanto, quando se analisa uma estrutura acabada, um grande ndmero de fatores desconhecidos durante a etapa de
projeto ja se encontram definidos e podem ser mensurados, o que justifica uma redugdo nos coeficientes de majoracédo das agdes ou de mino-
racao das resisténcias.

Diante disso, entende-se que analisar a seguranga de uma estrutura acabada € muito mais complexo que introduzir a seguranga no projeto de
uma estrutura nova, pois requer inspecgao preliminar, ensaios, analises e vistoria criteriosa. Sdo necessarios soélidos conhecimentos e conceitos
de seguranga em engenharia estrutural e também conhecimentos sobre os materiais de construgdo empregados, de forma a identificar, controlar
e considerar corretamente a variabilidade das a¢des e das resisténcias na estrutura. Com a intengao de discutir este tema considerado complexo
e difuso, apresenta-se neste artigo uma introdugédo a seguranga das estruturas de concreto, uma sintese da reviséo bibliografica dos procedi-
mentos recomendados por normas nacionais e normas internacionais associadas ao tema, bem como um exemplo pratico de avaliagdo de uma
estrutura existente para verificagdo da seguranca.

Palavras-chave: seguranga de estruturas, seguranca de estruturas existentes, avaliacdo de estruturas de concreto.
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Concrete structures. Contribution to the safety assessment of existing structures

1. Introduction

EE

Due to recent events related to the collapse of structures in Brazil'
and the world?, the attention of the technical community to struc-
tural safety issues grows increasingly. There are several cases of
buildings that are breaking down even before handed over to the
customer, that is, during the construction period. In addition, there
is a growing market for retrofit of existing structures, which makes
this current and of great practical interest matter, for a large part
of structural engineers do not mastered the concepts, models and
safety criteria of assessment of an existing structure.

Although they are subject to depreciation over time, being exposed to
the environment and also the use, and even if they have or not prop-
erly maintained, as required by the ABNT NBR 5674:2012 [1], is un-

workable and unacceptable, economic and environmentally, that the
buildings are simply replaced when they reach the end of their design
life (VUP), provided in accordance with ABNT NBR 15575:2013 [2].
It is also unacceptable that existing structures are analyzed ac-
cording procedures applicable only in new structures, often result-
ing in unnecessary interventions and strengthening, which could
make unfeasible the business by term and/or excessive costs, cre-
ated by a mistaked project.

Therefore, given the complexity of the study and analysis of exist-
ing structures, the evidence of the frequency of partial or total col-
lapse of structures in use or under construction®, and considering
that Brazil has an immense amount of buildings with advanced age,
with incalculable heritage built in concrete, the discussion about the
security of these structures is even more necessary and urgent.

Table 1 - Motives, scopes and actions that justify safety assessment of existing structures (Helene (3))

Concrete receipt

points that f

ck.est < fck

Concrete looking
improper or not
complying with the
ordered/specified

Concrete exposed o
aggressive environment

Quality of structure
execution

Survey

Change of use, retrofit

Corrective intervention
or structural
rehabilitation

control, in new work site,

Search for the new fck, fo
redesign or assessment of
structural safety

Analyze concrete for
comparison with orders/
specifications

Analyze concrete
characteristics e
properties related to
its resistance to the
aggressive environment

Analyze concrete
homogeneity, dimensions
of casted elements,
tolerances

Inspection and diagnosis
to clarify pathologic issues

Assess the conditions of
the existing sfructure

Assess the present safety
conditions and design
necessary interventions

Transform concrete compressive strength results obtained by drilled
cores in values that are equivalent to concrete characteristic strength
of the new structure, in order to allow the use of the same safety
methods adopted for design of new structures.

Search for composition, mix design, specified strength and other prop-

erfies of the delivered concrete for casting of a structural element, as

ordered for the concrete supplier. Usually, these are commercial issues
between the companies.

Complex concrete life cycle analysis in that environment based
on the design service life of the structure, preventive maintenance
prescriptions of the structure use and maintenance manual, eventual
accelerated tests or assessment of similar existing buildings. With the
concrete compressive strength, characteristics and properties, apply
service life models available in the technical literature.

Analysis aided by use of semi destructive and nondestructive tests,
tfopography resources, level and laser plummet, columns eccentricity,
geometrical dimensions and drilled cores sampling of complementary

areas, intfended to the quality assurance of concreting services
complying with codes requirements.

Application of recognized and sophisticated techniques for field
inspections and lab and field tests, eventual load fests, drilled cores
sampling, intended to the diagnosis and prognosis of partial or full
collapses, a severe repair issues and severe deformations.

As built structural analysis with inspection of dimension, reinforcement,
concrete, drilled core sampling, efc., infended to the safe change of
use of the structure, with no increase of overloads.

Application of recognized and sophisticated techniques for field
inspections and lab and field tests, eventual load tests, drilled cores
sampling, intended to the diagnosis, assessing structural safety for
design of interventions.

1 Torre de moinho desaba e deixa 5 feridos em Maceio, moradores s&o retirados. Describes the collapse of a structure of 50 years of age, even after reforms increased weight together had
no structural reinforcement. The accident left injured and damaged homes. Available in:http://g1.globo.com/al/alagoas/noticia/2014/09/moinho-que-desabou-em-maceio-tinha-problemas-
estruturais-diz-laudo.html. Access: October, 08th 2014.

2 Once investigaciones por caso Space precluyeron: Fiscal. Describes unfortunate tower collapse case in Colombia, followed by demolition and implosion of similar towers by serious
mistake project. Available in: http://www.vanguardia.com/actualidad/colombia/279832-once-investigaciones-por-caso-space-precluyeron-fiscal. Acess: October, 01st 2014.

3  As an example, we can mention the significant recent collapses: Building Sand White (Pernambuco, 2004. Building with 25 years, delivered in 1979, collapsed completely due to execution
failed connections shoes and pillars), Royal Building Class (Paré, 2011. collapsed under construction due to errors in design and construction), building Freedom (Rio de Janeiro, 2012.
He collapsed, taking with him two adjacent buildings, and revealed errors in the reform of procedures), Shopping Rio Poty (Piaui, 2013. building under construction that collapsed due to

failure to execute related to shoring).
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There are several reasons that can lead to the need of assessing
an existing structure safety, leading to different scopes of work, set
out in Table 1.

The safety assessment of an existing concrete structure is dif-
ferent from that adopted for a new one [4]. According to stan-
dard ABNT NBR 8681:2003 [5] and ABNT NBR 6118:2014 [6],
the partial factors for actions and strength, adopted in the design
phase, take into account uncertainties and inaccuracies related
to the construction processes of structures, variability of materials
strength, in addition to numerical approximations of calculation
and design processes.

However, when analyzing a finished structure, a large number
of these unknowns factors during the design phase, are already
defined and can be measured, which justifies a modification in
actions increasing factors and in strength reduction factors [7].
This issue was already addressed in 1983 by the Committee Eu-
ro-International du Beton (CEB). Regarding to actions, the CEB
[8] already indicated that, at least for the sustained loadings, the
increasing factors adopted for existing structures analysis should
be lower than usual, based on geometric measurements, actual
densities and more accurate load estimations.

With regard to materials, the CEB also warned about the val-
ues of “characteristic’ compressive strength of concrete, to be
considered in the analysis of existing structures. By definition, a
characteristic value is linked to a concept of security and quality
of the structures before construction, which makes this aplica-
tion inconsistent for existing structures, in which geometries and
properties of used materials are better known.

In addition, it was also mentioned the need of considering a sec-
ond problem: the age at which the characteristic value should be
referenced, since most of the design codes was based on nomi-
nal strength values at 28 days (as to this day). As in that time,
today the study of structures age conversion for 28 days is still
little used, controversial and uncertain.

Therefore, it is understood that analyze the security of a finished
structure is much more complex to enter the safety of a new
structure design, it requires preliminary inspection, testing and
careful survey. It takes solid security knowledge and concepts in
structural engineering as well as knowledge of the construction

materials used in order to identify, control and properly consider
the variability of actions and strength in the structure.

In order to discuss this topic considered complex and diffuse, is
presented in this paper an introduction to the safety of concrete
structures, a synthesis of the literature review of the procedures
recommended by Brazilian regulations and international stan-
dards established and respected in Brazil associated with the
topic as well as an assessment of the implementation of the
hypothetical example of an existing structure for security veri-
fication.

2. Safety in design of concrete

structures

EE

The concept of security structures, in general, is associated with

statistical tools and is characterized by probabilistic analysis of

a structure to maintain its bearing capacity, preventing their ruin

[9]. This way are defined limits states (ultimate or service) to the

structure and, regardless of the method of calculation used, the

project should be performed in order to always maintain the rela-
tionship R, 2 S _*.

Fig.1 shows a simplified view of probabilistic safety consideration.

Through the of semi-probabilistic analysis of variables influencing

the safety of structures, namely increase actions and reduce ma-

terial strength, it is possible to perform the design of new struc-
tures and assess the security of existing structures, this time with
effectively measured or field estimated values.

To this end, the fib Model Code 2010 [10] recommends four

safety model checking, of whom an cites two: Security Probabi-

listic Method and Partial Safety Factor Method (or Semi proba-
bilistic method).

B Probabilistic Method: because of its complexity and even lack
of knowledge of the variables, it is not the most used and
therefore will not be subject of discussion in this article;

W Partial Safety Factor Method: also known as semi-probabi-
listic method makes use of predetermined conversion coef-
ficients for calculating characteristic values of values.

The ABNT NBR 8681:2003 [5] offers stress calculating tools
based on this method, as the following concepts:

Figure 1 - Representation of safety analysis according to probabilistic method

Situacdo de

-——

cidlculo controle

efetivo

4 Design Strengths (R,) must be greater than Design Actions values (S).
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For actions:
Fa=Fr-vyr (])
Ve =R s ¢3]

Y,, - considers variability of actions;

Y, - combination coefficient (w0 - simultaneity);

Y, - considers possible assessment errors of the actions effects
due to construction method or calculation method.

For materials strength:

fd :fk/'Ym (3)

Ym =Yml " Ym2 *Ym3 (4)

Y, - can refer to concrete (in this case, is called y,) and to
steel (y,).

v, takes into account the variability of the effective strength of
the concrete structure, which is always greater than the vari-
ability of resistance “potential” of the concrete in their production
source, as evaluated by molded specimens;

Y.,- considers the differences between the effective resistance of
the concrete in the structure and the potential resistance mea-
sured in conventionally standardized specimens;

Y.s considers the uncertainties in the determination of resistant
requests, whether as a result of the construction methods, wheth-
er as a result of the method (model) of employee calculation.
Cremonini [11] explains that the coefficients y_, and y,, can be
determined by experimental measurements and statistical ana-
lyzes as y_,is found by means of empirical criteria. In the case

Table 2 - Strength reduction factors utilized
for design of new structures

fib Model Code
2010 (10)

v, 1,4 15
1, 1.2 1,39
Yo 1,08 1,05
Yo 1,08 1,05

of concrete, it can be considered that decomposes vy_approxi-
mately the following parts:

Ye =1,07a 1,32 (yer)- 1,10 (ye2)- 1,10 (ye3)  (5)

The result of the product of the plots varies between 1.30 and 1.60.
Table 2 shows the comparative values adopted by Brazilian stan-
dards compared to the requirements of fib Model Code 2010 [10].
Some researchers believe, mistakenly, that aspects related to the
strength and variability of the constituents of concrete materials
are covered by v, but it is clear that, conceptually, this coefficient
exclusively covers the differences between the concrete strength
control procedures, well established in ABNT NBR 5738:2003 [13]
and in ABNT NBR 5739:2007 [14], and the procedures adopted in
construction site [15].

Therefore, the coefficients y_,and v, (product of order 1.3 to 1.45),
as stated by the ABNT NBR 8681:2003 [5], cover the unknown dif-
ferences between the geometry of the standard specimen and the
structural component geometry as well as their actual characteris-
tics of density, launch, healing, shoring removal and early loading,
which in general are different from standard procedures in ABNT
NBR 5738:2003 [13].

It is evident that the work procedures are unlikely to be as accurate
as the control prescribed by ABNT NBR 12655:2006 [16], such that
the effective resistance of the concrete compression in the structure
will always be less (of 1.3 or order less) that resistance of the con-
crete compressive assessed by ABNT NBR 12655:2015 [16].

An experimental approach to y, coefficient can be obtained through
actual comparison studies between the strength control from
ABNT NBR 12655:2015 [16], which results in production of aver-
age strength potential (f, ), with the actual average strength, as
measured trough core (f. . ). According Cremonini [11], the aver-

cefm

age difference walks around 24% (i.e., 1.24).

3. Effects of sustained loads

[

The sustained loading affects the concrete compressive strength.
The variation of the retained strength of the concrete under load,
also known in Brazil by “Riisch effect’, is considered in the pres-
ent semi-probabilistic safety method release for structural design.
This consideration is made using an additional reduction coeffi-
cient, included in the idealized stress-strain diagram of ABNT NBR
6118:2014 (item 8.2.10.1) [6], the value, for f, < 50MPa and the
loading at 28 days, is 0.85.

According Rusch research [17], the concrete when subjected
to long lasting loading (t > 20minuts), undergoes compressive
strength loss, a phenomenon similar to the relaxation (Fig.2).

On the other hand, it is known that the Portland cement concrete,
throughout his life, due to cement hydration, gains strength as it
appears to the right of Fig. 3.

Thus, the load resistance of concrete can be easily provided as a
result of the product of two coefficients: 3, which depends on the
rate of growth of strength of concrete compressive load from the
date of application,and B, which depends on the permanence of
load effect, also called the Risch effect in Brazil.

The growth rate of the concrete compressive strength, can be
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Figure 2 - Influence of duration and
intensity of axial loading in concrete
compressive strength (Risch (17))

f2 = 5000 psi
at 56 days
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0002

expressed by the model suggested by fib Model Code 2010,
namely:

e i _ o) ©

where:

fc,j : the concrete compressive strength, measured in “j” days old;
f, ;s concrete compressive strength, measured at 28 days;

s : coefficient that depends on the cement, the w /c ratio, and
moisture conditions of the concrete.

For B, value, the same fib Model Code 2010 suggests the fol-
Iowing' model:

c,sus = fc;us,t = 0,96 - 0’1 2-4 In{72 ' (t - tO )} (7)
(1)

where:

f. i - COMPpressive strength of concrete under sustained load at ¢
age, counted from the date ¢, of load application, in MPa;

fc,m : potential compressive strength of the concrete, at the time ¢,
just before application of long lasting load in MPa.

In the case of ABNT NBR 6118: 2014, the value of BCC-BC_SUS =0,85
referred to £,=28days old, i.e., it is assumed that the growth of the
concrete compressive strength from 28days to 50years will only,
B.=1,17 (17%), wich corresponds to the index s = 0,16, and the
decrease of compression strength of concrete due to the load ap-
plied to 28 days until 50 years and maintained, the Riisch effect, will
be BC,SUS = 0.73, whose product results BCC-BC,SUS =1,17-0,73=0,85.
It is observed that it is very conservative value, because actually
the growth of resistance of concrete from 28 days to 50 years al-
ways exceeds 17%, and the decrease due this effect, according to
Risch, would be at most 0.75.

In Fig. 4 it can be seen the resulting (BB, f.,) of growth and

c,sus i

Figure 3 - Effects of age of loading
in concrete compressive strength
(Riisch (17))
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reduction effect, due long term loads, on the concrete strength,
according Risch [17].

In this regard it should be noted that in the case of a loaded struc-
ture, when analyzing the resistance from concrete cores, should
be borne in mind that the resistance obtained may also be un-
der the influence of the Riisch effect. This fact will depend on the
structure loading history and also of its age, and there is still no
clear consensus on how to consider this phenomenon in structural
safety for existing structures.

4. Built structures assessment
EE

Are presented some requirements of Brazilian and international
standards recognized and respected in Brazil. The main focus is
to analyze the specific technology issues and assessment and

Figure 4 - Compressive strength
(product BB, ..f.) as a function
of long term axial loading (Riisch (17))
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Concrete structures. Contribution to the safety assessment of existing structures

verification of safety on existing structures, answering the following

basic questions:

B How to get the concrete characteristic strength equivalent to
the concrete samples from concrete cores?

B What are the key safety parameters to be considered in the
analysis of existing structures?

B What are the differences with respect to the design of the usual
parameters used for new structures

4.1 General cases and brazilian standards

To evaluate the strength of concrete compression on existing
structures in order to verify the safety of the structure, should
be employed the concepts and requirements of the standards
ABNT NBR 8681:2003 [5], ABNT NBR 6118:2014 [6] and
ABNT NBR 7680:2015 [18], which is the Brazilian standard most
appropriate and most recent review on the concrete in situ via con-
crete cores.

Therefore, considering that the steel strength does not change
with time (provided it is kept in a good concrete), the unknown
is greater when the characteristic concrete compressive
strength, the 28 days of age agreed to f, and measured by the
ABNT NBR 12655:2006 [16], ABNT NBR 5738:2003 [13] and
ABNT NBR 5739:2007 [14].

In the case of existing structures this resistance should be judged
from the strength of the evidence taken from a different age 28
days, which may be termed core resistance f__ . To get f, from

c,ext’

f, .o ABNT NBR 7680 prescribes a number of standard proce-
dures that take into account the differences between the measured
resistance in the concrete sampled from the concrete mixer and
subjected to ideal conditions of standard (f,,) with the effective re-
sistance of the concrete in the work (f__ ), always less than “po-

c,ext
tential”.
4.1.1 First step

Therefore the first step consists to inspect and analyze the struc-
ture of obtaining a f,, . ... from £ comparing it with the design

strength, f,. Since fck.equivalent 2 f, design, analysis or verification of
safety can be considered met and approved.
Incasethatf, . ...<Tf,design,the Security check should pro-

ceed with the second step, which is to check the safety with this
new f,.

4.1.2 Second Step

For review and verification of structural safety and global stability,
considering the ultimate limit state (ULS), ABNT NBR 6118:2014
on its entry 12.4.1, admits that in the case of f, obtained from
extracted testimonies of structure, is adopted: f,, obtained from ex-
tracted testimonies of structure, is adopted:

Vs, original
i e ®

Therefore, in usual cases, y, = 1,4/1,1 = 1,27, which is equivalent
mathematically, to multiply the core result by 1.1, that is, increase
it by 10%, once the core result represents better the effective

strength of the concrete near from the drilled region in the struc-
ture. For service states verifications purposes, shall be adopted
7, =1,0.

If the safety check with this new v, 1,27 or 1,0 is met, the process
over at this point.

4.1.3 Third step

If the line is not met, the security check can proceed to the third
step, which is the careful observation of the finished structure giv-
ing geometrical measures position armor, armor rate, eccentricity
tolerances, level and plumb, thickness slabs, or checking the ac-
curacy of execution of the structure.

This last step is also advisable to review by sampling the spe-
cific masses of materials, calculate the variability of the concrete
strength, carefully review the medium loads and variability as well
as check the concurrency loads.

If the rigor of execution is within the tolerance limits as described
in ABNT NBR 14931:2004 [19] (equivalent to Chapters 5 and 6 of
ACI 318-11 and Chapter 8 of the fib Model Code 2010), the security
check may adopt mitigation coefficients of smaller concrete strength
1,27 and steel, g, 1.05 for ULS, and perform verification with actual
load values (effective density), effective concurrency, etc.

4.1.4 Fourth step

Staying non conformity of the structural safety for these conditions
of use, choose from the following alternatives:

B determine the structure use restrictions;

B provide repair and strengthening project;

B decide on the partial or total demolition.

4.2 International standards

International standards have a methodology for analysis of similar
existing structures and adhering to these concepts, especially with
the first two steps, and also apply the last two steps.

4.2.1 ACI 318-11 Building code requirements for structural con-
crete and commentary [20] e ACI 214.4R-10 Guide for obtaining
cores and interpreting compressive strength results [21]

4.2.1.1 Structures under construction, first step

During concrete control in a work in progress and forward the
results of low results of resistance of concrete compression, the
ACI 318-11 (Chapter 5, item 5.6.5) requests the extraction of three
cores to the affected region.

If the mean value of the three cores strength is higher than 85%
of the design resistance () and the values are below 75% of
the structure shall be considered compliant and the process ends
here, and this procedure shall be taken as a first step.

Itis observed that this requirement is equivalent to multiply, respec-
tively, the mean and the lowest value of the drilled cores by 1.18 and
1.33,ie.,f =118F ot O Foyen =1,33-f .

? "ck,equivalent cm,ext ext”

4.2.1.2 Existing Structures, first step

When the first step does not achieve compliance or wherever
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Strength reduction factors

Tension-controlled sections

Members with spiral

Compression-controlled reinforcement

sections )
Others reinforced members

Shear and forsion

Bearing on concrete (except for post-tensioned anchorage
zones and strut-and-fie models

Table 3 - Strength reduction factors (¢) according to ACI 318-11

Chapter 9
(design of new
structures)

Chapter 20
(assessment of
existing structures)

Difference

0,75 0.9 20,0
0,65 0.8 23,1
0,75 0.8 6,7

0,65 0.8 23,1

there are existing structures, AC/ 318-11 (Chapter 20) requires
estimation of equivalent strength f°_a more accurate way, through
ACI 214.4R-10, on which should be considered some correction
factors related to test effects, geometry and moisture of the core,
as follows:

ﬁzFl/d'Fdia'ch'Fd'ﬁore (9)

where:

f, = corrected core strength;

f .. = drilled core strength, directly obtained in the compression test;
F,, = correction factor due to core height/diameter ratio;

F,, = correction factor due to core diameter;

F .. = correction factor due to moisture condition;

F, = correction factor due to drilling effect.

After correction of the compressive strength of each core, related
to test variables and concrete intrinsic aspects, the standard AC/
214.4R-10 recommend two methods for obtaining final equivalent
compressive strength of concrete. They are:

* Tolerance factor method

Jo =T A& +(Z-5,) (10)

where:

f', .o = Sample equivalent strength;

. = mean equivalent strength of tested drilled cores;

K= factor that takes in account the unilateral tolerance limit for a
10% quantile (ACI 214.4R-10, Table 9.2) which depends on the
desired reliability level in the design;

s, = sample standard deviation;

Z=factor that takes in account the uncertainty of the use of strength
correction factors (ACI 214.4R-10, Table 9.3) and also depends on
the desired reliability level;

s, = standard deviation of strength correction factors (AC/ 214.4R-
10, Table 9.1).

Alternative method

3 W S an

Lra=C-(F ) (12)

Onde:

f’wq= sample equivalent strength;

/.= mean equivalent strength of tested cores;

T = factor obtained by Student t-distribution with (n-1) degrees of
freedom, depending on desired reliability level (ACI 214.4R-10,
Table 9.4);

s, = sample standard deviation;

Z=factor that takes in account the uncertainty of the use of strength
correction factors (ACI 214.4R-10, Table 9.3) and also depends on
the desired reliability level;

s, = standard deviation of strength correction factors (AC/ 214.4R-
10, Tabela 9.1);

n = number of tested cores;

C = coeficiente related to intrinsic variability of materials strength in
structure (ACI 214.4R-10, Table 9.5).

4.2.1.3 Second step, new structures under construction
or existent

In case equivalent strength obtained by ACI 214.4R-10 does not
meet the design strength, safety must be verified adopting new
coefficients for reduction of concrete strength, named strength re-
duction factors (), present in ACI 318-11, Chapter 20, as shown
in Table 3.

Although it is contained in the same concepts of the general case
adopted in Brazilian standard, AC/ 318-11 does not prescribe a
strength reduction coefficient for concrete, v, and in safety as-
sessment of existing structures this coefficient reduction ranges
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between 6,7% a 23,1% according to the main type of action,
while in Brazil this reduction is fixed, conservative and equal to
only 10% (with exception of old ABNT NBR 6118, from 1978 to
2003, that permitted a 15% reduction in some cases).

It is observed that in AC/ 318-11 that the introduction to safe-
ty in structural design differs from the adopted in ABNT NBR
6118. In the American code, the reduction factor () is applied
once only for steel and concrete strength. It is different from
the Brazilian code procedure, in which the strength reduction
factors are applied separately for concrete (y,) and steel (y,).
For example, the axial compressive strength of a short column
designed through ABNT NBR 6118:2014, is shown in eq.13,
and for ACI-318-11, the strength is given by eq. 14.

N, =0,85-Q-Ac+&
Ve Vs

4, (13)

where:

N, = Maximum axial load, design value;

f. = characteristic compressive strength of concrete;
v, = strength reduction factor of concrete;

A, = gross area of concrete section;

fyk = yield characteristic strength of steel;

v, = strength reduction factor of concrete of steel;

A, = steel area.

0P = 0800085 (4 = 4,)+,-4,] (14)

where:

¢.P, ... = Maximum axial compressive strength, design value;
¢ = Strength reduction factor;

f ‘. = specified compressive strength of concrete;

A, = gross area of concrete section;

A, = total area of nonprestressed longitudinal reinforcement;
fy = specified yield strength of reinforcement.

Therefore, comparing a short column with dimensions of

50x50cm, with f, of 35MPa and hypothetical CA-50 steel re-
inforcement area of 37,70cm?, using ABNT NBR 6118:2014,
the design maximum axial load would be 6951,8kN, while the
same element designed using ACI3718-11 method, with re-
duction factor (¢) equal to 0,65, results in axial compressive
strength of 4789,48kN.

This demonstrates that the American code is more conservative
than Brazilian code when assessing safety in design phase.
However, assessing safety in Chapter 20 of ACI-318-11, the
strength reduction factor, or reduction coefficient (¢), can be
increased, which means to assume an increase of the existing
element strength, due to the greater knowledge of structure
actual state and the reduction of the admitted variability.

For the hypothetical example above, item 20.2.5 of AC/-318-11
restricts the increase of coefficient (¢) to 0,80 at most, in
other words, an increase of 23% for the element compressive
strength.

In ABNT NBR 6118 model, it is allowed a reduction of coeffi-
cienty_from 1,4 to 1,27, when analyzing drilled concrete cores.
In this case, altering only the factor related to concrete, the
increase in the column strength would be of 7,8%. Along with
another reduction in steel coefficient g, from 1,15 to 1,0, the
total element strength increase would be of 11,3%, both cases
far below from the values obtained by AC/ method.

The third and fourth steps, cited previously in the general case
are no explicit in ACI 318-11, but are clearly applicable.

4.2.3 ACI 562-13 Code requirements for evaluation, repair,
and rehabilitation of concrete building and commentary [22]

This document proposes a preliminary assessment, including
design review, construction data, reports and other available
documents (research for used materials) and comparison of
obtained information with all requirements of standards appli-
cable at the time of the project.

In case it is not possible to obtain sufficient information through
design, specifications and other documents, consider concrete
compressive strength values according to Table 6.3.7a, or ac-
cording to values from drilled cores tested in laboratory, in or-
der to acknowledge the actual concrete characteristics.

When decided to test concrete drilled cores, it is recommended

Safety assessment
model

Probabilistic safety

50 years
Serviceability method Y
(SLS) Partial safety factor Residual
method service life
Probabilistic safety
) method S0 years
Ultimate
ULS i
(ULs) Partial safety factor 50 years

method

Table 4 - Reliability index () according to fib Model code 2010 (p. 31 e 32) (10)

New
structures

B=15 - Same assessment
criteria for new and

- B=1,5 existing sfructures
3,1<p<43 3,1<B=<38 Allows the reduction

of minimum
reliability for existing
p=38 31=p=38 structures
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to estimate concrete equivalent strength () through the equation:

Sy =097 1—L28-J@+o,oo1s (15)

where:

qu= equivalent compressive strength of concrete;

f.= mean core compressive strength, already corrected to consider
core diameter and seasoning conditions;

V = standard deviation of effective core strength;

n = number of teste drilled cores;

K. = modification factor of coefficient of variation (depends of com-
plying with AC/ 562 Table 6.4.3).

After determining equivalent compressive strength, the structure
safety should be assessed according to Chapter 20 of ACI 318-
11. Thus, this document from ACI does not sum much more in-
formation to ACI 318-11 and ACI 214.4R-10, only modifying the
procedure for obtaining equivalent strength (first step) of concrete
in existing structures, and keeping the second step, and also the
third and fourth steps from the general case.

4.2.4 fib Model code for concrete structures 2010

In assessment of existing structures, the fib Model Code 2010 [10]
recommends that reduced values of y_ are adopted, in order to
account real active actions, effective dimensions and properties of
materials used in the structure. For the factor v, which represents
the product v, - 4, €quivalent to the product v, - y_, (Brazilian
code), the standard recommends assuming the value of 1,0.

The y,, expresses a the uncertainties in geometry and calculation
methods. Itis noted that in the assessment of an existing structure,
there are fewer uncertainties, allowing a reduction of this factor
from 1,10 to 1,00.

For a pure probabilistic method, fib Model Code 2010 [10] suggests

Table 5 - Utilized v, factors in assessment of
existing structures (EUROCODE 2)

1.5 1.4 7.1
1,5 1,45 3,4
1.5 1,35 111
1.5 1.3 154

that analysis should be based in reliability indexes, frow which will
be obtained new safety factors. Table 4 presents some apectcs of
the reliability index (B) to be considered in design of new structures
and in assessment of existing structures.

4.2.5 EUROCODE 2. EN 1992. Dec. 2004. Design of con-
crete structures. General rules and rules for buildings [23] e

EN 13791. Jan. 2007. Assessment of in-situ compressive
strength in structures and precast concrete components [24]

Similarly, the EUROCODE 2 also recommend reduced values to
be adopted for g, and g, as long as uncertainties for strength cal-
culations are minimized.

For determination of equivalent compressive strength (first step),
EN 13791 shall be applied, bringing calculation methods shown be-
low in egs. 16 and 17 below (it is always adopted the lesser value).
* 15 cores or more

ﬂk,is = fm(yl)’[s - 1748 *§or f;k,is = ]Fis,lowest +4 <] 6)

where:
f..s= sample equivalent strength;
f = mean equivalent strength of tested cores;

m(n),is

s = sample standard deviation;
T owest = lOWESt cOmpressive strength value of tested cores.
* 3 a14 cores

f;’k,is = fm(n),is - k or f;k,is = f;s,lowest +4 (] 7)
where:
f..s= sample equivalent strength;
f = mean corrected strength of tested cores;

m(n),is

k = factor that depends on the number of tested cores (EN 13791
Table 2);

T iowest = lOWESt cOMpressive strength value of tested cores.
Standard EN 13791 also recommend the correction of drilled cores
compressive strength before the estimation of equivalent strength,
in the same way as for ACl 214.4R-10, taking into account h/d ra-
tio, diameter, seasoning effect, drilling effect, among others.

In case the structure is submitted to rigorous quality control, as-
suring that unfavorable deviations in element sections are within
the limits of EN 1992 Table A.1, and if the coefficient of variation of
concrete strength if lower than 10%, y, can be reduced from 1,5 to
1,4 (second step).

Even more, if the calculus of the design strength is based in critical
geometric data (reduced by deviations and measured in the built
structure), the recommendation is to reduce g, to 1,45. In the same
case, since that the coefficient of variation of the concrete strength
does not exceed 10%, could be adopted y, = 1,35.

When the evaluation of finished structure is based on tests and
in situ assays on the built structure (e.g. core testing), g, shall be
reduced by the conversion factor n = 0,85 5.

Table 5 show the percentage of reduction suggested by EURO-
CODE 2 for the safety factor v,.

Is realized that, in the case of EUROCODE, the new strength re-
duction coefficient, for the concrete resistance, used to safety as-
sessment in built structures, since that is based in core testing, is
equivalent to the Brazilian standard, i.e., equal to 1,27.

5 Segundo o préprio Eurocode o valor resultante de y, ndo deveria ser inferior a 1,3, porém, aplicando esta redugéo ao y, de 1,5, daria um valor de 1,27 para o novoy,.
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Table 6 - Data of drilled concrete cores

012 3 4 5 6 7 8]

f 154 154 17,6 19,1 1956 199 166 176

ci,ext

Finishing this second step, if the safety does not to be checked,
remaining the third and fourth steps from general case.

5. Exemple
E——

So as to perform a benchmark between the different codes, is pres-
ents below an exemple of a structure that knows that was designed
with a f_ equal to 25MPa, where was adopted some data from core
tests (Table 6), and then was applied the different codes in its analysis.
On the subject region, was obtained 8 cores, amount that complies
with minimum criteria of all codes used on this paper. For this, was
used standard cores with 10cm of diameter and h/d ratio = 2. All
values of strength are expressed in MPa (Mega Pascal).

5.1 First step: equivalent strength

If it were a building structure, for analysis according to ACI 318-11

(Chapter 5), should be used only 3 results in the region with prob-
lems. For conservative reasons, of the eight available values, was
used only 3 lower values.

From the results 154; 154 and 16,6MPa, is obtained
fc‘equiva,em = 18.6 MPa (multiplying the average of the results by
1.18). This condition does not meet the criteria of the standard,
so there is the need to find a new f, equivalent to further analysis.
In the Table 7 shows the correction of £, proposed by ACI
214.4R-10, Chapter 9.1. For this practical example, we adopted a
95% confidence level.

From the corrected values of fc, there is need to find the value of
T, cquivaiene T1HIS Parameter can be also obtained by ACI 214.4R-10,
ACI 562-13 and EN 13791: 2007, as presented in Table 8.

5.2 Second step: safety assessment

After corrections and obtaining f ..., should be pro-
ceed with the safety evaluation, as Chapter 20 of ACI 318-11
(or Ch. 5.4 of ACI 562-13 %) or the Eurocode 2.

According to the ACI 318-11, assuming that it is not a reinforce-
ment spiral column, it would be to modify the ¢ safety factor from
0.65 to 0.80, or a equivalent way is to top up the equivalent re-
sistance (fceq) obtained in Table 8 at 1.23 (and continue using
¢ = 0.65 in design verification).

1 15,4
2 15,4

3 17.6

4 19,1 1

5 19,5 (V=0%)
6 19,9

7 16,6

8 17,6

Table 7 - Corrections according to ACI 214.4R-10 (results in MPa)

Correction factors ACI-214.4R-10 Cap.9.1

(V=0%)

17.8
17.8
20,3

1 1.09 1,06 22,1
V=2,5%) (V=2,5%) 225

23,0
19,2
20,3

ACI 214.4R-10

f' oq CAP. 9.4.1 f' o CaP. 9.4.2

among others.

Table 8 - Values for f___ ..., Proposed by standards ACI 214.4R-10, ACI 562-13 and EN 13791

Tolerance factor method Alternate method

15,0 15,4

NOTE: Standard EN 13791:2007 presumes the same adjustments for factors influencing drilled cores strength, such as: h/d ratio, diameter, moisture effects, drilling effects,

ACI1 562-13 EN 13791

17.1 14,4

6 A andlise de seguranca do Cap. 5.4 do ACI 562-13 é a mesma contida no Cap. 20 do ACI 318-11.
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Table 9 - Concrete equivalent compressive strength values for safety assessment,
according to ACI 318-11

ACI1318-11 Cap.20

ACI-214.4R-10 ACI 562-13

f' o COP. 9.4.1

f'oq COP.9.4.2
fceq Cap.6.4.3
Alternate method

19.0

Tolerance factor method

18,4 21,0

Table 10 - Values of f_, for safety assesment,
according to EN 13791:2007 (assuming vy = 1,5)

o A22(2) A23 (1)
EN 13791 Vepoas = 1,35 Vepoas = 1119
14,4 16,00 18,80

2 The presented values were increased, considering that in item A.2.2 (2)
foe = foris W Vopeash ANA item A2.3 (1) f, = Foy (/Yo pesa):

Thus, the resistance values to be adopted under this concept would
be shown in Table 9. From the point of view of EUROCODE 2, got
the £, value, is by EN 13791 (even f__ ACI), then one should apply
the security analysis criteria, as described els4ewhere. Similarly
to run in the previous analysis in Table 10 are exposed patches of
each of the items included in its Annex A.

There is, an overall assessment and with reference to this exam-
ple, the final strength calculation ranged from 16MPa to 21MPa,
according to the criterion that is adopted, as shown in Table 11.
This variability demonstrates, once again, the need to always use
common sense in making decisions and seek to address the prob-
lem with a holistic vision that aims to cover all variables without
unduly hold a number obtained mathematically that, it is known
and has been shown, can have meaning relative and not absolute.
In the safety assessment, is checked that all codes consulted, allows
a large reductions in their partial factors, since the variables after a
structure is built, can be measured and considered in the desing as
effective values. Thus, as there is no more a lot of unknowns and un-
certainties, we can work with lower safety margin and more rational.

6. Final considerations
N

In the universe of the actual codes was observed several criteria,

however all the codes analyzed have in common the fact that the
reduction of certain portions of the partial coefficients is completely
feasible, without compromising structural safety.

However, to make use of new coefficients, it is necessary to have
a greater knowledge of the structure, and in this respect comes
the important inspection activity, in which the rigor of execution,
and the geometric parameters and quality of the materials must be
properly checked.

The fib Model Code 2010, the composition of the material coef-
ficient of resistance mitigation, considers explicitly, beyond the
portion related to the lack of resistance of the material, the por-
tion that takes into account the geometric uncertainties that could
possibly occur during execution . In this respect, if it is found that
the structure was performed using geometry was within acceptable
standards with concrete strength and knowledge of the structure
(through core), it would be able to effect the reduction of ym.

In the North American standard, as regards the strength of con-
crete, the separation of material analysis and safety analysis is
evident, the first item specified by ACI 214.4R-10 or by ACI 562-
13, dealing with correct inherent variables the test and the intrinsic
properties of the concrete, while security is handled in accordance
with Chapter 20 of ACI 318-11.

The Eurocode 2 operates analogously to fib Model Code 2010,
allowing the reduction of yc coefficients since the geometry of the
structure has been performed accurately and such measures are
considered in the calculation (characteristic measured by an effec-
tive quality control in construction ).

The new text of ABNT NBR 7680: 2015 proves to be aligned with
the main standards, and the correction of the extracted testimonies
resistance values close to the results calculated by different meth-
ods. However, for the analysis and reduction of the safety factor
(yc), yet must-carry as prescribed in ISO 6118: 2014.

On the statements relating to the influence of age and long lasting loads
in the evaluation of concrete strength, these researchers found in the

ACI 214.4R-10

Tolerance
factor method

18.4

Alternate
method

18,6 19.0

Table 11 - Concrete compressive strength values to be adopted
in safety assessment (MPa)

ACI
562-13

21,0

EN 1992-1-1 EUROCODE 2

A22(2) A23(1)
=135 Yepoas = 1519

18,8

ABNT NBR
7680:2015

yc.Red.’s

16,0

19.6
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available literature, no mention of the need to backdate the strength
of concrete at 28 days. No text was found considering the increase or
decrease of the concrete strength after 28 days when considered in
existing structures and aged lot or a little longer than 28 days.

A practical recommendation of the authors, would be considered in
the design verification, the resistance obtained in the age of testing
without any regression, and proceed with the calculations accord-
ing to standard theory.

General and holistic way, it was found that article that the secu-
rity check of an existing structure is a complex and differentiated
analysis, which depends on thorough knowledge of the structure
and concrete technology, as well as the security concepts.

In short, it is necessary that the professional engineering responsible
for examining the existing structure know the variables involved in
the process and learn to despise those who have worked, ensuring
a reliable assessment which results in safe and economic decisions.
In addition, to ensure the structural performance, often must be
monitored the buildings and the inspections and necessary and
periodic maintenance.

For new construction, the rationalization of construction, the Proj-
ect Quality Control (PTC) and the Technological Control (CT) of the
works should be encouraged and implemented, in order to obtain
safe works within the design conditions and well build rules.
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Abstract

The safety evaluation of an existing concrete structure differs from the design of new structures. The partial safety factors for actions and resistances
adopted in the design phase consider uncertainties and inaccuracies related to the building processes of structures, variability of materials strength
and numerical approximations of the calculation and design processes. However, when analyzing a finished structure, a large number of unknown
factors during the design stage are already defined and can be measured, which justifies a change in the increasing factors of the actions or reduction
factors of resistances. Therefore, it is understood that safety assessment in existing structures is more complex than introducing security when de-
signing a new structure, because it requires inspection, testing, analysis and careful diagnose. Strong knowledge and security concepts in structural
engineering are needed, as well as knowledge about the materials of construction employed, in order to identify, control and properly consider the
variability of actions and resistances in the structure. With the intention of discussing this topic considered complex and diffuse, this paper presents an
introduction to the safety of concrete structures, a synthesis of the recommended procedures by Brazilian standards and another codes, associated
with the topic, as well a realistic example of the safety assessment of an existing structure.

Keywords: structures safety, existing concrete structures safety, concrete structures evaluation.

Resumo
[

A avaliagdo da seguranga de uma estrutura de concreto existente difere daquela adotada no projeto de estruturas novas. Os coeficientes de ponde-
racéo das solicitagdes e das resisténcias, adotados na fase de projeto, levam em conta incertezas e imprecisdes relacionadas com os processos de
construgéo das estruturas, variabilidade da resisténcia dos materiais, além das aproximagdes numéricas dos processos de célculo e dimensiona-
mento. Entretanto, quando se analisa uma estrutura acabada, um grande nimero de fatores desconhecidos durante a etapa de projeto ja se encon-
tram definidos e podem ser mensurados, o que justifica uma redugédo nos coeficientes de majoragdo das agdes ou de minoragéo das resisténcias.
Diante disso, entende-se que analisar a seguranga de uma estrutura acabada é muito mais complexo que introduzir a seguranga no projeto de
uma estrutura nova, pois requer inspecao preliminar, ensaios, andlises e vistoria criteriosa. Sdo necessarios sélidos conhecimentos e conceitos de
seguranga em engenharia estrutural e também conhecimentos sobre os materiais de construgdo empregados, de forma a identificar, controlar e
considerar corretamente a variabilidade das a¢des e das resisténcias na estrutura. Com a intengédo de discutir este tema considerado complexo e
difuso, apresenta-se neste artigo uma introdugéo a seguranga das estruturas de concreto, uma sintese da revisao bibliografica dos procedimentos
recomendados por normas nacionais e normas internacionais associadas ao tema, bem como um exemplo pratico de avaliagdo de uma estrutura
existente para verificagdo da seguranca.

Palavras-chave: seguranga de estruturas, seguranca de estruturas existentes, avaliagdo de estruturas de concreto.
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1. Introducgao

EE

Devido aos recentes acontecimentos relacionados ao colapso de
estruturas no Brasil' e no mundo?, cresce cada vez mais a aten-
¢do do meio técnico para questdes de seguranga estrutural. Ha
varios casos de edificagdes que estdo ruindo até mesmo antes da
entrega ao cliente, ou seja, durante o periodo de construgdo. Além
disso, cresce o interesse do mercado pelo retrofit de estruturas
existentes, o que torna este assunto atual e de grande interesse
pratico, pois uma grande parte dos projetistas estruturais ndo do-

minam os conceitos, modelos e critérios de introdugdo da segu-
ranga na verificagdo de estruturas existentes.

Ainda que estejam sujeitas a depreciagédo ao longo do tempo, por
estarem expostas ao ambiente e também pelo uso, e mesmo que
tenham ou néo manutengao adequada, conforme os requisitos da
ABNT NBR 5674:2012 [1], é inviavel e inaceitavel, econdbmica e
ambientalmente, que as edificagdes sejam simplesmente substitu-
idas ao atingirem o fim de sua vida util de projeto (VUP), prevista
de acordo com a norma ABNT NBR 15575:2013 [2].

Também é inaceitavel que estruturas existentes sejam analisadas

segundo procedimentos adequados apenas a estruturas novas,

Tabela 1 - Algumas razoes, escopos e acdes que justificam a andlise da seguranca
de uma estrutura existente (Helene (3))

Trata-se de transformar o resultado da resisténcia do concreto medida
através de testemunhos num valor equivalente ao da resisténcia
caracteristica do concreto & compressdo, que seria utilizada num
projeto de estrutura nova, a fim de viabilizar o emprego do mesmo
método de introducdo da seguranca no projeto das estruturas de
concreto utilizado em estruturas novas.

Encontrar qual o novo
flle porg re-projeto ou
verificacdo da seguranca
estfrutural

O controle de
recebimento, em obra
nova, indicou que

fck,esi < fck

Trata-se de pesquisar a composicdo, traco, resisténcia e outras
caracteristicas e propriedades do concreto enfregue para a
moldagem de um determinado componente estrutural com o
concreto solicitado ao produtor do concreto. Geralmente trata-se de
uma questdo comercial entre empresas.

Concreto parece
estranho ou
aparentemente ndo
conforme com o
pedido/especificado

Analisar o concreto
para comparar com o
pedido/especificado

Trata-se de uma andlise complexa de ciclo de vida do concreto
naguele meio tomando por base o periodo de vida Util definido
no projeto da estrutura, as prescricdes de manutencdo preventiva
especificadas no manual de operacdo, uso e manutencdo dessa
estrutura, eventuais ensaios acelerados ou vistoria de obras similares
e antigas e, com as resisténcias, caracteristicas e propriedades desse
concreto, utilizar modelos de vida Ufil disponiveis na bibliografia.

Analisar caracteristicas
e propriedades do
concreto determinantes
da sua resisténcia a
deterioracdo frente
Aquele meio agressivo

Concreto exposto a
meio agressivo

Trata-se de uma andlise com uso expressivo de ensaios ndo destrutivos
ou semidestrutivos, recursos de topografia, nivel e prumo laser,
excentricidade de pilares, dimensdes geomeétricas, e extracdo de
testemunhos em regides complementares com vistas & afericdo
da qualidade das concretagens e precisdo da execucdo frente as
toleré@ncias de norma.

Analisar homogeneidade
do concreto, geometria,
toler@ncias

Qualidade da
execucado da estrutura

Trata-se de utilizar técnicas consagradas e sofisticadas de inspecdo
e ensaios de campo e de laboratdrio, eventual prova-de-carga,
extracdo de testemunhos, com vistas & elaboracdo de um diagndstico
e progndstico para esclarecer um colapso parcial ou total, um
problema patolégico grave ou deformagdes exageradas.

Inspecdo e diagndstico
para esclarecer um
problema patoldgico

Pericia

Trata-se de uma andlise tipo “as built” da estrutura com investigacdo
de geometria, armaduras, concreto, extracdo de testemunhos, efc.,
com vistas & mudanca de uso que implique ou ndo em aumento
de sobrecargas.

Trata-se de utilizar técnicas consagradas e sofisticadas de inspecdo
e ensaios de campo e de laboratdrio, eventual prova-de-carga,
extracdo de testemunhos, com vistas & elaboragcdo de um diagndstico
da situacdo, verificando a seguranca e projetando a intervencdo.

Avaliar o estado atual

Mudang¢a de uso, retrofit da estrutura

Verificar a seguranca
atual e projetar a
inferven¢do necessaria

Intervencdo corretiva
ou reforco

1 Torre de moinho desaba e deixa 5 feridos em Macei6, moradores séo retirados. Descreve o desabamento de uma estrutura de 50 anos de idade que, mesmo apos reformas que
aumentaram o peso do conjunto, ndo teve nenhum reforgo estrutural. O acidente deixou feridos e casas danificadas. Disponivel em: http://g1.globo.com/al/alagoas/noticia/2014/09/
moinho-que-desabou-em-maceio-tinha-problemas-estruturais-diz-laudo.html. Acesso em 08 out. 2014.

2 Once investigaciones por caso Space precluyeron: Fiscal. Descreve caso lamentavel de colapso de torre em Colémbia, seguido da demolicdo e imploséo de outras torres similares por
erro grave de projeto. Disponivel em: http://www.vanguardia.com/actualidad/colombia/279832-once-investigaciones-por-caso-space-precluyeron-fiscal. Acesso em 01 out.
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muitas vezes resultando em intervengdes e reforgos desnecessa-
rios que inviabilizam o negdcio por prazo e/ou por custo excessivo,
criados por um projeto equivocado.

Portanto, diante da complexidade do estudo e analise de estrutu-
ras existentes, da constatagéo da frequéncia de colapsos parciais
ou globais de estruturas em uso ou mesmo em construgao?, e con-
siderando que o pais ja tem uma imensa quantidade de estruturas
com idade avangada, com patriménio incalculavel do ambiente ja
construido em concreto, a discussao da seguranga dessas obras
fica ainda mais necessaria e urgente.

Diversas sao as razdes que podem levar a necessidade de se
avaliar a seguranga de uma estrutura existente, conduzindo a es-
copos de trabalho distintos, expostos no Tabela 1.

A avaliagdo da seguranca de uma estrutura de concreto existente
difere daquela adotada no projeto de estruturas novas [4]. Segundo
as normas ABNT NBR 8681:2003 [5] e ABNT NBR 6118:2014 [6],
os coeficientes de ponderagéo das solicitagbes e das resisténcias,
adotados na fase de projeto, levam em conta incertezas e impreci-
sdes relacionadas com os processos de construgéo das estruturas,
variabilidade da resisténcia dos materiais, além das aproximagdes
numéricas dos processos de calculo e dimensionamento.
Entretanto, quando se analisa uma estrutura acabada, um grande
numero desses fatores desconhecidos durante a etapa de projeto
ja se encontram definidos e podem ser mensurados, o que justifica
uma modificagdo nos coeficientes de majoragdo das agdes ou de
minoragao das resisténcias [7].

Este tema ja era abordado em 1983 pelo Comité Euro-Internatio-
nal du Béton (CEB). Com relagéo as solicitagbes, o CEB [8] ja indi-
cava que, ao menos para as solicitagdes permanentes, os fatores
de majoragao adotados na analise de estruturas existentes deve-
riam ser inferiores aos usuais, com base em medidas geométricas,
massas especificas reais e estimativas de cargas mais precisas.
No que concerne aos materiais, 0 CEB também advertia sobre o
valor das resisténcias “caracteristicas” do concreto a serem consi-
deradas na analise de estruturas existentes. Por definigdo, um valor
caracteristico € vinculado a um conceito de seguranca e qualidade
das estruturas antes da construgao, o que torna incoerente esta

aplicacdo no caso de estruturas existentes, quando ja se conhece
melhor as geometrias e as propriedades dos materiais em uso.
Além disso, também se falava sobre a necessidade de se conside-
rar um segundo problema: a idade a qual este valor caracteristico
deveria se referir, visto que grande parte das normas de projeto se
baseava em valores nominais de resisténcia aos 28 dias (como
acontece até hoje). Como naquela época, hoje o estudo da con-
verséo da idade da estrutura para 28 dias ainda é pouco emprega-
do, controverso e incerto.

Diante disso, entende-se que analisar a seguranga de uma estru-
tura acabada é muito mais complexo que introduzir a seguranca
no projeto de uma estrutura nova, pois requer inspegao preliminar,
ensaios e vistoria criteriosa. Sdo necessarios solidos conhecimen-
tos e conceitos de seguranca em engenharia estrutural e também
conhecimentos sobre os materiais de construgdo empregados, de
forma a identificar, controlar e considerar corretamente a variabili-
dade das agles e das resisténcias na estrutura.

Com a intengdo de discutir este tema considerado complexo e di-
fuso, apresenta-se neste artigo uma introducédo a seguranga das
estruturas de concreto, uma sintese da revisao bibliografica dos
procedimentos recomendados por normas nacionais e normas in-
ternacionais consagradas e respeitadas no Brasil associadas ao
tema, bem como um exemplo hipotético da aplicagéo da avaliagéo
de uma estrutura existente para verificagdo da seguranca.

2. A segurancga no projeto de estruturas
de concreto
EE
O conceito de seguranca das estruturas, em geral, esta asso-
ciado a ferramentas estatisticas e é caracterizado pela ana-
lise probabilistica de uma estrutura manter sua capacidade
portante, evitando sua ruina [9]. Desta forma sdo definidos os
Estados Limites (Ultimos ou de servigo) para a estrutura e, in-
dependente do método de calculo utilizado, o projeto deve
ser realizado de forma a sempre sustentar a relagéo R, = S *.
A Fig.1 apresenta uma visdo simplificada da consideragéo proba-
bilistica da seguranga.

Figura 1 - Representacdo simplificada da andlise de seguranca pelo Método Probabilista

Situacido de

* cilculo controle
T\
/ \
/ \ efetivo
/ Addes \ Ye 'm Residténcias
7
Fm Fk Fd fd fk fm

3 Como exemplo, pode-se citar os recentes e importantes colapsos: Edificio Areia Branca (Pernambuco, 2004. Edificagdo com 25 anos, entregue em 1979, ruiu completamente devido
a falhas de execucéo nas ligagoes de sapatas e pilares), Edificio Real Class (Para, 2011. Ruiu em construgao devido a erros no projeto e de construgdo), Edificio Liberdade (Rio
de Janeiro, 2012. Desabou, levando consigo duas construgdes adjacentes, sendo constatado erros nos procedimentos de reforma), Shopping Rio Poty (Piaui, 2013. Edificagdo em

construgdo que colapsou devido a falhas na execugdo relacionadas ao escoramento).

4 Resisténcias de célculo do projeto (R,) maiores que Solicitagbes de calculo do projeto (S ).
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Através do tratamento semi-probabilistico das grandezas que in-
fluenciam a seguranca das estruturas, ou seja, por um lado majo-
rar as agdes e por outro minorar as resisténcias, € possivel realizar
o dimensionamento de estruturas novas e a verificagdo da segu-
rancga de estruturas existentes, desta vez com valores efetivamen-
te medidos ou estimados em campo.

Com esta finalidade, o fib Model Code 2010 [10] recomenda qua-

tro modelos de verificacdo da seguranga, dos quais cita-se dois:

Meétodo Probabilistico de Seguranga e Método dos Coeficientes

Parciais de Seguranga (ou Método Semiprobabilistico).

B Método Probabilistico: devido a sua complexidade e ainda au-
séncia de conhecimento das varidveis principais, ndo é o mais
utilizado e, portanto, ndo sera objeto de discusséo neste artigo;

B Método dos Coeficientes Parciais de Seguranga: também co-
nhecido como método semiprobabilistico, faz uso de coeficien-
tes pré-determinados para conversao de valores caracteristi-
cos em valores de calculo.

A norma ABNT NBR 8681:2003 [5] oferece ferramentas de cal-

culo de esforgos baseadas neste método, conforme os seguintes

conceitos:

Para agées:
Fa=Fk-yr (])
YfO= VYR s ()

Y, - considera variabilidade das agdes;

Y, - coeficiente de combinag&o (y, - simultaneidade);

Y, - considera possiveis erros de avaliagéo dos efeitos das agtes
devido ao método construtivo ou método de calculo empregado.
Para resisténcia dos materiais:

Ja=fi/ ym ®)

Ym =Yml “Ym2 *Ym3 (4)

Y,, - pode se referir ao concreto (neste caso, chama-se y,) e ao
aco (y,)

Y,,- leva em conta a variabilidade da resisténcia efetiva do concreto
na estrutura, que € sempre maior que a variabilidade da resistén-
cia “potencial” do concreto na sua produgéo de origem, avaliada
através de corpos de prova moldados;

v,,- considera as diferengas entre a resisténcia efetiva do concreto
na estrutura e a resisténcia potencial medida convencionalmente
em corpos de prova padronizados;

Y., considera as incertezas existentes na determinacéo das solici-
tagOes resistentes, seja em decorréncia dos métodos construtivos,
seja em virtude do método (modelo) de calculo empregado.
Cremonini [11] explica que os coeficientes v, e v, podem ser de-
terminados por medidas experimentais e andlises estatisticas, en-
quanto vy, € encontrado por meio de critérios empiricos. No caso
do concreto, pode-se considerar que y, se decompde, aproxima-
damente, nas seguintes parcelas:

Ye =107 1,32 (yer)- 1,10 (ye2)- 1,10 (yes) (B)

O resultado do produto das parcelas varia entre 1,30 e 1,60. A
Tabela 2 expde comparativamente os valores adotados pela nor-
malizagao brasileira em comparagao as prescri¢cdes do fib Model
Code 2010 [10].

Alguns pesquisadores consideram, equivocadamente, que aspec-
tos relacionados a dosagem e variabilidade dos materiais consti-
tuintes do concreto estéo cobertos pelo vy, mas cabe esclarecer
que, conceitualmente, este coeficiente cobre exclusivamente as
diferencas entre os procedimentos de controle da resisténcia do
concreto, muito bem estabelecidos na ABNT NBR 5738:2003 [13]
e na ABNT NBR 5739:2007 [14], e os procedimentos adotados
em obra [15].

Portanto, os coeficientes y_, e y_, (produto da ordem de 1,3 a 1,45),
como bem diz a ABNT NBR 8681:2003 [5], cobrem as diferencas
desconhecidas entre a geometria do corpo de prova padronizado
e a geometria do componente estrutural assim como suas carac-
teristicas efetivas de adensamento, langamento, cura, descimbra-
mento e carregamento precoce, que em geral séo diferentes dos
procedimentos padronizadas na ABNT NBR 5738:2003 [13].

Fica evidente que os procedimentos de obra dificiimente serdo
tédo precisos quanto os de controle prescritos pela ABNT NBR
12655:2006 [16], de forma tal que a resisténcia a compressao efe-
tiva do concreto na estrutura sera sempre menor (da ordem de 1,3
ou menos) que a resisténcia caracteristica do concreto a compres-
s&o, avaliada pela ABNT NBR 12655:2006 [16].

Uma aproximag&o experimental ao coeficiente y, pode ser obtida
através de estudos reais de comparagéo entre a resisténcia de
controle da ABNT NBR 12655:2006 [16], que resulta numa resis-
téncia média potencial de produgéo (f, ), com a resisténcia média
efetiva, aferida através de testemunhos extraidos (f__, ). Segundo

Tabela 2 - Coeficientes de minora¢cdo da
resisténcia do concreto utilizados no célculo
de novas estruturas

fib Model Code
2010 (10)

1, 14 1.5
Yo 12 1,39
Yer 1,08 1,05
Yes 1,08 1,05

380 T

IBRACON Structures and Materials Journal < 2015+ vol. 8 *n°3



D.COUTO | M. CARVALHO | A.CINTRA | P. HELENE

Figura 2 - Influéncia da intensidade
e duracdo do carregamentio na
resisténcia do concreto (Riisch (17))

f2 = 5000 psi
at 56 days
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Cremonini [11], essa diferenga média anda ao redor de 24% (ou
seja, 1,24).

3. Efeito das cargas de longa duragao
EE

As cargas de longa duragao afetam a resisténcia do concreto a com-
pressao. A variagao da resisténcia do concreto sob carga mantida,
também conhecido no pais por efeito Rlsch, estd considerada no
atual método semiprobabilista de introdugao da seguranga no pro-
jeto estrutural. Tal consideragao é feita utilizando-se um coeficiente
de minoragao adicional, incluso no diagrama tensao-deformagao
idealizado da ABNT NBR 6118:2014 (item 8.2.10.1) [6], cujo valor,
para f, < 50MPa e carregamento aos 28 dias, € de 0,85.

Segundo o trabalho de Riisch [17], o concreto, quando submetido a
carregamentos de longa duragao (t > 20minutos), sofre perda de resis-
téncia a compressao, num fendmeno analogo ao da relaxagao (Fig.2).
Por outro lado, sabe-se que o concreto de cimento Portland, ao
longo de sua vida, devido a hidratagédo do cimento, ganha resis-
téncia conforme aparece a direita da Fig. 3.

Dessa forma, a resisténcia do concreto sob carga pode ser previs-
ta facilmente como resultado do produto de dois coeficientes: 8,
que depende da taxa de crescimento da resisténcia a compressao
do concreto a partir da data de aplicagcéo da carga, e B, que
depende do efeito da permanéncia da carga, também chamado
no Brasil de efeito Riisch.

A taxa de crescimento da resisténcia a compressdo do concre-
to, pode ser expressa através do modelo sugerido pelo fib Model
Code 2010, a saber:

peom o717 (6)

onde:
f_.: resisténcia do concreto a compressao, aferida numa idade j dias;

C.J

f. ¢ - resisténcia do concreto a compresséo, aferida aos 28 dias;

C,

s : coeficiente que depende do cimento, da relagdo a/c e das con-

Figura 3 - Efeito do tempo de
carga na resisténcia do concreto
(Riisch (17))
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digcbes de sazonamento do concreto.
Para o valor de B o mesmo fib Model Code 2010 sugere o
seguinte modelo:

c,sus’

f
Bosus= 2L =096-0,12-4In{72-(t -1,)}  (7)
fos
onde:
f : resisténcia a compressao do concreto sob carga manti-

c,sus,t

da, na idade t, contada a partir da data t, de aplicagéo da carga,
em MPa;

f. : resisténcia potencial & compresséo do concreto, na data ¢,
pouco antes de aplicagao da carga de longa duragao, em MPa.

Figura 4 - Resisténcia do concreto (resultante
BeeBessfem) €M funcdo da idade de aplicagcdo
da carga de longa durag¢do (Rusch (17))
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No caso da ABNT NBR 6118:2014, o valor de B, . = 0,85 € referi-
do a 28dias de idade, ou seja, admite-se que o crescimento da resis-
téncia a compressao do concreto, a partir de 28dias até 50anos, sera
de apenas B=1,17 (17%), que corresponde ao indice s = 0,16, e 0
decréscimo da resisténcia a compressao do concreto devido a carga
aplicada aos 28dias e mantida até 50anos, o chamado efeito Rusch,
serade B = 0,73, cujo produto resulta BB ., = 1,17 - 0,73 =0,85.
Observa-se que se trata de valores muito conservadores, pois,
na realidade o crescimento da resisténcia do concreto de 28dias
a 50anos, sempre supera 17% e o decréscimo por este efeito,
segundo o proprio Risch seria de, no maximo, 0,75.

Na Fig.4 pode-se verificar a resultante (BB, f,,) do efeito de
crescimento e de decréscimo, por efeito da carga de longa dura-
¢ao, na resisténcia do concreto, segundo Rusch [17].

Nesse quesito cabe salientar que, ao se tratar de uma estrutura
carregada, quando se analisa a resisténcia a partir de testemunhos
extraidos, deve-se ter em mente que a resisténcia obtida pode, tam-
bém, estar sob influéncia do efeito Rusch. Tal fato dependera da
histéria de carregamento da estrutura e também de sua idade, e
n&o existe ainda consenso claro de como considerar esse fendme-
no na seguranga estrutural no caso de estruturas existentes.

4. Avaliacao de estruturas existentes

EE

Apresentam-se algumas prescrigbes de normas nacionais e inter-

nacionais reconhecidas e respeitadas no Brasil. O foco principal

é analisar questdes de tecnologia do concreto e da avaliagéo e

verificagdo da seguranca nas estruturas existentes, respondendo

as seguintes perguntas basicas:

B Como obter a resisténcia caracteristica do concreto equivalente a
do corpo de prova moldado, a partir de testemunhos extraidos?

B Quais sdo os parametros principais de seguranga a serem
considerados na analise de estruturas existentes?

B Quais sao as diferengas com relagéo aos parametros usuais
de projeto utilizados para obras novas?

4.1 Caso geral e normalizagao brasileira

Para avaliagdo da resisténcia a compressao do concreto em estru-
turas existentes com o fim de verificar a seguranga da estrutura, de-
ve-se empregar os conceitos e prescricdes das normas ABNT NBR
8681:2003 [5], ABNT NBR 6118:2014 [6] e ABNT NBR 7680:2015
[18], que € a norma brasileira mais adequada e mais recente sobre
avaliagao do concreto in situ via testemunhos extraidos.

Portanto, considerando que a resisténcia do ago nao se altera com
o tempo (desde que conservado dentro de um bom concreto), a
incégnita maior é sempre a resisténcia caracteristica do concre-
to a compresséo, aos 28dias de idade, convencionada como f,,
e aferida pelas normas ABNT NBR 12655:2006 [16], ABNT NBR
5738:2003 [13] e ABNT NBR 5739:2007 [14].

No caso de estruturas existentes essa resisténcia devera ser aferida
a partir da resisténcia de testemunhos extraidos a uma idade dife-
rente de 28dias, que pode ser denominada resisténcia extraida f__, .
Para obter £, a partirde f_,a ABNT NBR 7680 prescreve uma série
de procedimentos padronizados que levam em conta as diferengas
entre a resisténcia medida no concreto retirado da boca da betoneira
e submetido a condigGes ideais de norma (f,,) com a resisténcia efeti-
va do concreto na obra (f_ ), sempre inferior a “potencial”.

c,ext

4.1.1 Primeiro passo

Portanto o primeiro passo sera esse, ou seja, o de vistoriar e
analisar a estrutura qbtendp umf, squvalonts & partirde um f__  com-
parando-o com a resisténcia de projeto, f .. Umavezque f, . ..
2 f, de projeto, a analise ou verificagdo da seguranga pode ser
considerada atendida e aprovada.

Caso £, . .vaene < foe d€ Projeto , a verificag@o da seguranga deve

prosseguir com o segundo passo, que € verificar a seguranga
com esse novo f_,.

4.1.2 Segundo passo

Para a reavaliagéo e verificagdo da seguranga estrutural e da esta-
bilidade global, considerando o Estado Limite Ultimo (ELU), a ABNT
NBR 6118:2014, no seu item 12.4.1, admite que, no caso de f,, obtido
a partir de testemunhos extraidos da estrutura, seja adotado:

Vs, original
i e ®

Portanto, nos casos usuais, y, = 1,4/1,1 = 1,27, o que equivale
matematicamente, a multiplicar o resultado obtido de resisténcia
do testemunho por 1,1, ou seja, aumenta-lo em 10%, uma vez que
o testemunho representa melhor a resisténcia efetiva do concreto
na obra, no entorno daquela regiao de extragao. Para fins de veri-
ficagéo dos ELS, deve ser adotado v, =1,0.

Caso a seguranga verificada com esse novo vy, de 1,27 ou 1,0 seja
atendida, o processo pode encerrar-se neste momento.

4.1.3 Terceiro passo

Caso a conformidade ainda néo seja atendida, a verificagéo da
seguranga pode prosseguir com o terceiro passo, que € a obser-
vagdo cuidadosa da estrutura acabada conferindo medidas geo-
métricas, posigdo de armadura, taxa de armadura, tolerancias de
excentricidade, de nivel e de prumo, espessura de lajes, ou seja,
conferir o rigor de execugéao da estrutura.

Nesta ultima etapa também é conveniente revisar por amostragem
as massas especificas dos materiais, calcular a variabilidade da re-
sisténcia do concreto, revisar cuidadosamente as cargas médias e
sua variabilidade e também verificar a simultaneidade de cargas.
Caso o rigor da execugao esteja dentro dos limites de tolerancia con-
forme descritos na ABNT NBR 14931:2004 [19] (equivalente aos Ca-
pitulos 5 e 6 do ACI 318-11 e ao Capitulo 8 do fib Model Code 2010),
a verificagdo da seguranga podera adotar coeficientes de minoracédo
da resisténcia do concreto y, menores que 1,27 e do ago, y, de 1,05
para ELU, além de realizar a verificagdo com os valores efetivos das
cargas (massa especifica efetiva), simultaneidade efetiva, etc.

4.1.4 Quarto passo

Permanecendo a ndo conformidade da seguranga estrutural para
aquelas condicdes de uso, escolher entre as seguintes alternativas:
B determinar as restricdes de uso da estrutura;

W providenciar o projeto de reforgo;

B decidir pela demoligéo parcial ou total.
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Fator de reducdo das resisténcias

Secdes submetidas a fragdo

Memibros com armadura

Secoes submetidas em espiral

A& compressdo
Outros membros armados

Cisalhamento e torcdo

Regides sujeitas & fendilhamento
(exceto regides de ancoragens)

Tabela 3 - Fatores de reducdo das resisténcias (¢) segundo o ACI 318-11

(projeto de novas

Capitulo 20
(avadliagdo de
estruturas existentes)

Capitulo 9

Diferenca

estruturas)

0,75 0,9 20,0
0,65 0.8 23,1
0,75 0,8 6,7

0,65 0.8 23,1

4.2 Normalizagao Internacional

Normas internacionais apresentam uma metodologia de andlise
de estruturas existentes similares e aderentes a esses conceitos,
principalmente com os dois primeiros passos, sendo aplicaveis
também os dois ultimos passos.

4.2.1 ACI 318-11 Building code requirements for structural con-
crete and commentary [20] e ACI 214.4R-10 Guide for obtaining
cores and interpreting compressive strength results [21]

4.2.1.1 Estruturas em construgao, primeiro passo

Durante o controle do concreto numa obra em construgao e frente
a resultados baixos de resisténcias a compressao do concreto,
o ACI 318-11 (Capitulo 5, item 5.6.5) solicita a extragdo de trés
testemunhos da regido afetada.

Caso a média dos trés testemunhos seja superior a 85% da resisténcia
do projeto () e nenhum testemunho apresente resisténcia inferior a
75% de f’, a estrutura deve ser considerada adequada e 0 processo
encerra-se aqui, e pode-se associar essa etapa a um primeiro passo.
Observa-se que esta prescri¢cao equivale a multiplicar, respectiva-
mente, a média e o menor valor do testemunho extraido por 1,18 e
1,33, ou seja, f =1,18-f ouf =1,33-f

’ "ck,equivalente cm,ext ck,equivalente ¢, minimo, ext’

4.2.1.2 Estruturas existentes, primeiro passo

Quando o primeiro passo n&o alcanc¢a a conformidade ou sempre
que se trate de estruturas existentes, o AC/ 318-11 (Capitulo 20)
prescreve a estimativa de uma resisténcia equivalente f’_ de uma
forma mais apurada, através do AC/ 214.4R-10, onde devem ser
considerados alguns coeficientes de corregao, relativos a fatores
de ensaio, geometria e sazonamento do testemunho, sendo:

ﬁ=Fl/d'Fdia'ch'Fd'ﬁore (9)

onde:
f. = resisténcia do testemunho corrigida;

f.... = resisténcia do testemunho, obtida diretamente no ensaio de
compressao;

F,, = fator de correg&o devido a relag&o altura/didmetro do testemunho;
F,, = fator de correg&o devido ao diametro do testemunho;

F,.. = fator de correg&o devido a umidade/sazonamento;

F, = fator de corregéo devido ao efeito deletério do broqueamento.
Apos a correcao da resisténcia de cada testemunho, relativa as
variaveis de ensaio e questdes intrinsecas do concreto, o AC/
214.4R-10 recomenda dois métodos para se obter a resisténcia
equivalente final do concreto. S&o eles:

Tolerance factor method

Jro=TeAK-5. Y +@-s,) (10)

Onde:

f’, ., = resisténcia equivalente da amostra;

f .= média das resisténcias equivalentes dos testemunhos ensaiados;
K= fator que leva em conta o limite de tolerancia unilateral para um
quantil de 10% (ACI 214.4R-10, Tabela 9.2) que depende do nivel
de confianga desejado no calculo;

s, = desvio padréo da amostra;

Z = fator que leva em conta as incertezas do uso de fatores de
corregdo da resisténcia (ACI 214.4R-10, Tabela 9.3) e também de-
pende do nivel de confianga desejado;

s, = desvio padrdo dos fatores de correcéo da resisténcia(AC/
214.4R-10, Tabela 9.1).

Alternative method

@7 L sy

a=C () (12)
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Onde:

F o= resisténcia equivalente da amostra;

f.= média das resisténcias equivalentes dos testemunhos ensaiados;
T=fator obtido via distribui¢ao t de Student com n-1 graus de liberdade,
depende do nivel de confianca desejado (ACI 214.4R-10, Tabela 9.4);
s, = desvio padrdo da amostra;

Z = fator que leva em conta as incertezas do uso de fatores de
corregéo da resisténcia (ACI 214.4R-10, Tabela 9.3) e também de-
pende do nivel de confianga desejado;

s, = desvio padréo dos fatores de corregéo da resisténcia (AC/
214.4R-10, Tabela 9.1);

n = numero de testemunhos ensaiados;

C = coeficiente atrelado a variabilidade intrinseca das resisténcias
na estrutura (ACI 214.4R-10, Tabela 9.5).

4.2.1.3 Segundo passo, estruturas novas em construgdao
ou existentes

Caso a resisténcia equivalente, obtida pelo AC/ 214.4R-10 nao
atenda a resisténcia de projeto, deve ser verificada a seguranca
adotando-se novos coeficientes de minoragao das resisténcias do
concreto, denominados de fatores de redugao das resisténcias
(), constantes no AC/ 318-11, Capitulo 20, conforme se apresen-
ta na Tabela 3.

Apesar de estarem contidos nos mesmos conceitos do caso geral
adotado pela normalizagao brasileira, o AC/ 318-11 ndo prescreve
um Unico coeficiente de minoragéo da resisténcia do concreto, v,
e na verificagdo da seguranga em estruturas existentes varia a
redugéo desse coeficiente de 6,7% a 23,1%, segundo a natureza
do esforgo principal, enquanto no Brasil essa redugéo é fixa, con-
servadora e igual a apenas 10% (apesar que a antiga ABNT NBR
6118, de 1978 a 2003, permitia reduzir de 15% em certos casos).
Entretanto, observa-se no AC/ 318-11 que a forma de introdugao
da seguranga no projeto estrutural difere da adotada pela ABNT
NBR 6118. Na norma norte americana, o coeficiente redutor () é
aplicado uma Unica vez sobre a soma das parcelas resistentes do
aco e do concreto. Diferentemente do procedimento adotado pela
norma brasileira, onde se aplica separadamente os coeficientes
redutores de resisténcia do concreto (y,) e do ago (y,).

A titulo de exemplo, a capacidade resistente a forga normal cen-
trada, de um pilar curto se calculado pela ABNT NBR 6118:2014,

é dada pelo exposto na eq.13, enquanto que no ACI/-318-11, a
mesma capacidade é dada pela eq. 14.

Nd=0,85-&-Ac+&-AS (13)

Ye s

Onde:

N, = Esforgo normal maximo, valor de calculo;

f. = resisténcia caracteristica do concreto;

v, = coeficiente de minoragdo da resisténcia do concreto;
A, = area bruta da sec¢&o de concreto;

f,, = resisténcia caracteristica de escoamento do ago;

v, = coeficiente de minorag&o da resisténcia do ago;

A, = area de ago.

¢'I)n,max =O’80¢|b’85f:(Ag _Ast)+/;1 .Ast] (]4>
Onde:
0.P = Esforgo axial resistente maximo, valor de calculo;

n,max

¢ = Coeficiente de redugao da resisténcia;

f . = resisténcia caracteristica do concreto;

Ag = area bruta da segao de concreto;

A, = area de ago;

fy = resisténcia caracteristica do aco.

Assim, se compararmos um pilar curto com dimensodes 50x50cm,
com f, de 35MPa e uma area de hipotética de armadura de ago
CA-50 de 37,70cm?, pela norma ABNT NBR 6118:2014, seu es-
forco normal maximo de calculo seria 6951,8kN, ao passo que o
mesmo elemento avaliado pelo método do AC/-318-11, com coe-
ficiente (o) igual a 0,65, resulta em um esfor¢co normal resistente
de 4789,48kN.

Tal constatagao demonstra que, a norma norte americana € mais
conservadora frente a brasileira, quando se trata da introdugéo da
seguranga na fase de projeto.

Entretanto, ao se avaliar a segurancga dentro do Capitulo 20 do
ACI-318-11, o fator de reducéo de resisténcia, ou coeficiente

Modelo de verificacdo
da seguranca

Método probabilistico

50 anos
Servico de seguranca
(ELS) Método dos coeficientes e
o Vida dtil residual
parciais de seguranca
Método probabilistico 50 Anos
Ottimo de seguranca
(ELU) Método dos coeficientes
50 anos

parciais de seguranca

Tabela 4 - indices de confiabilidade (B) segundo o fib Model Code 2010 (p. 31 e 32) (10)

Novas
estruturas

Comentdrio

Considera o mesmo

B=15 - -~ IS
critério de avaliacdo da
seguranca para esfruturas
- p=15 novas e existentes
31<p=43 31<p=38 Permite reduzir a
confiabilidade para
B=38 31<p<38 estruturas existentes
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redutor (@), pode ser majorado, o que significa assumir um aumen-
to da capacidade resistente da pecga, devido ao maior conheci-
mento do estado da estrutura e redugéo da variabilidade admitida.
No caso do exemplo hipotético, o item 20.2.5 do ACI-318-11 limita
o0 aumento do coeficiente (¢) a no maximo 0,80, ou seja, um acrés-
cimo de 23% na capacidade resistente da pecga.

Ja pelo modelo da ABNT NBR 6118, é permitido reduzir o coefi-
ciente y, de 1,4 para 1,27, quando se trata da analise de testemu-
nhos extraidos. Nessa situagdo, alterando apenas o coeficiente
relativo ao concreto, haveria um acréscimo de 7,8% na capaci-
dade resistente do mesmo pilar, e o coeficiente v, também fosse
alterado, de 1,15 para 1,0, em conjunto com o 1,27 do concreto, o
acréscimo entéo seria de 11,3%, ambos os casos muito abaixo do
valor assumido pelo ACI.

O terceiro e o quarto passos, citados anteriormente no caso
geral, ndo sao explicitos no AC/ 318-11, mas, obviamente, séo
aplicaveis.

4.2.2 ACI 562-13 Code Requirements for Evaluation, Repair,
and Rehabilitation of Concrete Building and Commentary [22]

Este novo documento propde uma avaliagao preliminar, que inclui
a revisao de plantas, dados da construgéo, relatérios e outros do-
cumentos disponiveis (obtengdo de informagdes sobre os mate-
riais) e a comparacéo das informagdes obtidas com as prescrigdes
da norma utilizada na época do projeto.

Caso nao seja possivel obter informagdes suficientes por meio de
projetos, especificagcbes e outros documentos, considerar valor de
resisténcia a compressdo do concreto estrutural conforme Tabela
6.3.1a, ou partir para ensaios in loco de extracdo de testemunhos e
em laboratério, no intuito de conhecer as caracteristicas do concreto.
Quando se decidir por ensaiar testemunhos extraidos, recomen-

da-se estimar a resisténcia equivalente (f_ eq) através da equagéo:

fy=09-7.- 1—1,28-J@+0,0015 (15)

Onde:

tceq = resisténcia a compressao equivalente do concreto;

f, = média das resisténcias dos testemunhos, ja modificadas para
considerar os diametros e as condigbes de sazonamento dos
testemunhos;

V = coeficiente de variagéo das resisténcias efetivas dos testemunhos;
n = numero de testemunhos ensaiados;

Tabela 5 - Fatores y, utilizados na andlise
de estruturas existentes (EUROCODE 2)

Drerenca

1,5 1.4 7.1
1.5 1,45 3.4
1.5 1,35 1.1
1,5 1.3 15,4

k, = fator de modificagéo do coeficiente de variagéo (depende
de conforme ACI 562 Tabela 6.4.3).

Apos a determinagao da resisténcia equivalente, deve-se en-
tdo avaliar a estrutura e verificar a seguranga conforme capi-
tulo 20 do ACI 318-11. Portanto este documento do AC/ nao
acrescenta muito ao AC/ 318-11 e ao ACI 214.4R-10, e apenas
modifica um pouco a forma de obter a resisténcia equivalente
(primeiro passo) do concreto em estruturas existentes, man-
tendo o segundo passo, e ainda sendo aplicaveis os terceiro
e quarto passos do caso geral.

4.2.3 fib Model code for concrete structures 2010

Na avaliagédo de estruturas existentes, o fib Model Code 2010
[10] recomenda que valores reduzidos de y,, sejam adotados
quando o intuito for avaliar uma estrutura existente, de modo
a levar em conta as agdes reais atuantes, as dimensdes efe-
tivas e as propriedades reais dos materiais empregados na
estrutura. Para o fator y,,, que representa o produto vy,
equivalente ao produto do vy, y
o valor de 1,0.

O fator y,, expressa as incertezas no modelo de calculo e ge-
ometria. Percebe-se claramente que, na andlise de uma es-
trutura existente, estas incertezas sdo menores, permitindo
reduzir este fator de 1,10 para 1,00.

Para uma analise probabilistica pura, o fib Model Code 2010
[10] orienta que se realize a analise baseada em indices de
confiabilidade, a partir de onde se obterdo novos coeficientes
de seguranca. A Tabela 4 apresenta as diferengas entre os in-
dices de confiabilidade () a se considerar no projeto de novas
estruturas e na analise de estruturas existentes.

" YRazr

.» @ norma recomenda adotar

4.2.4 EUROCODE 2. EN 1992. Dec. 2004. Design of concrete
structures. General rules and rules for buildings [23] e
EN 13791. Jan. 2007. Assessment of in-situ compressive
strength in structures and precast concrete components
[24]

De modo similar, também o EUROCODE 2 recomenda que
valores reduzidos de y, e y, sejam adotados, desde que sejam
mitigadas as incertezas no calculo da resisténcia.

No que tange a determinacgéo da resisténcia equivalente (pri-
meiro passo), aplica-se a EN 13791, que traz os modelos de
calculo expostos a seguir nas eqs. 16 e 17 abaixo (adota-se,
sempre, o menor dos dois valores).

15 testemunhos ou mais

f;k’is = fm(n),is - 1’48 § or ][ck,is = f;‘s,lowest +4 (l 6)

Onde:

f.is= resisténcia equivalente da amostra;

f s = Média das resisténcias equivalentes dos testemunhos en-
saiados;

s = desvio padrdao da amostra;

f = menor valor de resisténcia a compresséao obtido no ensaio

is,lowest

dos testemunhos.
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A EN 13791 também recomenda corrigir as resisténcias dos teste-
munhos extraidos precedentemente ao calculo da resisténcia equi-
valente, de maneira analoga ao ACI 214.4R-10, levando em conta
relagao h/d, diametro, sazonamento, broqueamento, entre outros.
Caso a execugdo da estrutura tenha sido submetida a um rigoroso
_nnnm controle da qualidade, garantindo que desvios desfavoraveis nas
foe 154 154 176 191 195 199 166 176 dimensbes das secBes transversais se encontrem dentro dos limi-
tes da EN 1992 Tabela A.1, e desde que o coeficiente de variagdo
da resisténcia do concreto nédo seja superior a 10%, v, pode ser
reduzido de 1,5 para 1,4 (segundo passo).
Ainda, se o calculo da resisténcia de projeto se baseia em dados
geométricos criticos (reduzidos por desvios e medidos na estrutu-
fck’is = fm(n)J-S —k or fck,is = fl.s Tyt +4 (] 7) ra acabada), a recomendac&o é reduziry, para 1,45. Neste mesmo
caso, desde que o coeficiente de variagao da resisténcia do con-
creto ndo seja superior a 10%, pode-se adotar y, = 1,35.
Quando a avaliagdo da estrutura existente for baseada em en-

Tabela 6 - Conjunto de dados de testemunhos
extraidos

3 a 14 testemunhos

nde: . :

Onde . . saios e testes in loco na estrutura acabada (como, por exemplo,
f_ .= resisténcia equivalente da amostra; ~ . .

chifs o A - . extracdo de testemunhos), y, deve ainda ser reduzido pelo fator de
f__ . =média das resisténcias corrigidas dos testemunhos ensaia- . 5

d’"é"é[s converséo n = 0,855,

A Tabela 5 indica os percentuais de reducdo sugeridos pelo
EUROCODE 2para o coeficiente de seguranga v,.

Percebe-se que, no caso do EUROCODE, o novo coeficiente de
minoragao da resisténcia do concreto para verificagdo da seguran-
¢a em estruturas existentes, desde que baseada na extragdo de

k = fator que depende do numero de testemunhos ensaiados (EN
13791 Tabela 2);
T owest = MENOT valor de resisténcia a compressé&o obtido no ensaio

dos testemunhos.

Tabela 7 - Correcdo segundo o ACI 214.4R-10 (resultados em MPa)

Fatores de correcdo ACI-214.4R-10 Cap.9.1 f, corrigida
Cap. 9.1

1 15,4 17.8

2 15,4 17.8

3 17,6 20,3

4 19,1 1 1 1,09 1,06 22,1

5 19.5 (V=0%) (V=0%) (V=2,5%) (V=2,5%) 22,5

6 19,9 23,0

7 16,6 19,2

8 17.6 20,3
Tabela 8 - Valores de f propostos pelo ACI 214.4R-10, pelo ACI 562-13 e pela EN 13791

c,equivalente

ACI 214.4R-10
f..q COap. 9.4.1 .o, Cap.9.4.2

ACI 562-13 EN 13791

Tolerance factor method Alternate method

15,0 15,4 17.1 14,4

NOTA: A EN 13791:2007 prevé as mesmas correcoes para fatores que influenciam a resisténcia de testemunho, como: relacdo h/d, diémetro, sazonamento,
brogueamento, e outros.

5 Segundo o préprio Eurocode o valor resultante de vy, ndo deveria ser inferior a 1,3, porém, aplicando esta redugéo ao vy, de 1,5, daria um valor de 1,27 para o novo y,.
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ACI-214.4R-10

f' o COP. 9.4.1

Tolerance factor method

Tabela 9 - Valores da resisténcia equivalente do concreto para verificacdo da seguranca,
segundo o ACI 318-11

ACI1318-11 Cap.20

f'oq COP.9.4.2

Alternate method
18,4 19,0

ACI 562-13

fceq Cap.6.4.3

21,0

Tabela 10 - Valores de f, para verificagcdo
da seguranc¢a, segundo a EN 13791:2007
(partindo de y_ = 1,5)

EN 1992-1-1 EUROCODE 2

o A23 (1)
EN 13791 Yemoas = 1119

14,4 16,00 18,8

@ Os valores apresentados estdo majorados, considerando que em A.2.2 (2)
foe = foris Wl Vopoas € €M A3 (N f =Foy o OolVopesd):

testemunhos, é equivalente ao da norma brasileira e igual a 1,27.
Finalizado esse segundo passo, caso a seguranga nao venha
a ser atendida, ainda restam os terceiro e quarto passos do
caso geral.

5; Exemplo de aplicagao
E——

De modo a se realizar uma analise comparativa com os diferentes
codigos, apresenta-se abaixo um exemplo de uma estrutura que &
conhecido que foi projetada com um f, de 25MPa, onde se tomou
um conjunto de dados provenientes de extragcao de testemunhos
de concreto (Tabela 6) e, em seguida, aplicou-se os conceitos de
analise apresentados para as diferentes normas.

Da regido em analise foram retirados 8 testemunhos, quantidade
que atende aos minimos recomendados das normas citadas. Para
essa analise foram utilizados testemunhos padrdo com 10cm de
didmetro e relagdo h/d = 2. Todos os valores de f. sdo expressos
em MegaPascal (MPa).

5.1 Primeiro passo: resisténcia equivalente

Caso se tratasse de uma estrutura em construcéo, para a analise
segundo o AC/ 318-11 (Capitulo 5), deve-se utilizar apenas 3 resul-
tados da regido com problemas. Por razées de conservadorismo,
dos oito disponiveis utilizou-se apenas os 3 de menores valores.

A partir dos resultados 15,4; 15,4 e 16,6MPa, obtém-se f___ . ...
= 18,6 MPa (multiplicando a média dos resultados por 1,18). Esta
condigao nao atende os critérios da norma, portanto, ha necessi-
dade de se encontrar um novo f___ ..., Para continuar a andlise.
Na Tabela 7 apresenta-se a corregéo de f_ proposta pelo AC/
214.4R-10, Capitulo 9.1. Para este exemplo pratico, adotou-se um
nivel de confianga de 95%.

A partir dos valores corrigidos de f, ha necessidade de encontrar o
valor de fcveqw.va,eme. Este parametro também pode ser obtido através

do ACI 214.4R-10, ACI 562-13 e EN 13791:2007, como se expoe
na Tabela 8.

5.2 Segundo passo: analise da segurancga

Em seguida as corregbes e obtengdo do f . ..., deve-se proce-
der com a andlise ou verificagdo da seguranga, conforme o Capi-
tulo 20 do ACI 318-11 (ou Cap. 5.4 do ACI 562-13°) ou o EURO-
CODE 2.

Segundo o ACI 318-11, admitindo que se trata de pilares sem ar-
madura em espiral, caberia a modificagdo do fator de seguranca
¢ de 0,65 para 0,80, ou seja, equivalente a majorar a resisténcia
equivalente (f,, ) obtida na Tabela 8 em 1,23 (e continuar utilizando
¢ = 0,65 na verificagdo de projeto).

Dessa forma, os valores de resisténcia a serem adotados segundo
esse conceito seriam os expressos na Tabela 9.

Do ponto de vista do EUROCODE 2, obtido o valor de f  através
da EN 13791 (mesmo £, do ACI), deve-se entdo aplicar os critérios

ACIl 214.4R-10

Tolerance Alternate
factor method method

18,6 18.4 19.0

Tabela 11 - Valores da resisténcia do concreto a serem adotados na verificagdo
da seguranca (MPa)

ACI
562-13

21,0

EN 1992-1-1 EUROCODE 2

A22(2) A2.3 (1)
=1,35 =1,19

ABNT NBR
7680:2015

Ve Reds

e Red3

19.6 16,0 18,8

6  Aandlise de seguranca do Cap. 5.4 do ACI 562-13 é a mesma contida no Cap. 20 do ACI 318-11.
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de andlise de seguranca, conforme ja descrito. De forma analoga
ao executado nas andlises anteriores, na Tabela 10 sdo expostas
as corregdes de cada um dos itens contemplados em seu Anexo A.
Verifica-se, numa andlise global e tomando como referéncia este
exemplo, que a resisténcia final de calculo variou de 16MPa a 21MPa,
segundo o critério que se adote, como se apresenta na Tabela 11.
Essa variabilidade demonstra, uma vez mais, a necessidade de
sempre utilizar o bom senso na tomada de decisbes e de buscar
considerar o problema com uma visao holistica que vise abarcar
todas as variaveis sem se prender exageradamente a um ndmero
obtido matematicamente que, sabe-se e foi demonstrado, pode ter
significado relativo e ndo absoluto.

Na analise de seguranca, verifica-se que todas as normas consul-
tadas, sem excegodes, permitem grandes redugdes em seus coe-
ficientes parciais, uma vez que as variaveis apés uma estrutura
estar pronta sao passiveis de serem medidas e consideradas no
calculo como valores efetivos. Dessa forma, como ndo ha mais
tantos desconhecimentos e incertezas, pode-se trabalhar com
uma margem de seguranga menor e mais racional.

6. Consideracoes finais
EE

No universo da normalizagao existente foi possivel verificar dife-
rentes critérios de analise, entretanto todas as normas analisadas
tém em comum o fato de que a redugdo de algumas parcelas dos
coeficientes parciais é plenamente viavel, sem prejuizo da segu-
ranga estrutural.

Entretanto, para langar mao de novos coeficientes, faz-se neces-
sario ter um conhecimento maior da estrutura, e nesse aspecto
entra a importante atividade de inspecéo, na qual o rigor da exe-
cucao, e os parametros geométricos e de qualidade dos materiais
devem ser adequadamente verificados.

O fib Model Code 2010, na composigao do coeficiente de minora-
¢ao da resisténcia do material, considera, de forma explicita, além
da parcela relativa ao desconhecimento da resisténcia do mate-
rial, a parcela que leva em conta as incertezas geométricas que
podem eventualmente ocorrer durante a execugéo. Nesse aspec-
to, ao se constatar que a estrutura foi executada com geometria
dentro de padrdes considerados aceitaveis e tendo conhecimento
da resisténcia do concreto na estrutura (através de testemunhos),
poder-se-ia efetuar a redugéo do vy, .

Na norma norte-americana, no tocante a resisténcia do concreto,
fica evidente a separagdo da analise do material e analise de se-
gurancga, sendo o primeiro item especificado pelo ACI 214.4R-10
ou pelo ACI 562-13, que tratam de corrigir variaveis inerentes a
ensaio e a propriedades intrinsecas do concreto, enquanto a se-
guranca é tratada de acordo com o Capitulo 20 do AC/ 318-11.

O EUROCODE 2 atua de forma analoga ao fib Model Code 2010,
permitindo a redugéo dos coeficientes y, desde que se a geometria
da estrutura tenha sido executada de forma rigorosa e tais medi-
das sejam consideradas no calculo (caracteristica medida por um
controle efetivo da qualidade na construgao).

O novo texto da ABNT NBR 7680:2015, demonstra-se alinhado
com as principais normas, e a corregao dos valores de resisténcia
de testemunhos extraidos resulta proximo aos calculados pelas
diferentes metodologias. Entretanto, para a andlise e redugdo do
coeficiente de seguranga (y,), deve-se ainda proceder com o pres-
crito na ABNT NBR 6118:2014.

Sobre as consideragoes referentes a influéncia da idade e das

cargas de longas duragao na avaliagdo da resisténcia do concreto,
estes pesquisadores ndo encontraram na bibliografia disponivel,
nenhuma mengao a necessidade de retroagir a resisténcia do con-
creto a 28 dias. Nenhum texto foi encontrado considerando o cres-
cimento ou o decréscimo da resisténcia do concreto apos 28 dias,
quando analisado em estruturas existentes e com idades muito ou
pouco superiores a 28 dias.

Uma recomendagéo de ordem pratica dos autores, seria consi-
derar, na verificagdo do projeto, a resisténcia obtida na idade de
ensaio, sem qualquer regressao, e proceder com os calculos con-
forme a teoria normalizada.

De forma geral e com visdo holistica, constatou-se nesse artigo
que a verificacdo da seguranca de uma estrutura existente é uma
analise complexa e diferenciada, que depende do conhecimento
profundo da estrutura e da tecnologia do concreto, assim como
dos conceitos de seguranca.

Em suma, é necessario que o profissional de engenharia respon-
savel pela analise da estrutura existente conhecga as variaveis en-
volvidas no processo e saiba desprezar aquelas que ja atuaram,
garantindo uma avaliagao confiavel e que resulte em decisdes se-
guras e econémicas.

Além disso, para garantir o desempenho estrutural, deve ser fre-
quentemente realizado o monitoramento das edificagbes, bem
como as inspegdes e manutengdes necessarias e periodicas.
Para obras novas, a racionalizagdo da construgdo, o Controle de
Qualidade de Projeto (CQP) e o Controle Tecnoldgico (CT) das obras
devem ser incentivados e realizados, de modo a obter obras seguras,
dentro das condicdes projetadas e das regras de bem construir.
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Abstract

Brazilian Codes NBR 6118 and NBR 15575 provide practical values for interstory drift limits applied to conventional modeling in order to prevent
negative effects in masonry infill walls caused by excessive lateral deformability, however these codes do not account for infill walls in the struc-
tural model. The inclusion of infill walls in the proposed model allows for a quantitative evaluation of structural stresses in these walls and an
assessment of cracking in these elements (sliding shear diagonal tension and diagonal compression cracking).

This paper presents the results of simulations of single-story one-bay infilled R/C frames. The main objective is to show how to check the service-
ability limit states under lateral loads when the infill walls are included in the modeling. The results of numerical simulations allowed for an evalu-
ation of stresses and the probable cracking pattern in infill walls. The results also allowed an identification of some advantages and limitations of
the NBR 6118 practical procedure based on interstory drift limits.

Keywords: infilled frames, masonry infill walls, diagonal strut model, finite element method, serviceability limit states.

Resumo

Para evitar efeitos negativos em walls de vedacéo produzidos pela deformabilidade horizontal excessiva, a NBR 6118 e a NBR 15575 apresen-
tam valores praticos de limites de deslocamentos horizontais aplicados @ modelagem convencional (sem a consideragéo das walls de preenchi-
mento no modelo estrutural). Entretanto, a inclusdo das walls no modelo permite a avaliagdo quantitativa das tensdes solicitantes nas alvenarias
de preenchimento e a avaliagdo da ocorréncia de fissuras nas mesmas (por cisalhamento, tragdo diagonal ou compressao diagonal).

Neste trabalho sdo apresentados resultados de simulagdes numéricas de quadros de concreto armado considerando a presenca da alvenaria
de preenchimento. O objetivo principal do trabalho é demonstrar como pode ser realizada a verificagao do estado limite de servigo produzido por
acoes horizontais quando as walls s&o incluidas na modelagem. Os resultados das simula¢des permitiram a avaliagdo das tensdes solicitantes
e do provavel tipo de fissuragao nas alvenarias. Os resultados também permitiram identificar algumas vantagens e limitagdes do procedimento
pratico da NBR 6118 em termos de deslocamentos limites.

Palavras-chave: porticos preenchidos, alvenarias de preenchimento, modelo de diagonal equivalente, método dos elementos finitos, estados
limites de servigo.
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1. Introduction

EE

Masonry infill walls in building frame structures are normally con-
sidered only as gravity loads applied to the main structure. In
other words, the stiffness of these walls is overlooked in models
of structural analysis. When fixed to the concrete frame structure,
infill walls act as resistant elements to lateral loads of the building.
However, it is not a current design practice in Brazil to consider
masonry panels in the structural model for verifying Limit States
of the structure.

There are few Brazilian studies on the structural behavior of ma-
sonry-infilled frames subjected to lateral loads. Alvarenga [1] car-
ried out a theoretical and experimental study of steel frames with
concrete masonry infills, while Santos [2], Tanaka [3] and Madia [4]
focused on numerical simulations in concrete buildings.

On the other hand, there is an extensive international literature on
the behavior of concrete and steel framed structures with masonry
infill walls. Research in this area began to draw interest more than
four decades ago, much of it focusing on analyses to respond to
seismic loads. Briefly, three types of research contributions related
to this subject are described below.

The first contribution is related to macromodeling research, which
investigates the utilization and improvement of diagonal-strut mod-
els. A number of important studies have been published since the
1970s. Relevant studies among the more recent of these include,
Asteris et al. [5], Chrysostomou and Asteris [6], EI-Dakhakhni et
al. [7], Amato et al. [8], Doudoumis [9], Crisafulli and Carr, [10] and
Uva et al. [11]. The second line of research is related to utilization
and improvement of micromodeling, in which the structure and ma-
sonry are modeled with plane or spatial elements via the finite ele-
ment method, including the case of openings in the walls. Some of
the more recent relevant studies include Doudoumis [12], Mondal
and Jain [13], Asteris [14], Ghosh and ADSM [15], Mohyeddin et
al. [16], Stavidris and Shing [17], Baloevic et al. [18] and Koutro-
manos et al. [19]. The third research contribution is comprised of
a vast number of specialized publications focusing on experimen-
tal investigations. Among these, some noteworthy studies include
those of Mehrabi et al. [20], Durrani and Haider [21], Flanagan and
Bennett [22], Al-Chaar et al. [23], Asteris et al. [24], Tasnimi and
Mohebkhah [25] and Liu and Manesh [26].

According to FEMA 306 [27], FEMA 274 [28] and FEMA 356 [29]
guidelines, there are specific detailed procedures for analyzing
concrete and steel frames with masonry infill walls. Chapter 8 of
FEMA 306 [27] summarizes the main studies on the topic and
presents equations for obtaining equivalent strut width for panels
without openings and for obtaining strength capacity of the equiva-
lent diagonal strut with regard to possible failure modes. These
guidelines have been widely cited in related international studies
over the last 15 years.

The Brazilian norms NBR 6118 [30] and NBR 15575 [31] provide
interstory drift limits under service conditions for preventing nega-
tive effects on seals produced by excessive interstory drift ratio.
These limits are practical values to be applied in conventional
modeling (without accounting for infill walls as resistant elements)
and are a simple way to minimize lateral deformability of the struc-
ture, regardless of the mechanical characteristics of the wall.
Evidently, the above-mentioned verification does not allow a quan-
titative evaluation of stresses in the masonry panels, nor does it
account for geometric influences (dimensions, openings) or me-

chanical characteristics of the walls. This evaluation can only be
performed if the stiffness of the masonry panels is included in the
structural model. With an assessment of stresses in the masonry
panels, it is possible to examine the occurrence of possible failure
modes (cracking) in walls subjected to lateral loads: by shear, by
diagonal tension or by diagonal compression.

The main objective of this study is to demonstrate a way of verify-
ing the service limit state produced by lateral loads when infill walls
are included in the structural model. Numerical examples were car-
ried out, using the equivalent diagonal strut method (DSM) and a

Table 1 - Analytical equations for obtaining
the equivalent strut width

Mainstone (32)

2 2
oy ta,
a
2
5 = T
P2
Hendry (34)
T
o, =——
2.,

a, = contact length between column
and masonry wall;
a, = contact length between beam and
masonry wall.

. 095:sen(26)

Liauw e
Kwan (35) 2 \/E
Uncracked panels:  Uncracked panels:
A, <7,85: A, <7,85:
Decanini a :[0,085+ O’stj.D a :[0,010+ 0’;37].D
& Fantin (36) hy > 7,85: hy > 7,85:

a= [0,1 30+ OiﬁJD a= [0,040 + O:'—mJD

H H

Paulay e D
Priestley (37) 4

a=y.sen(20)D

HEL )
y:0,32.alseni29i.[ = ]

E Lh
Durrani e A
Luo (38) m=6/1+ 6E, .| H
nE,l,L
E, = elasticity modulus of the beam;
|, = second moment of area of the beam.
Chrysostomou

0,4
e Asteris (6) a=0270.(x,) "D
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model that employs the finite element method (FEM). The compari-
son between acting stresses and strength capacity of the walls al-
lowed to make inferences with regard to the integrity of the walls in
the face of possible failure modes (cracking) and evaluate the ap-
propriateness of the practical drift limit values of the NBR 6118 [30]
for conventional modeling. FEMA 306 guidelines [27] were used to
calculate equivalent strut width and masonry strength parameters.

2. Evaluation of stiffness and strength
capacity of masonry panels

2.1 Diagonal strut model

The most widely used model for simulating the contribution of
masonry panels to the stiffness of framed structures under lateral
loads is the equivalent strut model, which entails the introduction
of pin-jointed diagonal struts with axial stiffness calculated from
the mechanical and geometric properties of the walls and from the
elements that compose frame structures (beams and columns).
The key parameter for obtaining this axial stiffness is equivalent
strut width, which can be obtained using the analytical equations
proposed by a number of authors in the specialized literature and
presented in item 2.2 and summarized in Table 1.

In a linear elastic analysis, with data for thickness and longitudinal
elastic modulus of the wall, the problem consists of determining the
width of the cross section bar that simulates the presence of the
wall. In other words, it is necessary to find the axial stiffness of the
diagonal equivalent strut, which produces effects similar to that of
the real structure.

The main advantage of the equivalent diagonal strut model is its
simplicity, making it an attractive alternative for structural design
purposes.

2.2 Equations for calculating equivalent diagonal strut
This item presents the formulation for obtaining equivalent diago-

nal strut (only one single-strut element), according to the special-
ized literature, for panels under lateral loads.

Figure 1 illustrates the dimensions involved in the equivalent di-
agonal strut model for masonry-infilled frames.

Most of the formulas found in the literature employ the parameter
of relative stiffness of the frame to the infill (\), calculated by:

7\.:4

()

where

E = modulus of elasticity of the masonry panel;

E, = modulus of elasticity of the column;

Ip = second moment of area of the column;

t = thickness of the infill panel;

h = height of infill panel (see Figure 1);

0 = slope of the infill diagonal to the horizontal (see Figure 1).

As a matter of nomenclature, it is useful to express the product of
relative stiffness (A) and height between beam axes (H) as:

Ay = A xH )

Table 1 presents equations for the case of walls without openings.
These equations are discussed in Asteris et al. [5].

There are usually considerable differences observed between
the values obtained through the equations in Table 1. The equa-
tion proposed by Mainstone [32] is the most well-known and is
included in normative guidelines of FEMA 306 [27], FEMA 274 [28],
FEMA 356 [29] and in Al-Chaar [33]. However, this equation, when
compared to the others, supplies the lowest values for equivalent
diagonal strut width, as emphasized in Asteris et al. [5] and Chrys-
ostomou and Asteris [6].

For the case of walls with openings, there are two analytical equa-
tions for the purposes of a global analysis. Al-Chaar [33] proposes
a reduction factor for the width obtained by Mainstone’s equation

Figure 1 - Single Diagonal-Strut Model for masonry-infilled frames

a = equivalent strut width

t = thickness of the infill panel

D = equivalent strut length

h = height of the infill panel

[ = height of the infill panel

0 = angle whose tangent is the infill height-
to-length aspect ratio

H = distance between centerlines of beams
L = distance between centerlines of columns

392

IBRACON Structures and Materials Journal < 2015+ vol. 8 *n°3



G. M. S. ALVA | J. KAMINSKI JR | G. MOHAMAD | L.R. SILVA

FEMA 356 (29)

Figure 2 - Diagonal-Strut Models for masonry-infilled frames with openings

Tasnimi e Mohebkhah (25)

[32], as a function of the relation between the opening area and the
area of the wall without openings, regardless of the position of the
opening in the masonry panel:

R=06|—="

infill

~16. A )y &)

Minfill

where

R is the width reduction factor;

A,, is the area of opening;

A, is the area of infill panel (without opening).

Mondal and Jain [13] proposed a simple equation to obtain a simi-
lar reduction factor, but applicable only to central openings:

at (4

Ninfill

R=1-286.

However, as underlined in Asteris [14], the position of the openings
exerts a good deal of influence on the lateral stiffness of the panel-
frame structure, underlining the need for calibration in models that
employ plane or tridimensional finite elements.

Another model that can be used is the equivalent diagonal model defin-
ing compression struts to account for existent openings, as suggested in
FEMA 356 [29] and Tasnimi and Mohebkhah [25] and illustrated in Figure
2. In this case, the equivalent widths of diagonal struts can be evaluated
from the dimensions of the portions of the wall that are separated by the
openings. However, to obtain equivalent diagonal strut width with greater
precision, the ideal evaluation would employ the FEM.

2.3 Equations for evaluation of the strength
capacity of infill panels (stresses)

This item presents equations for calculating the strength capacity of
infill walls (stresses), which were used in the analyses via FEM in item
4. Strength capacity was extracted from FEMA 306 guidelines [27].
2.3.1 Shear Strength of the infill —f,

According to Equation 8-4 of FEMA 306 [27], lateral load on the
wall that produces sliding-shear failure (F ) can be evaluated by:

Fo, = f, 1t = (1, +o)lt (9)
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where

/and t are respectively the length and the thickness of the infill panel;.
f, is the shear strength (average) of the infill panel, which follows
the Coulomb criterion:

f, =1, t LG (6)

being

T, = cohesive capacity of the mortar beds;

p = coefficient of sliding friction along the bed joint;

o = vertical compressive stress in the wall.

The vertical stress o results from the self-weight of the panel and
the compression vertical component imposed on the wall by the
panel-frame interaction (distortion cause by the lateral loads).
The axial compressive force in diagonal strut is obtained by:

where f_; is the strength of masonry in the horizontal direction,
which, according to FEMA 306 [27], can be considered 50% of the
stacked prism strength (fp).

Thus, cohesion can be obtained simply by:

T == (1)

2.3.2 Diagonal Tension Strength of the infill - f

FEMA 306 [27] recognizes, in item 8.3.1, that masonry tensile
strength depends on the angle of tensile principal stresses in rela-
tion to the bed joints. In the absence of experimental results, ma-
sonry tensile strength can be obtained according to Equation 8-12
of FEMA 306 [271]:

Frv

D, = R
T cos0

(7)

(12)

The vertical component of the resultant diagonal compression is
obtained by:

Fs,-send
cos 6
Thus, stress o at the average height of the wall can be calculated by:

o= Ful® o5 Voo

where W_ is the self-weight of the panel.

D, .senf = =k, .tgo

Knowing that fV = Fﬂ, compression vertical stress o can be

rewritten as:

c=f,1960+05¢, (8)

being g, the compression vertical stress due to the self-weight of the panel.
From Equations 8 and 6:

f, =1, +n, tgo+05.0,)

Isolating f,, leads to the equation of masonry shear strength:

5, +0%.6,p

fv - W (9>

In the absence of experimental results, cohesion can be obtained by:

To= o (10)

(13)

2.3.3 Diagonal Compression Strength of the infill - f_,

Based on Equation 8-10 of FEMA 306 [27], diagonal compression
strength assumed for the panel is:

fc:e = fc.:O <]4)
Thus:
fp
fc,H = E <]5)

2.4 Equations for evaluating the strength capacity
of infill panels
(diagonal forces)

This item presents equations for calculating axial force
strengths associated to the three failure modes, for analyses
with the equivalent diagonal strut model (DSM). These equa-
tions were used in the simulations in item 4.1 and are in ac-
cordance with FEMA 306 [27].
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2.4.1 Shear strength of the infill - D,

The axial force strength in the equivalent diagonal strut associated
to sliding-shear failure is the same as that presented in Equation 7:

F

— Rv
R cos®

where F_ is the lateral load on the wall that produces sliding-shear
failure, which can be obtained with the formulation presented in
Equations 5 to 11.

2.4.2 Diagonal tension ttrength of the infill - D,

According to Equation 8-11 of FEMA 306 [27], lateral loads on the
wall that produce diagonal tensile failure (F,) can be evaluated by:

2421, It
Fee=—Th
— 4

h |

(16)

where

f.e is the diagonal tension strength of the panel, calculated accord-
ing to item 2.3.2.

I, h and t are geometric parameters of the wall, as shown in Figure 1.
Thus, the axial force strength in the equivalent diagonal strut as-

sociated to diagonal tensile failure of the wall is obtained by:

2.4.3 Diagonal compression strength of the infill - f_;

According to Equation 8-10 of FEMA 306 [27], lateral loads on the
wall that produce diagonal compression failure (F ) can be evalu-
ated by:

Fre =atf;,.cos6

(18)

where

a is equivalent strut width;

t is wall thickness;

f, is diagonal compression strength.

FEMA 306 [27] considers that diagonal compression strength is
equal to strength of masonry in the horizontal. Thus, axial force
strength in the equivalent diagonal strut associated to diagonal
compression failure is obtained by:

F
D — Rc
"¢ cosO

(19)

3. Methodology and modeling
EE

Diagonal-Strut Model - DSM

Numerical simulations were performed in this study to analyze sin-
gle-story one-bay infilled frames. Each reinforced concrete frame
D. = FRt <-| 7) was composed of two columns and two beams.
Rt — cos 8 In order to include the masonry panels as resistant elements, di-
agonal strut (DSM) models using plane stress state finite elements
(see Figure 3) were employed. For the diagonal strut structural
Figure 3 - Models used for modelling of the frame and infill-panel elements
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analysis, a software program for solving plane frames was utilized.
The equivalent strut width was calculated according to Mainstone’s
equation [32] (see Table 1). To account for beam-column nodes
dimensions, rigid-end-offsets in beams and pillars were defined ac-
cording to NBR 6118.

Analysis of infilled frames via FEM was performed using the ANSYS
program. The element PLANE182 was used for modeling both the
concrete structure and the infilled frame. This finite element pos-
sesses four nodes, each with two degrees of freedom: translation in
nodal X and Y directions (the XY plane, in this case, being the plane
of the infilled frame). In terms of discretization, 10cm x 10cm finite
elements were defined and, as needed, 5cm x 5cm elements.

The elements CONTAT171/TARGE169 were used to account for the
possibility of contact, separation and sliding between concrete frame
structures and infill walls, in the surface-to-surface contact simu-
lation. Normal contact stiffness factor (FKN) values were found for
each model, not only in regard to numeric convergence but also to
the stabilization of values for contact pressure and penetration among
surfaces. In all the models, the maximum penetration between con-
crete frame structures and masonry was lower than 0.1mm. Friction
between the concrete structure and the wall was considered using the

Coulomb model, limiting the maximum contact friction to a.f. A value
of a = 1.5 was adopted to convert average (conventional) shear stress
on the wall to shear stress in the finite element.

Initially, lateral loads were applied to produce interstory drifts equal
to H/850 in the models with no walls. These forces were reapplied
in the models with walls to analyze stresses in the masonry panels,
in order to verify their stress level when two consecutive stories are
subjected to the drift limit recommended by NBR 6118 [30].

In all the analyses, the materials were considered isotropic and of
an elastic-linear behavior. A material linear analysis was employed
because of the stress level applied to infilled frames (correspond-
ing to service conditions of the structure). The materials were con-
sidered isotropic because of simulations carried out by Doudoumis
[12], which showed the insignificant effects of the orthotropy of the
wall on the behavior of the infilled frames with L/H > 1.5.

4. Numeric simulations
B
4.1 Example 1: Infilled frames without openings

In this example, four masonry-infilled frames were analyzed. The
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Figure 4 - Compressive principal elastic strains- FEM Models
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theoretical span of the beams (L) was set at 6.0m and the distance  modulus was assumed for the concrete structure, corresponding
between the beam axes (H) was set at 3.0m. The columns present-  to a concrete with compressive strength of C25. The infill walls
ed rectangular cross sections with the following dimensions (cm):  were 20cm in thickness and a value of 1.50 MPa was assumed for
20x40, 20x60, 20x80 and 20x100. The rectangular cross section  stacked prism strength (fp). The longitudinal elastic modulus of the
of the beams was set at 20x60. A 28.000 MPa longitudinal elastic ~ wall (E) was obtained from the NBR 15812 equation [39] (E=600.

Figure 5 - Acting stresses related to diagonal tension and shear in infill walls - FEM models
(values in kN/m?)

Model Tensile principal stress (G1) Shear stress (Tyy)

) 13.567 27.135 40.702 54.269
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f). Avalue of p = 0.7 was considered for the coefficient of friction
between the concrete structure and the infill frame.

Results and conclusions of the simulations

Figure 4 presents diagrams of the compressive principal elastic
strains for the four infilled frames and shows the deformed shapes
of the frames. It is possible to confirm the occurrence of separation
between the concrete structure and the infill wall in certain places
and the formation of struts in regions of contact.

Figures 5 and 6 show, respectively, the results for stresses related
to diagonal tension, shear and diagonal compression. In the FEM
results, o, is the tensile principal stress, 1, is the shear stress at
the plane of the wall and o, is the compressive principal stress.
Table 2 shows a summary of the results presented in Figures 5 and
6 (FEM) and the results obtained with the diagonal strut model. It
is important to note that in Table 2, the values for o, were extracted
at a distance of 10 cm from the internal contour of the concrete
frame structures, in order to prevent the extraction of values owing
to the concentration of stresses. Extraction of the tensile principal
stresses 0, and shear stresses Ty proceeded in a similar way.

The main findings for this example are:

B The greater the stiffness of the column, the greater the stress
imposed in the infill walls, even when the interstory drift ratio
is the same. This is an important aspect for the designer to
consider, since even when complying with interstory drift limits
recommended in design norms for conventional modeling, it
is possible for walls fixed to framed structures with robust col-
umns to suffer damage under elevated stresses.

In the models with 20cmx80cm and 20cmx100cm columns,
cracking would have occurred had the frame structures been
subjected to the interstory drift ratio limits from NBR 6118
(1/850 rad) for conventional modeling. Greater caution is
therefore recommended in employing the interstory drift limit
of H/850 to columns with significantly greater stiffness than
that of the beams. In this case, modeling of the walls, even in
single-story one-bay infilled frames, can provide approximate
information as to their stress level.

The expected failure modes occurred by diagonal tension and
shearing, while diagonal compression failure did not occur. Act-
ing axial forces for the diagonal strut model were between 31%
and 40% of the compressive axial force strength (diagonal

Figure 6 - Acting stresses related to diagonal compression in infill walls - FEM models
(values in kN/m?)
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Diagonal
tension

D, =34.44
DSM sd ’
Column D,, = 46,80
20x40 o, =21,00
=21,
FEM f. = 37,50
D,, =44.56
DSM sd ’
Column Dy, = 46,82
20x60 o. = 32,00
=L
FEM f.= 37,50
D, =49.97
DSM sd ’
Column Dy = 46,23
20x80 i 5, = 40,00
f.= 37,50
D, =53.07
DSM sd ’
Column Dy = 45,90
20x100 o o, = 44,00
f.= 37,50

Table 2 - Summary of the results of the Example 1 - Maximum Internal Forces (Stresses) vs. Strength
(Forces in kN and stresses in kN/m?)

Diagonal Probable type

Pl compression of failure
Dy, = 34,44 Dy, = 34,44
D,, = 83,56 D,. = 111,51 Does not occurs
Ty = 7500 S LT 08 Does not occurs
a.f,=10286 f_,= 750,00
Dy, = 44,56 Dy, = 44,56
D, =82.35 D, = 121,85 Does not occurs
by = 73,00 o= 20000 Does not occurs
a.f,=104,52 f_,= 750,00
Dy, = 49.97 Dy, = 49,97 . .
D, =81.22 D, = 128,41 Diagonal tension
T, = 128,10 o, = 540,00 Diagonal tension/
a.f,=106,37 f_,= 750,00 Shear
D, = 53,07 Dy, = 53,07 . .
D, = 80,19 D, = 132,63 Diagonal tension
t,, = 120,00 o, =592,00 Diagonal tension/
a.f=108,44 f_,= 750,00 Shear

compression). In the FEM, the maximum compressive principal
stresses were between 50% and 79% of the diagonal com-
pression strength of the infill.

Observations on determining diagonal strut width

As mentioned in item 2.2, there are usually considerable differ-
ences among the values provided by the diagonal strut width equa-
tions from Table 1. For this example, width values obtained from
the different equations were calculated and summarized in Table 3.
For structural design purposes, it is more important to evaluate the
differences in terms of interstory drifts and internal forces (espe-
cially the latter, in order to predict the failure modes in the panels).

Table 4 shows the average compression stress in equivalent di-
agonals struts (obtained from the ratio between compressive axial
force and diagonal strut cross section area). Table 4 also shows
compressive principal stresses near the center of the wall obtained
by FEM (see Figure 6), for comparison with the compression prin-
cipal stresses obtained by DSM. Table 5 shows values for relative
lateral deflections between beam axes for both models (DSM and
FEM).

Despite the considerable differences in diagonal strut width val-
ues shown in Table 3, such differences were not found in regard
to stresses, which can be noted from the results shown in Table
4. For this example, Mainstone’s equation [32] gave the greatest
diagonal strut compression stress values, thus proving to be the
most conservative. The Liauw and Kwan equation [35] gave stress

Table 3 - Equivalent strut width - values in cm

m Column 20x40 Column 20x60 Column 20x80
Mainstone (32) 74,34 81,23 85,61 88,42
Hendry (34) 186,61 203,72 222,21 241,27
Liauw e Kwan (35) 133,52 154,07 169,99 182,95
Decanini e Fantin (36) 180,95 234,37 278,76 316,17
Paulay e Priestley (37) 162,32 147,73 143,18 138,65
Durrani e Luo (38) 97,55 102,67 108,93 115,34
Chrysostomou e Asteris (6) 114,70 125,33 132,08 136,42
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DSM: Mainstone (32) 231,63
DSM: Hendry (34) 139,54
DSM: Liauw e Kwan (35) 171,84
DSM: Decanini e Fantin (36) 142,38
DSM: Paulay e Priestley (37) 158,85
DSM: Durrani e Luo (38) 203,84
o Crpeemos
FEM: ANSYS 149,69

Table 4 - Compressive average stresses (DSM) and compressive principal
stresses near to the center of the infill walls (FEM) - values in kN/m?

Column 20x60

Column 20x100

274,28 291,85 300,09
181,23 197,68 204,23
210,10 225,48 232,58
167,04 174,38 176,58
214,47 243,05 259,96
251,63 269,91 277.18
231,48 251,13 261,54
196,26 215,94 236,88

DSM: Mainstone (32) 1,910
DSM: Hendry (34) 1,159
DSM: Liauw e Kwan (35) 1,422
DSM: Decanini e Fantin (36) 1,182
DSM: Paulay e Priestley (37) 1,316
DSM: Durrani e Luo (38) 1,684
oS Gyt
FEM: ANSYS 1,562

Table 5 - Interstorey dirifts - values in mm

Column 20x60

Column 20x100

2,233 2,356 2,407
1,484 1,603 1,645
1,716 1,826 1,870
1,370 1,417 1,425
1,752 1,966 2,088
2,051 2,181 2,225
1,888 2,031 2,101
1,990 2,227 2,276

results closer to those given by the FEM. In terms of interstory drift,
there were not substantial differences, and the Durrani and Luo
[38] equation gave results closer to those of the FEM.

4.2 Example 2: Infilled frames with openings

For the second example, masonry-infilled frames similar to those in
item 4.1 were analyzed. These frames were investigated by Silva
[40], however only for models with central openings. The main ob-
jective of this example is to demonstrate the influence of the open-
ings on the panel-frame structure.

The theoretical span of the beams (L) was set at 6.0 m and the
distance between beam axes (H) was set at 2.80m. Columns and
beams were 20x40 and 20x50 rectangular sections, respectively.
A 25.000 MPa longitudinal elastic modulus was assumed for the
concrete structure. The infill walls were 19cm in thickness and a
value of 1.50 MPa was assumed for stacked prism strength (fp).
The remaining masonry parameters were the same as though pre-
sented in the example in item 4.1.

Figure 7a) illustrates the geometry of model L1 (wall without open-
ings). The remaining models - L1J1C, L1J2C and L1J3C — pres-

ent the same dimensions as model L1, however with openings as
shown in Figure 7b.

Table 6 shows the values for relative lateral deflections between
beam axes. Although it is expected that lateral deflections increase
with an increasing area of opening in the wall, quantifying the ef-
fects of the openings on the lateral stiffness of the structure can be
important in analyses of excessive vibrations of structures using
DSM. In this case, calibrations of diagonal strut axial stiffness can
be carried out in regard to interstory drift given in FEM analyses,
since the equations shown in Table 1 apply only to walls without
openings. Examples of this type of calibration are presented in
Silva et al. [41].

Figure 8 shows diagrams for compressive principal elastic strains
and the deformed shapes of the frames. Figures 9 to 11 demon-
strate, respectively, the results for stresses related to diagonal ten-
sion, shear and diagonal compression.

Table 7 shows a summary of results presented in Figures 9 to 11.
As in item 4.1, the values in Table 7 were obtained from a distance
of 10 cm from the internal contour of the concrete frame structures,
in order to prevent extracting values resultant from the concentra-
tion of stresses.

Z0() 1
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Figure 7 - Models analyzed in Example 2
(units of measurement in cm)
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The results in Figures 9 to 11 and Table 7 suggest that the pres-
ence of openings, in addition to forming two main diagonal struts,
leads to a reduction of values for compressive principal stresses
when compared to models without openings (L1). In contrast, the
introduction of openings led to a notable increase in tensile prin-
cipal stresses and shear stresses, when compared to model L1.
Therefore, shear failure and diagonal tensile failure can be expect-
ed in walls with openings, in the case of the interstory drift limit
presented in NBR 6118 (1/850 rad).

5. Conclusions and final considerations
E——

The main aim of this study was to demonstrate how to verify the
service limit state associated to excessive lateral deflections when
infill panels are included in the structural model, in order to evalu-
ate possible states of cracking in seals.

Even if the main structure is designed without considering the con-
tribution of masonry as resistant elements, it may be important to
utilize modeling that includes infill walls when verifying the service
limit states. This modeling has the advantage of allowing for an
identification of building panels that may potentially present prob-
lems as a result of the masonry-structure interaction.

In conventional modeling (structural model without walls), this veri-
fication is carried out in a more practical manner, controlling for
lateral deflections of the structure, which should not exceed the
drift limits recommended by codes (NBR 6118 and NBR 15575).
Infill walls can be included in the structural model by using equiva-
lent diagonal struts or by using plane or tridimensional finite ele-
ments (FEM). In both cases, in order to verify excessive vibrations
of excessive lateral deflections, it is necessary to know a number
of geometric and mechanical parameters of the infill walls, includ-
ing: thickness (t); height (h); length (/); position and dimensions of
openings (when present); longitudinal elastic modulus (E); shear
strength (D, ou f); diagonal tension strength (D, ou f,;) and di-
agonal compression strength (D, ou f_). In this type of modeling,
greater attention should be given to the comparison between act-
ing internal forces (or stresses) and strength capacity (axial forces
or stresses), in regard to the three possible failure modes (diagonal
tension, shear and diagonal compression).

Clearly, conventional modeling is advantageous due to its simplic-
ity and because it does not require the knowledge of geometric
and mechanical parameters of the masonry. However, as the
results from Example 1 of this study indicate, it is possible that
walls fixed to frames with pillars presenting great stiffness are

L1
L1J1cC
L1J2C
L1J3C
L1 without wall

Table 6 - Influence of the area of opening on lateral sfiffness of the models

Area of opening (m?)
0

1,92
3,12
4,32
12,88

Interstorey drift (mm)

0 1,377
0,149 1,691
0,242 1,993
0,335 2,360

1 3,294
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Figure 8 - Deformed shape and compressive principal strains - FEM models

Model Compressive principal elastic strains
L1
[ EEERATTTTT  aaaaaaaaas—— |
- . 48ZE-02 -.275E-02 -.268E-02 -.161E-02 -.518E-04
- . 428E-02 -.321E-02 -.Z14E-02 -.107E-02 -.200E-0§
Lij1C
=.S587C-02 =.441E-02 =.315E8-03 =.189E-03 =.832E-04
-.504E-02 - 3T8E-02 -.252E-03 -.126E-02 -.138E-086
L1j2C
L1J3C
m— — —L
$388.5 =551.055 453,511 295.157 =-88.7222
783,77 2 552,333 354,28 ¢
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Figure 9 - Acting stresses related to diagonal tension in infill walls - FEM models
(values in kN/m?)

Model Tensile principal stress (o1)

11

LiJ1C

L1j2C

L1J3C
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Figure 10 - Acting stresses related to shear in infill walls - FEM models
(values in kKN/m?)

Model Shear stress (Txy)
-10.02858 5.892509 21.835 37.841 52,7969
=2.04888 12,8071 29.882 45.813% 61.7748
X
-24.5858 18.2579 52.1018 105.545 150.78%
-2.65285 41.17%87 85.0224 128.887 172.711
x
=32.8161 35.4815 102.82% 172.217 240.5%4
1.27272 §%.5502 129.023 205.405 274.732
J |‘
_X
| EEEEREE L S
-37.451% 35.9827 10%.477 182.%52 255.44%
-. 745507 T2.735 145.22 215.704 293.138%
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Model

Figure 11 - Acting stresses related to diagonal compression in infill walls - FEM models

(values in kN/m?)

Compressive principal stress (G3)

11
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L1 18,48 61,77 359,29 37,50
LJ1C 82,43 63,10 298,02 37,50
L1J2C 90,81 103,84 184,55 37,50
L1J3C 95,76 109.48 197.44 37,50

Table 7 - Summary of the results of the Example 2 - Maximum Acting Stresses vs. Strength (kN/m?)

Maximum acting stresses Strength capacity _
Model Probable type of failure

103,00 750,00 Does not occurs
103,00 750,00 Diagonal tension
103,00 750,00 Diagonal tension/Shear
103,00 750,00 Diagonal tension/Shear

submitted to high stresses, even when satisfies the interstory drift
limits from NBR 6118 in conventional modeling. To minimize uncer-
tainties, it may be useful to carry out a complementary verification
of the service limit state with modeling that includes the infill walls.
The analysis of single-story one-bay infilled frames that simulates
consecutive stories, following the method presented in Example 2,
may provide important information related to the level of stresses
in the walls. In the case of walls with openings, this analysis can be
performed using the finite elements method, following Example 2
and the work of Silva [40].
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Abstract

Brazilian Codes NBR 6118 and NBR 15575 provide practical values for interstory drift limits applied to conventional modeling in order to prevent
negative effects in masonry infill walls caused by excessive lateral deformability, however these codes do not account for infill walls in the struc-
tural model. The inclusion of infill walls in the proposed model allows for a quantitative evaluation of structural stresses in these walls and an
assessment of cracking in these elements (sliding shear diagonal tension and diagonal compression cracking).

This paper presents the results of simulations of single-story one-bay infilled R/C frames. The main objective is to show how to check the service-
ability limit states under lateral loads when the infill walls are included in the modeling. The results of numerical simulations allowed for an evalu-
ation of stresses and the probable cracking pattern in infill walls. The results also allowed an identification of some advantages and limitations of
the NBR 6118 practical procedure based on interstory drift limits.

Keywords: infilled frames, masonry infill walls, diagonal strut model, finite element method, serviceability limit states.

Resumo

Para evitar efeitos negativos em walls de vedacéo produzidos pela deformabilidade horizontal excessiva, a NBR 6118 e a NBR 15575 apresen-
tam valores praticos de limites de deslocamentos horizontais aplicados @ modelagem convencional (sem a consideragéo das walls de preenchi-
mento no modelo estrutural). Entretanto, a inclusdo das walls no modelo permite a avaliagdo quantitativa das tensdes solicitantes nas alvenarias
de preenchimento e a avaliagdo da ocorréncia de fissuras nas mesmas (por cisalhamento, tragdo diagonal ou compressao diagonal).

Neste trabalho sdo apresentados resultados de simulagdes numéricas de quadros de concreto armado considerando a presenca da alvenaria
de preenchimento. O objetivo principal do trabalho é demonstrar como pode ser realizada a verificagao do estado limite de servigo produzido por
acoes horizontais quando as walls s&o incluidas na modelagem. Os resultados das simula¢des permitiram a avaliagdo das tensdes solicitantes
e do provavel tipo de fissuragao nas alvenarias. Os resultados também permitiram identificar algumas vantagens e limitagdes do procedimento
pratico da NBR 6118 em termos de deslocamentos limites.

Palavras-chave: porticos preenchidos, alvenarias de preenchimento, modelo de diagonal equivalente, método dos elementos finitos, estados
limites de servigo.
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1. Introducgao

EE

Usualmente, as paredes de alvenaria com fungao de vedacgao nos
sistemas estruturais reticulados de edificios sdo encaradas apenas
como cargas Vverticais aplicadas sobre a estrutura principal, ou seja,
a rigidez dessas paredes € desprezada nos modelos de andlise estru-
tural. Quando fixadas a estrutura reticulada de concreto, as paredes
de alvenaria participam como elementos resistentes frente as agdes
horizontais no edificio. Entretanto, ndo é pratica atual em projetos no
Brasil a consideragao dos painéis de alvenaria no modelo estrutural
para a verificagdo dos Estados Limites da Estrutura.

Poucas pesquisas nacionais sao encontradas sobre o comportamento
estrutural de poérticos preenchidos com alvenaria submetidos a agdes
horizontais. Dentre as principais pesquisas nacionais, podem ser cita-
dos o trabalho de Alvarenga [1] — que consistiu num estudo tedrico e
experimental de porticos de ago preenchidos com paredes de concreto
- e os trabalhos de Santos [2], Tanaka [3] e Madia [4] mais voltados a
simulagdes numéricas em edificios de concreto.

Por outro lado, encontra-se extensa bibliografia internacional sobre o
comportamento de estruturas aporticadas de concreto e ago preenchi-
das com paredes de alvenaria. As pesquisas sobre o tema comegaram
a ter mais destaque ha mais de quatro décadas, sendo boa parte delas
voltadas a andlise frente as agdes de sismos. De forma resumida, séo
encontrados trés tipos de contribuicdes de pesquisa sobre o assunto,
0s quais sao descritos a seguir.

O primeiro tipo de contribuigao refere-se a pesquisas que envolvem
a denominada macromodelagem, as quais abordam a utilizagéo e
o aprimoramento dos modelos de diagonal equivalente. Sdo en-
contrados diversos trabalhos importantes desde a década de 70.
Dentre as pesquisas mais recentes, consideraram-se relevantes
os trabalhos de Asteris et al. [5], Chrysostomou e Asteris [6], EI-
-Dakhakhni et al. [7], Amato et al. [8], Doudoumis [9], Crisafulli e
Carr, [10] e Uva et al. [11]. O segundo tipo de contribuigao refere-se
a utilizagao e ao aprimoramento da denominada micromodelagem,
na qual a estrutura e a alvenaria sdo modeladas com elementos
planos ou espaciais via método dos elementos finitos, incluindo o
caso de aberturas nas paredes. Dentre as pesquisas mais recen-
tes e consideradas relevantes, podem ser citados os trabalhos de
Doudoumis [12], Mondal e Jain [13], Asteris [14], Ghosh e Amde
[15], Mohyeddin et al. [16], Stavidris e Shing [17], Baloevic et al. [18]
e Koutromanos et al. [19]. O terceiro tipo de contribuigdo esta rela-
cionado com as investigagdes experimentais, havendo uma vasta
publicagéo de pesquisas na bibliografia especializada. Merecem
destaque os trabalhos de Mehrabi et al. [20], Durrani e Haider [21],
Flanagan e Bennett [22], Al-Chaar et al. [23], Asteris et al. [24], Tas-
nimi e Mohebkhah [25] e Liu e Manesh [26].

Nas recomendagdes da FEMA 306 [27], FEMA 274 [28] e FEMA
356 [29] encontram-se detalhados procedimentos especificos para
a analise de porticos de concreto e de aco preenchidos com alve-
naria. O capitulo 8 da FEMA 306 [27] resume as principais pesqui-
sas sobre o tema e apresenta as expressdes para a obtengao da
largura equivalente para painéis sem aberturas e para a obtencao
da capacidade resistente das diagonais equivalentes frente aos
possiveis tipos de ruptura. Tais recomendagdes sdo amplamente
citadas nas pesquisas internacionais dos ultimos quinze anos que
tratam do assunto.

As normas brasileiras NBR 6118 [30] e NBR 15575 [31] apresentam
deslocamentos horizontais limites em regime de servico para a preven-
cao de efeitos negativos em vedagdes produzidos pela distorgao ho-

rizontal excessiva. Tais limites sdo valores praticos a serem aplicados
na modelagem convencional (sem a contribuigdo das paredes como
elementos resistentes), sendo uma forma simples de limitar a defor-
mabilidade horizontal da estrutura, independente das caracteristicas
mecanicas da parede.

Evidentemente, a verificagdo mencionada anteriormente ndo permite
uma avaliagao quantitativa das solicitagdes nos painéis de alvena-
ria, nem tampouco considerar a influéncia da geometria (dimen-
sOes, aberturas) e das caracteristicas mecanicas das paredes.

Tabela 1 - Expressoées analiticas para o cdlculo
da largura da diagonal equivalente

Mainstone (32)

2 2
o, +a,
a —

2
= T

P2

Hendry (34)
o = T
v =
2.,
o, = comprimento de contato entre pilar
e alvenaria;
a, = comprimento de contato entre viga
e alvenaria.
Lo al:0,95.sen(2e)
Kwan (35) '
N
Para painéis ndo Para painéis
fissurados: fissurados:
Ay <7,85: Ay <7,85:
Decanini a= [0,085 + 0’748}0 a= [0,010 + 0*707}0
e Fantin (36) A A
Ay > 7.85: Ay > 7.85:

a= [0,1 30+ 0’;?93 j.D a= [0,040 + 0’:70}D

H H

Paulay e D
Priestley (37) 4

a=ysen(20)D

HEL )
y:0,32.4/sen3265{ — J

, mE,l, h
Durrani e
Luo (38) m=6/1+ S5
nE, 1L
E, = modulo de elasticidade da viga;
I, = momento de inércia a flexdo da viga.
Chrysostomou

e Asteris (6) a=0270.(,)**D
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Esta avaliagdo somente pode ser feita se a rigidez dos painéis
de alvenaria for incluida no modelo estrutural. Com a avaliagdo
das solicitagdes nas alvenarias, € possivel fazer a verificagdo da
ocorréncia dos possiveis tipos de ruptura (fissuragéo) em paredes
submetidas a a¢des horizontais: por cisalhamento, por tragao dia-
gonal e por compressao diagonal.

O principal objetivo deste trabalho é demonstrar como pode ser
realizada a verificagdo do estado limite de servigo produzido por
acdes horizontais quando as paredes sdo incluidas no modelo
estrutural. Foram realizados exemplos numéricos empregando-
-se 0 modelo de diagonal equivalente (MDE) e um modelo que
emprega o método dos elementos finitos (MEF). A comparagéo
entre solicitagdes e resisténcias das paredes permitiu inferir sobre
a integridade das mesmas frente aos possiveis tipos de ruptura
(fissuragéo) e avaliar a adequabilidade dos valores praticos de
deslocamentos limites da NBR 6118 [30] para a modelagem con-
vencional. Foram utilizadas neste trabalho as recomendacoes da
FEMA 306 [27] para o calculo da largura da diagonal equivalente e
para o calculo dos parametros resistentes da alvenaria.

2. Avaliacéo da rigidez e da resisténcia
dos paineis de alvenaria
T

2.1 Modelo de diagonal equivalente

O modelo mais utilizado para simular a contribuigdo dos painéis de
alvenaria na rigidez de estruturas aporticadas submetidas a agdes
horizontais € o modelo da diagonal equivalente. O modelo consis-
te em introduzir barras (escoras) diagonais articuladas com rigidez
axial calculada a partir das propriedades mecanicas e geométricas
das paredes e dos elementos que compde o pértico (vigas e pila-
res). O parametro chave para a obtencdo dessa rigidez axial é a
largura da diagonal equivalente, a qual pode ser obtida segundo
expressoes analiticas propostas por diversos autores na bibliografia
especializada, apresentadas no item 2.2 e resumidas na Tabela 1.

Em analises elasticas-lineares, conhecendo-se a espessura e o
modulo de elasticidade da parede, o problema consiste em encon-
trar a largura da sec¢ao da barra que simula a presenca da parede.

Em outras palavras, deve-se encontrar a rigidez axial da diagonal
equivalente que produz efeitos similares ao da estrutura real.

A principal vantagem do modelo de diagonal equivalente é a sim-
plicidade, tornando-o atrativo para a pratica de projetos estruturais.

2.2 Expressées para o cdlculo da largura
da diagonal equivalente

Neste item apresenta-se a formulagao para a obtengéo da largura
da diagonal equivalente (apenas uma biela de compresséo) en-
contrada na bibliografia especializada para painéis submetidos a
forgas horizontais.

AFigura 1 ilustra as dimensdes envolvidas no modelo de diagonal
equivalente para pérticos preenchidos com alvenaria.

A maioria das formulagdes encontradas na bibliografia especiali-
zada emprega o parametro rigidez relativa entre painel de alvena-
ria e portico (A), calculada por:

E.tsen(20)
4E,1.h (M

7\.:4

onde

E = modulo de elasticidade da parede;

Ep = moédulo de elasticidade do pilar;

Ip = momento de inércia a flexdo do pilar;

t = espessura da parede;

h = altura da parede (vide Figura 1);

0 = angulo de inclinagdo da diagonal equivalente (vide Figura 1).
Por questdo de nomenclatura, convém expressar o produto entre
a rigidez relativa (1) e a altura entre eixos de vigas (H) por:

Ay = A xH @)

Figura 1 - Modelo de diagonal equivalente em pérticos preenchidos com alvenaria

a = largura da diagonal equivalente
= espessura da parede
D = comprimento da diagonal da parede
h = altura da parede
| = comprimento da parede
0 = angulo de inclinacio da diagonal
equivalente
H = distancia entre eixos de vigas
L. = distancia entre eixos de pilares
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FEMA 356 (29)

Figura 2 - Emprego do modelo de diagonais equivalentes para o caso de paredes com aberturas

Tasnimi e Mohebkhah (25)

Na Tabela 1 sao apresentadas as expressdes para o caso de
paredes sem aberturas. Tais expressdes sa&o encontradas e
comentadas em Asteris ¢ 4/ [5].

Usualmente sédo observadas diferengas consideraveis entre os
valores fornecidos pelas expressoes da Tabela 1. A expressao de
Mainstone [32] € a mais conhecida entre os pesquisadores, sendo
incluida nas recomendagdes normativas da FEMA 306 [27], FEMA
274 [28], FEMA 356 [29] e em Al-Chaar [33]. Entretanto, tal ex-
pressdo, quando comparada com as demais, € a que fornece os
menores valores para a largura da diagonal equivalente, conforme
destacado em Asteris et al. [5] e Chrysostomou e Asteris [6].

Para o caso de paredes com aberturas, encontram-se duas ex-
pressdes analiticas para fins de analise global. Em Al-Chaar [33]
propde-se um fator de redugéo sobre a largura obtida pela expres-
séo de Mainstone [32], em fungdo da relagéo entre a area da aber-
tura e a area da parede sem abertura, independente da posigéo da
abertura no painel de alvenaria:

| —ISIA“.44 3

MNinfill

A
R=06. g

infill

onde
R é o fator de reducgédo da largura equivalente;

A € a area da abertura;

abertura
A, € @ area bruta do painel de alvenaria (sem abertura).
Mondal e Jain [13] propuseram uma expressédo simples para a
obtengéo de um fator de reducéo similar, porém aplicavel apenas

para aberturas centrais:

A

R=1-26/—= (4)

Ninfill

Entretanto, conforme destacado no trabalho de Asteris [14], a po-
sicdo das aberturas nas paredes exerce bastante influéncia na ri-
gidez lateral do conjunto portico-painel, o que reforga a necessida-
de de calibragdo com modelos que empreguem elementos finitos
planos ou tridimensionais.

Pode-se ainda utilizar o modelo de diagonais equivalentes defi-
nindo as bielas comprimidas em fungao das aberturas existentes,
conforme sugerido na FEMA 356 [29] e em Tasnimi e Mohebkhah
[25] e ilustrado na Figura 2. Neste caso, as larguras equivalen-
tes das diagonais podem ser avaliadas a partir das dimensoes
das porgdes da parede que ficam separadas pelas aberturas.
Entretanto, para obter as larguras das diagonais equivalentes
com maior realismo, o ideal seria uma avaliacdo com o emprego
do MEF.
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2.3 Expressoées para o calculo das tensées
resistentes nos paineis

Neste item sdo apresentadas as expressoes de calculo das ten-
sdes resistentes das paredes, as quais foram utilizadas nas ana-
lises via MEF do item 4. Tais tensdes resistentes foram retiradas
das recomendagoes da FEMA 306 [27].

2.3.1 Resisténcia (convencional) ao cisalhamento da parede —f,
De acordo com a Equacéo 8-4 da FEMA 306 [27], a forga horizon-

tal na parede que produz a ruptura por cisalhamento das juntas
(Fg,) pode ser avaliada por:

Py =, 1t = (1, + no)lt (9)

onde

/e t séo, respectivamente, o comprimento e a espessura da parede.
f, é a resisténcia ou tensé&o resistente (convencional ou média) ao
cisalhamento da parede, a qual segue o critério de Coulomb:

f, =1, tno (6)
sendo
T, = CO€sao;

u = coeficiente de atrito da junta de argamassa;

o = tensao vertical de compresséo na parede.

Arigor, a tenséo vertical ¢ € decorrente do peso proprio da parede
e da componente vertical de compressao imposta a parede
pela interagdo portico-painel (distorgdo causada pelas agdes
horizontais).

A forga normal de compressao na diagonal da parede € obtida por:

Frv

D, =—"%—
R cos0

()

A componente vertical da resultante de compressao diagonal é
obtida por:

Fr,-send
TRe2TT _F g0
cos 0 Rertd

Logo, a tensdo o na altura média da parede pode ser calculada
por:

o= FRv tge + 0’5 Walv
It .t

onde W, € o peso proprio da parede.

Dg, send =

F
Sabendo que fv = IRtV
compressao ¢ por:

, pode-se reescrever a tensao vertical de

o= 1,190+05.0, (8)

sendo c,a tenséao vertical de compressao decorrente do peso pro-
prio da parede.
A partir das Equacgoes 8 e 6:

f, =1+, g0+ 05.5,)

Isolando f, chega-se a expresséo da resisténcia ao cisalhamento
da alvenaria:

_ T +0,5.cg.u (9)
1-n.tgb

v

Na falta de resultados experimentais para a coesdo, pode-se
obté-la por:

o= (10)

onde f ; € a resisténcia a compress&o da parede na dire¢&o hori-
zontal, a qual, segundo a FEMA 306 [27], pode ser admitida como
50% da resisténcia & compress&o do prisma (f).

Dessa forma, a coesado pode ser obtida simplesmente por:

Ty = == (”)

2.3.2 Resisténcia a tragao diagonal da parede —f, |

A FEMA 306 [27] reconhece, no seu item 8.3.1, que a resisténcia
a tracao da alvenaria depende do angulo das tensdes principais
de tragdo em relagéo as juntas horizontais. Na falta de resultados
experimentais, a resisténcia a tragéo da alvenaria pode ser obtida
de acordo com a Equacgéo 8-12 da FEMA 306 [27]:

(12)

Dessa forma, a resisténcia a tracdo diagonal pode ser obtida sim-
plesmente por:

(13)
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Figura 3 - Modelos empregados para a consideracdo das paredes como elemento resistente

Modelo de diagonal equivalente - MDE

Trechos rigidos
: /
\\\ '___ _______________________ _| 111l L1l LILLLLll EEENED 6
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Modelo MEF: estado plano de tensdes

2.3.2 Resisténcia a compressao diagonal da parede —f_,

Com base na Equacgéao 8-10 da FEMA 306 [27], a resisténcia (ou
tensao resistente) a compressao diagonal assumida para a pare-
de é:

fc:e = fc.:O <]4>
Logo:
fp
fc,H = E (]5>

2.4 Expressoes para o calculo das forcas
resistentes nos paineis

Neste item sdo apresentadas as expressodes de calculo dos es-
forcos normais resistentes associados aos trés tipos de ruptura
das paredes, para andlises com o modelo de diagonal equivalente
(MDE). Tais expressdes foram utilizadas nas simulagdes do item
4.1 e retiradas das recomendagdes da FEMA 306 [27].

2.4.1 Resisténcia ao cisalhamento da parede - D,

A forca normal resistente de compresséao na diagonal equivalente
associada a ruptura por cisalhamento das juntas € a mesma da
apresentada na Equagéo 7:

FRV

R cos0

onde F, é a forga horizontal na parede que produz a ruptura por
cisalhamento das juntas, a qual pode ser obtida com a formulagao
apresentada nas Equacgdes 5 a 11.

2.4.2 Resisténcia a tragdo diagonal da parede — D,

De acordo com a Equacgao 8-11 da FEMA 306 [27], a forga horizon-
tal na parede que produz a ruptura por tragéo diagonal (F) pode
ser avaliada por:

242,
"1 h

h |

FRt <'| 6)

onde

f,, € aresisténcia a tragéo diagonal da parede, calculada conforme
oitem 2.3.2.

/, h e t sdo parametros geométricos da parede, conforme Figura 1.
Logo, a forga normal resistente na diagonal equivalente associada
a ruptura por tracéo diagonal da parede é obtida por:

F
D _ Rt
R cosh

(17)

2.4.3 Resisténcia a compressao diagonal da parede —f_;

De acordo com a Equagédo 8-10 da FEMA 306 [27], a forga hori-
zontal na parede que produz a ruptura por compressao diagonal
(Fg.) pode ser avaliada por:
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Fre =atf,,.cosb

(18)

onde

a é alargura da diagonal equivalente;

t é a espessura da parede;

f,, € a resisténcia a compresséo diagonal da parede.

A FEMA 306 [27] admite que a resisténcia a compressao dia-
gonal seja igual a resisténcia a compressao da parede na di-
recao horizontal. Logo, a forga normal resistente na diagonal
equivalente associada a ruptura por compressao diagonal &
obtida por:

Fre (19)

D. —
Fe " cosB

§]

3. Metodologia e modelagem
E—

Nas simulagdes numéricas deste trabalho foram analisados porti-
cos (quadros) isolados preenchidos com alvenaria. Cada portico
de concreto armado foi constituido por dois elementos de pilares e
dois elementos de vigas.

Para a inclusdo dos painéis de alvenaria como elementos resis-
tentes, foram utilizados modelos que empregam diagonais equi-
valentes (MDE) e modelos que empregam o MEF com elementos
finitos de estado plano de tensdes (vide Figura 3).

Para a analise estrutural com o método da diagonal equivalente,
utilizou-se um programa computacional de resolugéo de porticos
planos. A largura da diagonal equivalente foi calculada conforme a
expressao de Mainstone [32] (vide Tabela 1). Para considerar as
dimensdes dos nds de portico, foram definidos trechos rigidos em
vigas e pilares, conforme recomendagdes da NBR 6118.

A analise dos porticos preenchidos via MEF foi realizada utilizan-
do-se o programa ANSYS. Utilizou-se o elemento PLANE182 para
a modelagem tanto da estrutura de concreto quanto da parede de
alvenaria. O referido elemento finito possui quatro nés, cada um

- 696E-03 -.S42E-03 -.387E-032
-.619E-03 . 464E-03 =.3108-03

Pilar 20x40

-.232E-03 -.TTEE-04

~.1558-03 . Z13E-0¢

Figura 4 - Deformacgoes principais elasticas de compressdo do
conjunto pértico de concreto/parede de alvenaria - modelos MEF

103E-03
=2 334E-06
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com dois graus de liberdade: translagdes nas diregdes X e Y (sen-
do o plano XY, neste caso, o plano do pértico preenchido). Com
relagéo a discretizagao, foram definidos elementos finitos com di-
mensdes de 10cm x 10cm e conforme a necessidade, elementos
com dimensdes 5cm x 5¢cm.

Para considerar a possibilidade de contato, separagao e desli-
zamento entre portico de concreto e parede de alvenaria, foram
utilizados os elementos CONTAT171/TARGE169 na simulagdo
do contato superficie-a-superficie. Os valores de fator de rigidez
normal de contato (FKN) foram encontrados para cada modelo,

Figura 5 - Solicitacoes associadas a tracdo diagonal e ao cisalhamento nas paredes - modelos MEF
(valores em kN/m?)

Modelo Tensao principal de tragao (61) Tensao de cisalhamento (Tyy)
Pilax
20x40
| EEEEREEEEET — |
[] 13.567 27.135 40.702 54.249
P #0581 - P £1.083 6T EROM e TP gy OO a1 I e
Pilar
20x60
T
(] 19.847 19,694 59,541 79,308
=10, N . . 4.7
9.924 .M 9.618 9465 w9912 WA e TR s TR g BET L TN e
Pilar
20x80
| e — ]
L] 24.093 48,186 .27 96372
=11.197 33.903 §1.003 128.102 175.102
12.006 W09 0.3z #4023 108,420 10,383 51,082 104,882 151,652 198,782
Pilar
20x100
e ]
L] 4. 149 49.49% T4.248 98.997
7 7. A7 . al =11.767 41.833 95.432 149.032 202.631
1 s fam foe e 15.003 68,632 122.232 175.832 229421
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procurando-se ndo somente a convergéncia numérica, mas tam-
bém a estabilizagao dos valores de pressao de contato e penetra-
cao entre as superficies. Em todos os modelos, a penetragdo ma-
xima entre o pértico de concreto e a alvenaria foi inferior a 0,1mm.
O atrito entre a estrutura de concreto e a parede foi considerado
empregando-se o modelo de Coulomb, limitando-se a tensao ma-
xima de cisalhamento entre superficies a o.f, Adotou-se o = 1,5
para converter a tensdo de cisalhamento média ou convencional
na parede em tenséo de cisalhamento no elemento finito.
Inicialmente, foram aplicadas forgas horizontais que produzissem
deslocamentos horizontais relativos iguais a H/850 nos modelos
sem paredes. Essas forgas foram reaplicadas nos modelos com
paredes para a analise das solicitagdes nas alvenarias, a fim de
verificar o nivel de tensdes das mesmas quando dois andares con-
secutivos estdo submetidos ao deslocamento limite recomendado
pela NBR 6118 [30].

Em todas as analises, os materiais foram admitidos como isotropi-
cos e de comportamento elastico-linear. A justificativa para o em-
prego de analise linear dos materiais € o nivel de tensdes aplicado
nos porticos preenchidos (correspondente ao regime de servico
da estrutura). A justificativa para admitir os materiais como iso-

tropicos consiste nas simulagdes realizadas por Doudoumis [12],
as quais revelaram os efeitos pouco relevantes da ortotropia da
parede no comportamento de pértico preenchidos com L/H > 1,5.

4. Simulagdées numéricas

EE—

4.1 Exemplo 1: Pérticos preenchidos sem
aberturas nas paredes

Neste exemplo foram analisados quatro porticos preenchidos
com alvenaria. O véo tedrico das vigas (L) foi fixado em 6,0m e a
distancia entre eixos de vigas (H) foi fixada em 3,0m. Os pilares
apresentaram segdes retangulares com as seguintes dimensodes
(cm): 20x40, 20x60, 20x80 e 20x100. As secdes das vigas (retan-
gulares) foram fixadas em 20x60. Para a estrutura de concreto
assumiu-se um modulo de elasticidade de 28.000 MPa, corres-
pondente a um concreto de resisténcia C25. Com relacéo as al-
venarias, as paredes apresentaram espessura de 20cm, assumin-
do-se para a resisténcia a compressdo do prisma (fp) o valor de
1,50 MPa. O modulo de elasticidade da alvenaria (E) foi obtido
a partir da expressdo da NBR 15812 [39] (E=600.fp). Admitiu-se

Figura 6 - Solicitacdes associadas d compressdo diagonal nas paredes - modelos MEF
(valores em kN/m?)

Tensio principal de compressio (03)

n
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Tabela 2 - Resumo de resultados do Exemplo 1 - Solicitacées méximas vs. Resisténcias
(forcas em kN e tensoes em kN/m?)
Tracdo : Compressco o
Modelo diagonal Cisalhamento diagonal Possivel ruptura
Dy, = 34,44 Dy, = 34,44 Dy, = 34,44 -
Pilar MDE D,, = 46,80 D,, = 83,56 D, = 111,51 Nao ocorre
20x40 6,=21,00 1, = 75,00 o, = 374,00
=21, , s . -
MEF f. = 37,50 o= 10286 f. = 750,00 Nao ocorre
D, = 44,56 Dy, = 44,56 D,, = 44,56 -
i MDE D, = 46,52 D, =82.35 D, = 121,85 Nao ocorre
20x60 o, = 32,00 1, = 93,00 o, = 490,00
1 g X ’ 3 . e
MEF f. = 37,50 o= 104,52 f. = 750,00 Nao ocorre
Dy, = 49.97 Dy, = 49.97 Dy, = 49.97 -
i MDE D, = 46,23 D, =81.22 D, = 128,41 Tracdo diagona
20x80 MEE o, =40,00 1, = 128,10 o, = 540,00 Tragdo diagonal/
f.,=37.50 a.f,= 106,37 f_,= 750,00 Cisalhamento
D,, = 53,07 D,, = 53,07 D,, = 53,07 -
- MDE D, = 45,90 D, = 80,19 D, = 13263 Tracdo diagona
lar X
MEE o, =44,00 t,, = 120,00 o, =592,00 Tragdo diagonal/
f.,=37.50 a.f,= 108,44 f_,= 750,00 Cisalhamento

u = 0,7 para o coeficiente de atrito entre a estrutura de concreto e
a parede de alvenaria.

Resultados e conclusées das simulagées

A Figura 4 contém os diagramas de deformagdes elasticas prin-
cipais de compressdo dos quatro pérticos preenchidos. Nessa fi-
gura também é possivel visualizar as deformadas dos porticos e
confirmar a ocorréncia da separagao entre a estrutura de concreto
e a parede em certos trechos e a ocorréncia de formacao de bielas
nas regioes de contato estrutura de concreto-parede.

As Figuras 5 e 6 contém, respectivamente, os resultados de soli-
citagcdes nas paredes referentes a tracdo diagonal, cisalhamento
e compressao diagonal. Nos resultados via MEF, o, € a tenséo

principal de tragao, T, é a tensado de cisalhamento no plano da
parede e o, € a tens&o principal de compress&o.
A Tabela 2 contém um resumo dos resultados apresentados nas
Figuras 5 e 6 (modelos MEF) e os resultados obtidos com o mode-
lo de diagonal equivalente (MDE).
Cabe ressaltar que, na Tabela 2, os valores de o, foram extraidos
a partir de 10 cm de distancia do contorno interno do pértico de
concreto, a fim de evitar a extragdo de valores decorrentes de con-
centragdo de tensdes. De forma similar procedeu-se na leitura das
tensdes principais de tragdo o, e das tensdes de cisalhamento 7, .
As principais constatactes obtidas dos resultados deste exemplo sao:
B Quanto maior a rigidez do pilar, maiores séo as solicitagbes
impostas as alvenarias, ainda que a distor¢gédo angular seja a
mesma. Este fato requer a atengédo do projetista, pois ainda

Mainstone (32) 74,34
Hendry (34) 186,61

Liauw e Kwan (35) 133,52
Decanini e Fantin (36) 180,95
Paulay e Priestley (37) 152,32
Durrani e Luo (38) 97,55
Chrysostomou e Asteris (6) 114,70

Tabela 3 - Largura da diagonal equivalente - valores em cm

Expressdo Pilar 20x40 Pilar 20x60 Pilar 20x80 Pilar 20x100

81,23 85,61 88,42
203,72 222,21 241,27
154,07 169,99 182,95
234,37 278,76 316,17
147,73 143,18 138,65
102,67 108,93 116,34
125,33 132,08 136,42
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MDE: Mainstone (32) 231,63
MDE: Hendry (34) 139,54
MDE: Liauw e Kwan (35) 171,84
MDE; Decanini e Fantin (36) 142,38
MDE: Paulay e Priestley (37) 158,85
MDE: Durrani e Luo (38) 203,84
OE s
MEF: ANSYS 149,69

Tabela 4 - Tensoes médias de compressdo (MDE) e tensoes principais de compressdo
proximas do centro das paredes (MEF) - valores em kN/m?

Pilar 20x60

Pilar 20x100

274,28 291,85 300,09
181,23 197,68 204,23
210,10 225,48 232,58
167,04 174,38 176,58
214,47 243,05 259,96
251,63 269,91 277.18
231,48 251,13 261,54
196,26 215,94 236,88

MDE: Mainstone (32) 1,910
MDE: Hendry (34) 1,189
MDE: Liauw e Kwan (35) 1,422
MDE: Decanini e Fantin (36) 1,182
MDE: Paulay e Priestley (37) 1,316
MDE: Durrani e Luo (38) 1,684
e bitneie
MEF: ANSYS 1,562

Tabela 5 - Deslocamentos horizontais relativos - valores em mm

Pilar 20x60

Pilar 20x100

2,233 2,356 2,407
1,484 1,603 1,645
1,716 1,826 1,870
1,370 1,417 1,425
1,752 1,966 2,088
2,051 2,181 2,225
1,888 2,031 2,101
1,990 2,227 2,276

que se respeite o deslocamento horizontal relativo entre anda-
res recomendados nas normas de projeto para a modelagem
convencional, paredes que estdo fixadas em quadro de por-
ticos com pilares muito robustos podem sofrer com tensdes
elevadas.

B Nos modelos com pilares de 20cmx80cm e 20cmx100cm, ha-
veria fissuragéo (ruptura) nas paredes se o portico estivesse
submetido a distorgéo angular limite da NBR 6118 (1/850 rad)
para a modelagem convencional. Por essa razdo, recomen-
da-se maior cautela em empregar o deslocamento limite de
H/850 em pilares com rigidez significativamente maior que as
vigas. Nesses casos, a modelagem das paredes, ainda que
em quadros isolados, pode fornecer informagdes aproximadas
sobre o nivel de tensbées nas mesmas.

B Os modos de ruptura esperados para as paredes foram por
tracdo diagonal e por cisalhamento, ndo ocorrendo ruptura por
compressao diagonal. As forgas normais solicitantes do MDE
estiveram entre 31% e 40% das forgas normais resistentes a
compressao diagonal. Nos modelos MEF, as méaximas tensdes
principais de compressao estiveram entre 50% e 79% da ten-
séo resistente da parede a compressao diagonal.

Observagbes sobre a determinagdao da largura da diagonal
equivalente

Conforme comentado no item 2.2, usualmente sdo observadas di-
ferencas consideraveis entre os valores fornecidos pelas expres-
sbes da Tabela 1 para a largura da diagonal equivalente. Para este
exemplo, os valores dessa largura segundo as diferentes expres-
soes foram calculados e resumidos na Tabela 3. Para fins de proje-
to estrutural € mais importante avaliar as diferengas em termos de
deslocamentos relativos e de esforgos solicitantes (especialmente
estes Ultimos, para previsao de tipos de rupturas nos paineis).

A Tabela 4 contém os valores das tensdes médias de compressao
nas diagonais equivalentes (obtidas pela razao entre forga normal
de compressao e area da segao transversal da diagonal equiva-
lente). Na Tabela 4 também sao informadas as tensdes principais
de compressao proximas ao centro da parede obtidas com o MEF
(vide Figura 6), para fins de comparagéo com as tensdes médias
de compresséao obtidas com o MDE.

A Tabela 5 contém os valores dos deslocamentos horizontais rela-
tivos entre eixos de vigas para ambos os modelos (MDE e MEF).
Apesar das diferengas consideraveis entre os valores da largura da
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Figura 7 - Modelos analisados no Exemplo 2
(medidas em cm)

260

° Modelo L1 (sem abertura)

L1J1C

L1J2C L
260

L1J3C 120

0 Modelos L1 com aberturas

diagonal equivalente observadas na Tabela 3, no foram encontra-
das as mesmas diferencas em termos de tensdes, fato que pode ser
notado pelos resultados da Tabela 4. Para o exemplo aqui desenvolvido, a
expressdo de Mainstone [32] foi a que forneceu maiores valores de
tensbes de compressédo nas diagonais equivalentes, sendo por-
tanto a mais conservadora. Por sua vez, a expressao de Liauw e
Kwan [35] foi a que apresentou, em termos de tensdes, resultados
mais proximos aos fornecidos pelo MEF. Em termos de desloca-
mentos horizontais relativos, também nao houve diferengas exa-
geradas entre os resultados, sendo a expressao de Durrani e Luo
[38] a que forneceu resultados mais proximos aos do MEF.

4.2 Exemplo 2: Pérticos preenchidos com
aberturas nas paredes

Neste exemplo foram analisados pérticos preenchidos com alve-
naria similares aos analisados no item 4.1. Tais porticos fizeram
parte das investigagbes de Silva [40], escolhendo-se porém ape-
nas modelos com a presenga de aberturas centrais. O principal
objetivo deste exemplo é mostrar a influéncia da presenga de
aberturas no comportamento conjunto pértico-parede.

O vao tedrico das vigas (L) foi fixado em 6,0 m e a distancia en-
tre eixos de vigas (H) foi fixada em 2,80m. Os pilares e as vigas
apresentaram seg0es retangulares de 20x40 e 20x50, respectiva-
mente. Para a estrutura de concreto assumiu-se um maodulo de
elasticidade de 25.000 MPa. As paredes de alvenaria apresenta-
ram espessura de 19 cm, assumindo-se para a resisténcia a com-
pressao do prisma (fp) o valor de 1,50 MPa. Os demais parametros
da alvenaria foram definidos da mesma forma que a apresentada
no exemplo do item 4.1.

A Figura 7a) ilustra a geometria do modelo L1 (parede sem aber-
tura). Os demais modelos - L1J1C, L1J2C e L1J3C - possuem
as mesmas dimensdes do modelo L1, porém com aberturas na
parede conforme a Figura 7b).

A Tabela 6 contém os valores dos deslocamentos horizontais re-
lativos entre eixos de vigas. Embora seja esperado que desloca-
mentos horizontais cresgam com o aumento da area da abertu-
ra na parede, a quantificagéo dos efeitos das aberturas sobre a
rigidez lateral da estrutura pode ser importante em analises de
vibragdes excessivas (ELS) de estruturas inteiras com o emprego
do MDE. Neste caso, pode-se realizar a calibragao da rigidez axial
das diagonais equivalentes em fungéo do deslocamento horizontal
relativo obtido com as analises via MEF, uma vez que as expres-
sOes apresentadas na Tabela 1 aplicam-se apenas a paredes sem

Tabela 6 - Influéncia da drea da abertura na rigidez lateral dos modelos

Modelo Area da abertura (m?)

Deslocamento horizontal
relativo (mm)

Area da abertura/
Area do painel

L1 0 0 1,377
L1J1cC 1,92 0,149 1,691
L1J2C 3,12 0,242 1,993
L1J3C 4,32 0,335 2,360

L1 sem parede 12,88 1 3,294
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Figura 8 - Deformada do conjunto pértico-alvenaria e deformagdes principais de
compressao - modelos MEF

Modelo Deformagdes principais elasticas de compressao
L1
LiJ1C
=-.567E-03 -.441E-03 =-.315E-03 -.189E-0% -.83ZE-04
-.504E-03 =.378E-02 -.252E-03 -.128E-03 -.138E-08
Lij2c
L1J3C
-284.5 -591.05% -453.811 -256.157 -58.7222
-785.778 -552.333 -354.88% -197.444
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Figura 9 - Solicitacdes associadas a tragcdo diagonal nas paredes - modelos MEF
(valores em kN/m?)

Modelo Tensio principal de tragdo (G1)

L1

LiJ1C

L1J2C

L1]3C
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Figura 10 - Solicitacoes associadas ao cisalhamento nas paredes - modelos MEF
(valores em kN/m?)

Modelo Tensao de cisalhamento (Tyy)
-10.0258 5.8250% 21.835 27.841 53,7968
-2.04338 12.5071 29.8852 45.813% 61.7749

_x

-24.58538 15.257% £2.1016 106,845 150.73%
-2.55285 41.17%7 85.0224 128.357 172.711

_X

-32.8161 35.48515 102.82% 172.217 240.5%4
1.27272 5%.6502 128.029 205.405 274.782

J |‘

_X

| EEEEE L e |

-37.45%1% 35.9827 10%.477 132.952 256.44%
-. 745507 T2.735 145.22 215.704 2593.18%
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Figura 11 - Solicitagcbes associadas & compressdo diagonal nas paredes - modelos MEF
(valores em kN/m?)

Modelo Tensao principal de compressao (G3)

L1

LiJ1C

L1j2C

L1J3C

-338.5 -551.05% -493.611 -2%5.187 -5§.7222
-789.778 -5%2.333 -394.88% -197.444 [
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Tabela 7 - Resumo de resultados do Exemplo 2 - Solicitac6es maximas vs. Resisténcias (kN/m?)

Tensoes solicitantes méximas Tensoes resistentes 5
Modelo Possivel ruptura

L1 18,48 61,77 359,29 37,50
L1J1C 82,43 63,10 298,02 37,50
L1J2C 90,81 103,84 184,55 37,50
L1J3C 95,76 109,48 197.44 37,50

103,00 750,00 Nd&o ocorre
103,00 750,00 Tracdo diagonal
103,00 750,00 Tracdo diagonal/
Cisalhamento
103,00 750,00 Tracdo diagonal/

Cisalhamento

aberturas. Exemplos desse tipo de calibragdo sdo apresentados
no trabalho de Silva et al. [41].

A Figura 8 contém os diagramas de deformagdes elasticas prin-
cipais de compressao bem como a visualizagao das deformadas
dos porticos. As Figuras 9 a 11 contém, respectivamente, os re-
sultados de solicitagdes nas paredes referentes a tragéo diagonal,
cisalhamento e compresséo diagonal.

A Tabela 7 contém um resumo dos resultados apresentados nas
Figuras 9 a 11. Assim como procedido no item 4.1, os valores da
Tabela 7 foram obtidos a partir de 10 cm de distancia do contorno
interno do poértico de concreto, a fim de evitar a extragdo de valo-
res decorrentes de concentragao de tensoes.

Os resultados das Figuras 9 a 11 e da Tabela 7 indicaram que
a presenga das aberturas produziu, além da formagéo de duas
bielas principais diagonais, uma redugao dos valores das tensdes
principais de compressdo em relagédo ao modelo L1 sem abertu-
ra. Em contrapartida, a introdugao de aberturas gerou um notavel
aumento nas tensdes principais de tracdo e nas tensdes de cisa-
lhamento, quando comparadas com o modelo L1 sem abertura.
Dessa forma, estariam previstas nas paredes com aberturas as
rupturas por tragao diagonal ou cisalhamento, caso a distor¢éo ho-
rizontal entre andares consecutivos fosse igual ao limite da NBR
6118 (1/850 rad).

5. Conclusoes e consideragoes finais
EE

O objetivo principal deste trabalho consistiu em demonstrar como
pode ser feita a verificagdo do Estado Limite de Servico associa-
do as Deformagbes Horizontais Excessivas quando se incluem
os painéis de alvenaria no modelo estrutural, com a finalidade de
avaliagdo de possiveis estados de fissuragdo em vedagoes.
Mesmo que a estrutura principal venha a ser dimensionada sem
a consideragéo de qualquer contribuicdo das alvenarias como ele-
mentos resistentes, pode ser importante utilizar uma modelagem
que inclua as alvenarias nas verificagdes dos Estados Limites de
Servico. Na realidade, tal modelagem tem a vantagem de permitir
a identificagéo de painéis do edificio que tenham potencial de apre-
sentar problemas decorrentes da interagéo alvenaria-estrutura.

Na modelagem convencional (modelo estrutural sem paredes), a
verificagédo é feita de forma mais pratica, controlando-se os des-
locamentos horizontais da estrutura, ndo devendo estes ser su-
periores aos deslocamentos limites recomendados pelas normas
(NBR 6118 e NBR 15575).

As paredes podem ser incluidas no modelo estrutural por meio
de barras diagonais equivalentes ou utilizando-se elementos fini-
tos planos ou tridimensionais (MEF). Em ambos os casos, para
a verificagao do ELS de Deformagdes Horizontais Excessivas, é
necessario conhecer diversos parametros geométricos e meca-
nicos das paredes de alvenaria, tais como: espessura (t); altura
(h); comprimento (/); posigao e dimensdes das aberturas (quando
houver); médulo de elasticidade (E); resisténcia ao cisalhamento
(Dg, ou f); resisténcia a tragao diagonal (D, ou f,) e resisténcia
a compressé&o diagonal (D ou f_ ). Neste tipo de modelagem, as
atengdes devem estar mais concentradas na comparagao entre
esforgos (tensdes) solicitantes e esforgos (tensdes) resistentes,
segundo os trés tipos possiveis de ruptura (cisalhamento, tragdo
diagonal e compressao diagonal).

Evidentemente, pela simplicidade e por ndo exigir o conhecimento
dos parametros geométricos e mecanicos das alvenarias, a mode-
lagem convencional torna-se mais atrativa. Entretanto, conforme
acenam os resultados do Exemplo 1 deste trabalho, é possivel
que paredes fixadas a pérticos com pilares de grande rigidez este-
jam submetidas a tensdes elevadas, mesmo que se respeite a dis-
torgéo angular limite da NBR 6118 na modelagem convencional.
Para minimizar as duvidas, pode ser interessante complementar a
verificagdo do Estado Limite de Servico com uma modelagem em
que os painéis estejam presentes. A analise de quadros isolados
que representem andares consecutivos, segundo a metodologia
apresentada no Exemplo 2, pode fornecer informagdes importan-
tes sobre o nivel de solicitagdes nas paredes. No caso de paredes
com aberturas, tal andlise pode ser realizada com o emprego do
método dos elementos finitos, de forma similar a apresentada no
Exemplo 2 e no trabalho de Silva [40].
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Abstract
[ .

This work presents an interactive graphics computational tool for the verification of prestressed concrete beams with post-tensioned bonded ten-
dons to the serviceability limit state (SLS) stress check according to the Brazilian code NBR 6118:2014. The tool is an add-in for Autodesk Robot
Structural Analysis Professional®, which serves as a structural modeling platform.

With data supplied by the user through a graphics user interface, the program here developed calculates all relevant prestress losses that occur
throughout the structure’s life-cycle, along with the prestress’ equivalent loads during this period. The traditional calculation methods, obtained in
the NBR 6118, are presented along with the modifications which had to be implemented in order to allow for incremental loss calculations. Usage
examples and results are presented, validating the adopted methodology.

At the end of the software’s calculation, the user receives two outputs: the prestress’ equivalent loads in the Robot model and an Excel spread-
sheet. The spreadsheet contains the resultant stresses in the beam and warns whether these are greater than the permissible stresses in the SLS
stress check. The loads may then be used in other calculations, such as shear reinforcement.

Keywords: prestressed concrete beams, ABNT NBR 6118, serviceability limit state stress check, Autodesk Robot Structural Analysis Professional®.

Resumo
E———

Este trabalho apresenta o desenvolvimento de uma ferramenta computacional grafico-interativa para a verificagéo de vigas de concreto protendi-
do com pos-tragéo aderente ao estado limite de servigo (ELS), de acordo com a norma brasileira NBR 6118:2014. A ferramenta € um add-in para
o Autodesk Robot Structural Analysis Professional®, que serve como plataforma de modelagem estrutural.

A partir de dados fornecidos pelo usuario através de uma interface grafica, o programa desenvolvido calcula todas as perdas de protenséo que
ocorrem ao longo da vida-util da estrutura, assim como os carregamentos equivalentes a protensdo durante este periodo. O trabalho apresenta
os métodos de célculo tradicionais, obtidos da NBR 6118, e as modicagbes que tiveram que ser feitas para permitir um calculo incremental.
Exemplos de utilizagdo do programa também s&o apresentados, validando a metodologia adotada.

Ao fim do calculo o usuario recebe duas saidas: os carregamentos equivalentes da protensdo ao longo da vida-util da estrutura no modelo do
Robot e uma planilha Excel. A planilha contém os esforgos e as tensdes atuantes na viga ao longo de sua vida-util e informa se estes valores
ultrapassam os limites estabelecidos para o ELS. Os carregamentos podem ser utilizados para demais carregamentos, tal como no dimensiona-
mento ao esforgo cortante.
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Interactive graphics tool for the calculation and serviceability limit state stress check of bonded post-tensioned
concrete beams according to brazilian codes via Autodesk Robot Structural Analysis Professional®

1. Introduction

EE

The Building Information Modeling (BIM) philosophy is revolution-
izing structural engineering. The fundamental concept is to bring
all the information from the disparate disciplines into a single data-
base. One then has a single structural model which incorporates
all the structure’s life-cycle information: architectural, structural,
hydraulic, electric, mechanical, as-built, and maintenance projects.
Prestressed concrete structures, however, tend to be modeled
separately in specialized software which does not attempt to follow
the BIM philosophy.

To aid in the unification of prestressed structural models with BIM,
this work presents a computational tool for the serviceability limit
state stress check of bonded post-tensioned concrete beams ac-
cording to Brazilian codes via Autodesk Robot Structural Analy-
sis Professional®, henceforth referred to as Robot. This software,
named Prestress, is an add-in for Robot, leveraging its structural
modeling capabilities to obtain the loads and stresses arising from
the prestress.

Robot was chosen as the platform for Prestress because it is part
of the Autodesk environment. BIM does not require that a single
company’s package be adopted, but open-source databases, com-
monly represented by IFC files, cannot as of yet contain all of the
“intelligence” of a model [1]. For this reason, though it is not strictly
necessary, adopting a company’s closed environment simplifies
the implementation of the BIM philosophy for now. With Robot as
a platform, Prestress can now unify the prestressing calculations

to those of the global structure. Though not yet implemented, Pre-
stress can still be extended to add the prestressing to an Autodesk
Revit 4D model to check for possible interferences and inclusion in
the structure’s life-cycle analysis.

From a structural model created within Robot and prestressing
data given by the user, prestress losses are calculated, isostatic
bending moments are obtained and equivalent loads are applied.
The program’s calculations are boundary-condition-agnostic, suc-
cessfully dealing with isostatic and statically indeterminate beams.
The effects of the boundary conditions are considered by Robot
and incorporated in Prestress. Once the (possibly statically in-
determinate) stresses are obtained, the software then performs a
serviceability limit state stress check on the beam and generates
an .xlsx file containing the results.

A limitation of Prestress at present is that it cannot correctly cal-
culate structures which are built in stages. While Robot has what
it calls “phase structures”, its API does not implement any method
by which external programs (such as Prestress) can retrieve infor-
mation regarding the different construction phases [2]. It is there-
fore impossible for Prestress to accurately calculate segmental
bridges or prefabricated beams with cast-in-place decks which are
usually considered to work with the beam for live-loads.

There are at present already multitudes of software in the mar-
ket which aid the engineer in the design of prestressed concrete
structures. midas Civil®, SAP 2000°, ADAPT-ABI®, ADAPT-PT/
RC®, RAPT® and Nemetschek Scia® are but a few of the available
options. All of these are evidently far more advanced and robust

Figure 1 - Options tab
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Figure 2 - Cable tab
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than the software here developed. However, of the above only
ADAPT-PT/RC® currently performs the calculations and service-
ability checks according to the Brazilian codes, but it is a 2D-only
platform. There are other programs, such as those developed by
Bortone [3] and Lazzari et al. [4], which fall into the same category.
Prestress is unique in that it follows the Brazilian codes and al-
lows the user to work in a 3D space. Compared to the works of
Bortone and Lazzari et al., it also has the advantage of not being
a stand-alone program. This means the engineer need not create
two structural models: one to calculate the prestressed element and
another to obtain the behavior of the rest of the structure. Having
the prestressing loads within the global structural model also allows
the user to observe the effect of the prestress in the entire structure.
The following sections will present the procedures adopted by the
software and two examples. One example is that of an isostatic
beam, while the other is of a statically indeterminate structure.
Each example presents the information relevant for prestressing
and the file containing the results.

2. Procedure

[

2.1 Input

The Prestress software requires that the user already have a
complete structural model defined in Robot, including constraints

and load cases. It is essential that the beam be allowed to deform
according to the real boundary conditions, therefore great care

must be taken in the definition of the constraints. For instance, if
a beam’s two extremities have constraints which do not allow the
beam to be compressed, a large part of the prestress will be lost.
The user then selects the beam to be prestressed, which may be
composed of one or more bar segments. Via a graphical user inter-
face, the engineer may input the requisite prestressing data. This
includes the number of cables, each cable’s longitudinal layout,
section area, pull stress, and relevant prestress loss coefficients,
as well as material properties for both concrete and steel and the
desired level of prestress: limited or complete prestress. Partial
prestress, which permits the concrete to crack in tension, is not al-
lowed. The units adopted by Prestress are taken directly from the
Robot model, so as to allow the user to work with the unit system
(s)he has previously defined.

Another key piece of data the user must present is the different
phases of a structure’s lifecycle. The suggested minimum number
of such phases is four [5], representing: the age of concrete at pre-
stressing; when loads other than self-weight and prestress are ap-
plied; one year; and the end of the structure’s service life. The user,
however, is free to alter both the number and dates of phases. Each
phase is defined by the concretes age at the end of the phase, the
dead and live loads that are applied and the cables that are jacked
on that phase, along with representative values of temperature and
humidity for that phase. Should the prestressing operation occur in
multiple stages, this should be represented in the user’s input, pref-
erably by including additional phases. Figures [1] and [2] show the
windows where the user enters all relevant data.

IBRACON Structures and Materials Journal + 2015+ vol. 8 +n°3
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Figure 3 - Variable-height beam with straight cable
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Figure 4 - Variable-height beam with variable cable
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With this data Prestress then calculates all relevant prestressing
losses: friction, anchorage slippage, concrete elastic deformation,
creep and shrinkage, and steel relaxation.

2.2 Equivalent loads

A curved cable under tension tends to straighten, but this is im-
peded by the concrete and its self-weight, so the cable applies a
distributed force along the beam’s span. The standard method of
defining an equivalent load to simulate this force was presented by
Lin [6]. For a beam with a parabolic cable of length L, pull-force P
and maximum deflection e, the equivalent distributed load is given
by Equation [1].

8P-e (-|>

This method, however, is not generic since it requires a beam
of constant section [7]. Figures [3], [4] and [5] present three
different variable beams. The first presents a beam of vari-
able height, prestressed with a straight tendon. Though the
tendon has no deflection, the eccentricity of the cable to the
beam’s centroid is variable, leading to a flexural stress-state
in the beam. The second presents a beam with variable height
but with a polygonal cable which always follows the beam’s
centroid. Though the cable has a deflection, in this case the
beam’s stress-state is that of pure compression. The third case
presents a beam with a sudden change of section. It is clear
that where the cable is aligned with the centroid, the beam is
under pure compression, but where the cable is offset from
the centroid, the beam presents a bending moment. It is there-

fore necessary to adopt a more generic function for equiva-
lent loads. The adopted solution applies concentrated loads
according to Equation [2] at every section i where the cable’s
layout was defined, where M, and M, are the isostatic pre-
stressing bending moments at the current section and the fol-
lowing one, respectively, and AM is the difference between the
bending moment immediately to the right and left of the cur-
rent section and is therefore only non-zero if there is a cross-
section discontinuity at point /. If such a discontinuity occurs, a
concentrated moment equal to AM must also be applied.

M, —M;, —AM,; A
Qi=—"— - Q 2)
j=1

This method generates a polygonal approximation of the
beam’s prestressing bending moment diagram, regardless of
the boundary conditions. If the structure is statically indeter-
minate, then the boundary conditions will naturally generate
the correct diagram. This equivalent load method also satis-
fies the condition of being self-balanced, generating no reac-
tions on supports in isostatic structures. Prestress losses are
also trivially considered, since the values of M, and M, are
naturally calculated after all relevant losses. Figure [6] shows
an example of a beam without cross-section discontinuities
(therefore AM is always null) under a constant distributed load
and the linear approximation via Equation [2]. The errors here
are of approximately 1%, but this is evidently affected by the
number of points where concentrated loads are defined.

The equivalent loads of each phase of the structure’s service
life are left in the model after Prestress is complete, allowing
the user to make use of these loads if so desired.

Figure 5 - Beam with section discontinuity and a straight cable
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2.3 Prestress losses

A prestressed cable is jacked up to a specified stress. This stress,
however, is not constant along the cable’s length, nor is it constant
in time. The losses can be simply bundled into two groups: imme-
diate and progressive losses. The immediate losses, as the name
would imply, happen at the act of jacking. These are losses due to:
friction between the cable and its duct; anchorage slippage; and
the elastic deformation of the concrete. The progressive losses are
time-dependent, ever-approaching an asymptotic value at the end
of the beam’s service-life. These are the losses due to steel relax-
ation and concrete creep and shrinkage. The methods adopted by
Prestress are summarized below.

Friction losses are calculated according to item 9.6.3.3.2.2 of the
NBR 6118:2014 [8], which is itself simply the traditional equation
for such losses, seen in Equation [3], where P, is the pull force;

u, the angular friction coefficient; a(x), the total absolute angular
variation from the anchorage until point x; and k, the linear friction
coefficient.

P(z) =P o - ~F@)ka 3)

Anchorage slippage losses are calculated by solving Equation [4],
where A is the cable’s cross-section’s area; E, the cable’s modu-
lus of elasticity; 0, the anchorage’s slip length; AP(x), the loss of
prestress due to anchorage slippage until point x; and Xis the point
where these losses end. Prestress adopts the cable’s stress dia-
gram after friction losses and finds X by incrementally calculating
the area between this diagram and its version mirrored over P(X).

Figure 6 - Beam under distributed and equivalent loads
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A Eyo= | " AP(z) d 0

Losses due to the elastic deformation of concrete from prestress-
ing and dead loads are also considered. The stresses due to dead
loads and equivalent prestressing loads are calculated by Robot
and Equation [5] is applied, where Aop is the change of stress in
the steel; Ao, in the concrete; and a, is equal to the ratio of the
steel and concrete moduli of elasticity.

Ao, = Ao, -ay (5)

Prestress currently only calculates post-tensioned bonded cables.
Such cables only suffer elastic deformation losses due to the pre-
stressing of subsequent cables, but not due to their own jacking.
If cables are pulled at different dates, then the effect of the jacking
of the latter cables will only be computed at that later date. This
allows the software to consider the effect of the differed losses
(discussed below) on the former cables prior to the influence of the
elastic deformation losses.

The treatment of the progressive losses is more complex. These
losses are interdependent, with the result of one altering the result
of the other and visa-versa. The methods adopted by Prestress are
those present in Annex A of the NBR 6118 [8]. However, they do
not allow for the consideration of this interdependence and therefore
had to be slightly modified. Below are described the methods used
by the software. When calculating each differed loss for a phase i
the program assumes the stresses in phase /-1 are constant. With
a sufficient number of phases (at least four, as described in Section
[2.1]), this allows for an approximation of the true results [5].

Creep losses are calculated by the traditional method of consider-
ing a factor ¢ which represents the deformation increment over
time, as seen in Equation [6]:

E
Aagy, :SO'UCEZ) (6)

Iltem A.2.2.3 of the NBR 6118 [8] considers ¢ as the sum of three
parts: @,, which represents the quick, plastic deformation which
occurs in the first 24 hours; @, the slow, plastic deformation; and
@, the slow, elastic deformation.

@, is calculated by Prestress precisely as in the Brazilian code
according to Equation [7], where §, is the fraction of the concretes
28-day strength present on ¢, the moment the load is applied. The
code actually defines the boundaries differently, with the first case
being used for concretes with a compressive strength between 20
and 45MPa, and the second for concretes between 50 and 90MPa.
Those used here are equivalent, but also allow for concretes with
strengths between 45 and 50MPa. Conservatively, such concretes
would fall under the second case. Since this portion of the con-
cretes creep occurs in the first 24 hours, it is only considered in the
first phase after a load is applied.

0,8(1 - Ai(to) for fa € [20,45]MPa

ealto) = 1,4(1- Bi(ty)) for fu € (45,90]MPa 0

@, is calculated in a form almost identical as that given in the code,
as shown in Equation [8], where ¢, is the asymptote of ¢, and S,
is a time function for such losses. The only difference between this
function and the one in the NBR 6118 [8] is that instead of being
restricted to ¢, the moment the load is applied, it allows the creep
increment to be found between any two moments in time. This

Figure 7 - Incremental prestressing loss due to slow, plastic concrete creep. With the increase in
humidity over time the final loss is reduced. To disconsider the humidity's
variation over time, however, may lead to inaccurate results
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Figure 8 - Incremental prestressing loss due to concrete shrinkage. With the increase in humidity
over time the final loss is reduced. To disconsider the humidity's variation over time, however,
may lead to inaccurate results
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allows the creep from a load applied at ¢, to be computed from ¢, to
t, and from ¢, to t,... all the way to t, which defines the end of the
structure’s life-cycle. Both ¢, and B, are functions of the humidity
in the air, which means that calculating different phases with vary-
ing humidity leads to a different result than if an average value
were considered. Figure [7], for instance, demonstrates a fictitious
example of a beam in an environment with ever-increasing humid-
ity. Notice how the final result considering only the humidity of the
last phase (which represents 49 of the beam’s 50-year service life)
leads to a result which is 25% lower than if the varying humidity in
the first year is considered.

P5 = Proo (Bs (ti) — By (ti-1)) (8)

@, is the portion which is most modified. For the first increment of
time its value is obtained via Equation [9], precisely as defined in

the Brazilian code [8]. For every other increment of time, however,
Equation [10] must be used. This occurs due to the peculiar behav-
ior of the code’s method, which implies in a non-zero ¢, for t, = ¢ .

t1 —t+20

¢q =0, 4m ©)

t,—to+20 1 —tg+20
=0,4 -
pa=5 (t,-—to-|—70 t,-_l—t0+70> (10)

The implementation of prestressing losses due to concrete shrink-
age does not require any modifications to the method present in
the NBR 6118 [8], seen in Equation [11], where ¢___ is the maximum

value and B is a time function. Given the deformation increment

Figure 9 - Incremental prestressing loss due to steel relaxation. With the reduction of steel stress
over time due to other differed losses, the final loss is reduced
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between two moments, Prestress then needs only to multiply this
value by the steel’s modulus of elasticity to obtain the relevant loss
of stress. Figure [8] shows the shrinkage losses over time for a
structure in an increasingly humid environment.

€cs (tia ti—l) = €csoo [/Bs (tz) - Bs (tz—l)] <] ])

There is, however, one note that must be made in regards to
shrinkage losses and that is that the actual value of shrinkage de-
formation is a function of a beam’s boundary conditions. The beam
segment of a plane frame, for instance, will suffer less shrinkage
deformation than a simply supported beam due to the stiffness of

the pillars. Such effects are not considered by the software, which
assumes for these losses that the beam has no restrictions to axial
deformations. This is a conservative assumption which leads to
greater prestressing losses.

Steel relaxation losses are calculated based on item 9.6.3.4.5 of
the NBR 6118 [8]. The method, however, had to be modified some-
what to allow for an incremental method as shown in Equation [11],
where y; is the relaxation that occurs between t.and ¢, ; w, . ., the
relaxation coefficient for 1000 hours, obtained in the code’s Table
8.4, considering the cable stress at moment ¢ ; and ¢, the mo-
ment the cable was pulled. Since y,,, is a function of steel stress,
which is altered by the other progressive losses, the value of y,,,
is in fact variable in time. Figure [9] shows a fictitious example of a
cable where the value of y,,, is progressively reduced, simulating
the effect of the other differed losses.
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Figure 10 - Plan and cross-section of Santa Isabel Viaduct. Reprinted from
Cerne Engenharia (11)
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After calculating each of these losses for every phase of a beam’s
service life, Prestress can then apply equivalent loads which simu-
late the prestress. With these equivalent loads in combination with
the live and dead loads along the structure’s service life, the soft-
ware can then perform the serviceability limit state stress check.

2.4 Serviceability limit state stress check

A prestressed structure must be checked against two limit states:
ultimate and serviceability. The ultimate limit state (ULS) certifies
that the structure will not collapse when under load. The service-
ability limit state (SLS) checks that, if ULS is also satisfied, the
structure will be adequate for use. A beam which withstands a load
but does so with excessive cracking or deflection will not give its
users peace of mind and may forbid the use of sensitive machin-
ery. Both limit states are equally important, but only SLS, which is
usually the critical verification [9], is checked by Prestress. The
user must therefore perform ULS checks by some other means.

The Brazilian code defines three levels of live loads, each of which
is given a coefficient: rare (y,), frequent (y,), and almost-perma-
nent (y,). For a nominal live load Q, the frequent load is therefore

equal to ,Q, for example. The values of the coefficients can be

found in Table 11.2 of NBR 6118 [8] or Table 6 of NBR 8681 [10].

Table 13.4 of NBR 6118 [8] states that depending on the environ-

mental conditions (CAA, as defined in Table 6.1 of the code), differ-

ent stresses are permissible:

m If the environmental conditions are defined as CAA | or Il, con-
crete cracking is permitted with a specified maximum nominal

crack width (w, = 0,2mm) considering frequent loading. This
is defined as partial prestress;

B For CAAIIl or IV, stresses must be checked in two conditions:
there must be no tensile stresses in the concrete under almost-
permanent loads (ELS-D) and tensile stresses below the con-
cretes tensile strength in flexure (f,, , as defined in item 8.2.5 of
NBR 6118) are permissible under frequent loads (ELS-F). This
is defined as limited prestress;

B Though never obligatory for post-tensioned structures, there is
also a stricter check which only allows tensile stresses below
the concretes tensile strength under rare loads (ELS-F) and
forbids tensile stresses under frequent loads (ELS-D). This is
defined as complete prestress.

Another SLS check is for excessive compression in the concrete (ELS-

CE) as per item 17.2.4.3.2.a) of the NBR 6118 [8]. Here the compression

must not be greater than 70% of the concretes strength 7, ey the date in

question, considering a factor of 1.1 on the prestressing loads. Prestress
performs SLS checks under either limited or complete prestress.

Iltem 9.6.1.3 of the NBR 6118 [8] states that the nominal prestress

can be considered equal to the value obtained after all required

Figure 11 - Prestressing data and cable profiles of Santa Isabel Viaduct. Reprinted
from Cerne Engenharia (11)
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losses as calculated in Section [2.3], unless the losses are greater
than 35% of the initial jacking force. In such a case, the nominal
prestress must be considered as +5% the calculated value. Re-
gardless of the magnitude of the losses, Prestress always consid-
ers this variation of the nominal prestress force.

The stress and SLS-check results for the top and bottom fibers of
each section are saved in an .xlsx file, examples of which can be
seen in Section [3].

3. Examples
[
3.1 Santa Isabel Viaduct

The Santa Isabel Viaduct [11] is an isostatic structure which pres-

ents a single 41,26m span. The cross-section is composed of four
prefabricated beams supporting a 20cm-thick cast-in-place deck.
The beams are placed on neoprene bearing pads which allow them
to deform in all directions. Figures [10] and [11] and Table [1] present
all the relevant information for the prestressing of the beams.

The Robot model adopted is shown in Figure [12]. As stated in Sec-
tion [2.1], it is important to observe the boundary conditions. Since the
beams are supported by neoprene pads which allow for both rotation
and displacement of the beams, the model was created with all but
one of the supports resisting only vertical displacements. A single sup-
port is given additional constraints in order to create a stable model.
Also note the difference in cross-section properties between the mod-
el and the information given in Table [1] due to the simplification of the
section. Since Prestress will adopt the section given in the model,

Figure 12 - Robot model for the Santa Isabel Viaduct
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Table 1 - Properties of Santa Isabel Viaduct

the results will not be the same as if the true cross-section were used.
A more precise representation could have been used via the custom
“Section Definition” option available in Robot.

The fact that it is impossible for any add-in to consider structures
built with construction phases means that the model had to suffer
some simplifications. The cross-beams at the supports and mid-

Area (m?) 0.8570 Steel CP-190 RB span were not considered in the model (they are replaced by con-
Perimeter (m) 7.053 f_ (kN/cm?) 190 centrated loads on the beams) and the slab is defined as a “clad-
L 0.4661 fmk (kN/om?) 170 ding”, which serves only to distribute loads and does not add to the
v ' pyk structure’s stiffness. These simplifications are necessary since the
y, (m) 1.045 o, (kN/cm?) 140.6 beams are in fact prestressed prior to being hoisted and therefore
y, (M) 1.055 E, (KN/mm?) 195 the entire prestressing load is resisted by the isolated beam. If the
Concrete type CPV-ARI A_(mm2) 1680.0 cross-beams and the slab added to the stiffness of the model, they
P ' I .
would absorb significant portions of the prestress load from the
£ (MPa) 40 u 0.28 ro sig - P P
ok beam, leading to imprecise results.
E. (MPa) 35417.5 k 0.0028 The dead loads are divided into two parts: the beams’ self-weight
1. (kN/m?) 25 & (mm) 7 and that of the slab, pavement (including future repaving) and con-
Slump (cm) 5.9 crete barriers. The bgams self-weight Ioad.ls applied on the struc-
o ture as soon as the first phase of prestressing takes place. The re-
service life 50 mainder is assumed to all take place when the concrete is 28 days
(years) old. The live load is the TB-45 described in NBR 7188 [12], with a
CAA 1l dynamic factor as per item 7.2.1.2 of NBR 7187 [13]. This must be
Temperature done by the user (via a load combination) since Prestress has no
0 20 way of knowing a priori whether such load factoring must take place.
- Figure [13] presents Prestress’ output in .xIsx format. The stress-
Hurnidiity (%) 75 gure [13] p P .
es and SLS checks are presented for each section at each phase
(the results of the third phase are omitted in this article). As can be
observed in Section 6 during the last phase, whenever one of the
Figure 13a - Resulis of Santa Isabel Viaduct
Momentos (kNm) A Pretensic a Solickante (MN/m?) o lotal (MN/m?)
Secn AParm Acidental M (etim)| 8 (kn) | perm Acidantal {i::ql_:fl-:; Porm + Perm + Preot + Acidental Verlflcar
+ Max Min Frol EL: ELS ELS CE
ET oo 00 | 257 |aorea o | Coc [ oo | 520 [ 523 | 497 [ 497 | 604
Inf 0.00 C.00 0.00 -5.36 -5.35 -5.09 -5.09 -5.19
2 28 0] oo 00 |-19853| 13 22| GO0 000 y 0.4 | 999 | 357 | 9597 | 404
Inf 3.73 0.00 0.00 -10.72 -6.99 -6.45 -6.45 -B.65
Sup b.45 L.O0 0.00 2.1k 3./4 3.6U 3.60 3.8/
3 ——| 25106 .o L) -3258.3 | 4260.2 — —
Inl f.6d .00 .00 -1478 -7.65 -f.95 -6.93 -9_Rf
a _Sup 3795 1 on o0 27855 | 4385.6 -B.5d L.00 0.00 3.95 .57 -1.3/ -A.37 =144
Inf 871 | coc | ooo | 1sea | 713 | 624 | 624 | 0.359
c ﬂ 3765.0 0.0 0.0 28510 | 44056 -9.7':1 0.00 0.00 410 -5.64 -5.44 -5.44 -5.%11
Int 996 | coc | oo0o | 1505 | 600 | 520 | 529 | 28
G ﬂ 39228 0.0 0.0 58126 | 42613 1014 .00 .00 A4.NE -6.09 -5.89 -5.89 -5.79
nf| 7 ) ) i ad IETET A I 000 | 1588 | 551 | 72 | 472 | 797
7 28 5eso| oo 00 |-3ss19| anoss 22| G0 0.00 210 | 5064 | 542 | o4 ] o0
Inf 9.96 0.00 0.00 -15.05 -6.039 -5.29 -5.29 -B.58
Sup _ 852 | 000 | 000 | 3.95 457 | 437 | 437 | 477
8 —— 3295.1 .o L) -3785.4 | 43856 — - —
Inl AT .00 .00 -15.84 -713 -f.34 -6.34 -9.59
9 _Sup 75406 on o0 29583 | 47602 b.45 L.O0 0.00 2. /E 3./4 3.6U 3.60 3.8/
Inff ~ ] o ] G.64 0.00 000 | -1428 [ 765 | 693 | 693 | -9.8C
0 Sup 1412.2 0.0 0.0 19853 | 21113 -3.55 000 0.00 034 -3939 -3.97 -3.97 -1.04
= ont] T ) ) - | 372 | oo | ooo | 1072 | 690 | 645 | 645 | 255
11 ﬂ LE 0.0 0.0 257 39768 0.00 .00 .00 -‘-.7’_; -5 2‘? -4.97 -4.97 -?.']Ll
Inf 0,00 C.00 0.00 -5.36 -5.35 -5.09 -5.09 -5.19
o First phase (after prestressing of first cables, t = 5 days)
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Figure 13b - Resulis of Santa Isabel Viaduct

Nnomentns (kNm) A Protensin a Salicitante (MN/m?) o Total [MN/m?)
- ey Frot R
Segdo Acidental Acidental . n| Perm + Perm 1 M'rot 1 Acicental Veriticar
AFerm M (kNm)| N (kN) | aParm (MN/m?)
+ - Max Min Prot ELS-D EL5-F ELS-CE
Sup .01 0.00 -0.16 -4.16 -9.38 -ES51 -8.91 -11.00 -
1 -5.3 G1.5 0.0 -13429 | 573194 . N o
Inf -0.01 0.1E 0.C0 -11.19 -16.56 -15.68 -15.565 -19.12 -
Sun -5.58 0.00 -2.53 .68 -H.90 gt B HE -11.44 -
2 — 2158.7 | 9736 0.0 -3295.0 | 58554
Inf 5./1 2.58 0.0 -1b.56 -1/7.841 -15./70 -15.18 -d4.08 -
Sup _ -9.98 0.00 -1.64 291 -10.80 -10.52 -10.52 -15.73 -
2 — 3286C.6 | 1793.7 0.0 -4252.53 | 6073.4 — —
Inf 10,21 474 0.C0 -19.32 -16.76 -13.65 -12.71 -21.97 -
Sun _ -13.17 0.00 -5.27 4.34 -13.39 -12. 98 -12.98 -20.08 -
4 — 5091.8 | 24258 0.0 -4896.6 | 6253.2 . 2 — — — —
Inf 13.46 f.41 0.00 -21.37 -1494 -11.1a -9.87 -20.69 -
Sun -15.12 0.00 -7.24 517 -15.58 -15.12 -15.12 -23.29 -
5 —— 5845.6 | 2801.7 0.0 528335 | 63795 - >
Inf 15.46 741 0.C0 -22.46 -13.09 -284 -T.46 -19.08 -
Sun -15.81 0.00 -7.47 5.27 -16.63 -15.17 -16.17 -2457 -
€ |—{ 5115.7 | 2888.8 | 00 |-5313.6 | 63655 . — — —
Inf 1RI1T TR 0.00 -22.52 -11.8h/ -71.65 -6.17 -17.81 -
_ |Sup _ -15.12 0.00 -7.24 517 -15.58 -15.12 -15.12 -23.29 -
7 ——] 584t.6 | 2800.1 0.0 528335 | 63795 - >
Inf 15.46 740 0.C0 -22.46 -13.09 -5 55 -T.46 -19.08 -
Sun _ -13.17 .00 -A.78 4.34 -13.39 -17.9R8 -17.9R -20.09 -
8 — 5091.8 | 2427.8 0.0 -4896.5 | 6253.1 — — — —
Inf 13.46 f.47 0.00 -21.37 -1494 -11.1a -9.87 -20.69 -
Sun _ -9.98 0.00 -1.64 2.91 -10.80 -10.52 -10.52 -15.72 -
S —— 386C.6 | 1793.0 0.0 42522 | 6073.3 2 .
Inf 10,21 474 0.C0 -19.32 -16.76 -13.65 -12.71 -21.97 -
Sun -5.58 .00 -7.53 .68 -R.90 -F_AR -B.8R -11.44 -
10 — 2158.7 | 9787 0.0 -3294.9 | 58553 —— — ——
Inf 5.71 259 0.00 -1R.560 -17.84 -15.70 -15.18 -727.08 -
Sun .01 0.00 -0.16 -4.15 -9.38 -E51 -8.91 -10.99 -
11 — 5.3 61.4 0.0 13429 | 57394 - — — —
Inf -0.01 01E .00 -11.19 -16.5A0 -15.6R -15.85 -19.12 -

G Second phase (after prestressing of remaining cables and placing of slab and other loads, t = 28 days)

Figure 13c - Results of Santa Isabel Viaduct

Momentos (kNm) A Protensic a Solickante (MN/m?) o |otal (MN/m?)
Ao Prot
Secio Acidental Acidantal [ + Perm + Prct + Acidental Verlflcar
: APerm M (kNm)| N (kn) | o Perm (MH/myy| o™
+ Max Min Frul EL: D ELS ELS CE
5 0.00 | 0.0C | 0.6 | 0.67 | 777 | 7.8 | 708 | 2.10 -
1 28 90 | 615 | 00 | 1110 | 7212 - :
Inf 0.00 C.1e 0.00 1.25 -13.24 -12.53 -12.50 -15.29 -
S 3 0 ovse | oo | sana | sore 000 [ Co0 T 2o | ooy [ osn bPooan To9ns [ ateo -
Inf 0.00 255 0.00 2,25 1201 -10.15 -9.64 -15.33 -
Sup 0.00 Lo 4.64 051 12Uk 11.84 11.84 1692
3 — o0 17937 oo B55.7 -BER.2
Inl 0. 00 4.74 .00 2.92 -9.54 -A.A0 -5.85 -13.63 -
a SUE 0o 24758 o0 767.7 9356 0.00 L.0U -b.2J -L'.;'i1 -15.13 -14.81 -141.81 -21.0 -
Inf 000 | ea1 | o000 327 | 717 | 278 | 250 [ 172 -
Su 0.00 0.00 -7.24 -0.82 -17.45 -17.08 -17.08 -25.06 -
s —2 o0 |28017| o0 | so0.1 | 0223 - = 2
Int 0.00 741 | 0.00 3.37 | 534 | 458 | 010 [ 1001 -
3 0. 00 . -7.47 -N.81 -18.45 -18.07 -1R.07 -76.29 -
6 —2 0.0 |28sss3| o0 | 7875 | 9237 ' -
Inf 0.00 7.61 0.00 3.31 -1.38 -0.54 0.59 -9.17 -
5 ! . 7.2 €0.82 17.45 -17.0¢ 17.08 -25.00G -
S 30l os00s | oo | soon | ras 000 | .00 21 | 0 17.45 03 | 17.08 | -25.06
Inf 0.00 7.Aac 0.00 3.37 -5.34 -158 -0.10 1011 -
Sup 0.00 | 0.0 5.28 | C.4 | 1543 | 14.81 | 1481 | 2174
8 — o0 24278 oo T67.7 -8935.7 —
Inl 0. 00 F.47 .00 3.77 -TA7 -3.78 -2.49 -11.77 -
- — - — — T s : -
9 Sup 0o 17930 o0 655.7 _RR&.7 0.00 LU 4.64 051 12.U 1.84 11.84 1692
Inf 000 | 474 | 0.0 292 | 954 | o0 | 5ss | 1363 -
0 Sup 0.0 978.7 00 808.0 0.00 0.0 -2.53 -0.07 911 -9.11 -9.11 -11.65 -
1 . 78. i £44.5 | -80S,
Int ! ’ 0.00 | 250 | 0.0 295 | 1201 | 1015 | 064 | 1533 -
S 0.00 .00 -N.1A A7 -TI7 -7.3R -T.38 -9.13 -
14 =P oo | era | 00 | 1110 | 721 i u - :
Inf 0.00 C.1e 0.00 1.25 -13.24 -12.53 -12.50 -15.29 -

G Last phase (end of service life, t = 18250 days)
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Interactive graphics tool for the calculation and serviceability limit state stress check of bonded post-tensioned

concrete beams according to brazilian codes via Autodesk Robot Structural Analysis Professional®

Figure 14 - Plan and cross-section of Guarita Viaduct - North. Reprinted from Cerne Engenharia (14)
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SLS checks fails, a flag is raised pointing it out. In this case, the
ELS-D condition was not satisfied, since the concrete is in tension
under almost-permanent live loads. The file also contains the esti-

lent loads for each phase. This allows the user to include the effect
of the prestress for other calculations, such as that of the neces-
sary shear reinforcement.

mated elongation of the cables prior to anchorage slippage losses
(not shown in this article). As with the input window, the units ad-
opted in this results file are taken from the Robot model.

As mentioned in Section [2.2], Prestress also outputs the equiva-

3.2 Guarita Viaduct - North

The project of Guarita Viaduct - North [14] is aimed at

Figure 15 - Prestressing data and cross-section of Guarita Viaduct - North. Reprinted from
Cerne Engenharia (14)
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reinforcing and widening an existing statically-indeterminate struc-  which are from the existing structure and two are a part of the wid-
ture with three spans and short cantilevers at each end. The cross-  ening project. The new beams are prestressed with bonded post-
section is composed of four cast-in-place concrete beams, two of  tensioned cables. Figures [14] and [15] and Table [2] contain the

Figure 16 - Robot model for the Guarita Viaduct - North
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information on the prestressing of the beams. As with most current
Brazilian bridges the chosen live load is the TB-45 [12].

The adopted Robot model is shown in Figure [16]. The real bound-
ary conditions in this bridge are quite different from those seen in the
example of Section [3.1]. The entire structure of this viaduct is mono-
lithic. The beams are supported by the pillars via Freyssinet hinges,
which allow the differential rotation of the beams in relation to the
pillars but do not allow for differential displacements. For this reason
the entire structure, including pillars, was considered in this model.
This way, any interference the remainder of the structure may have
in the behavior of the prestress will be taken into account.

The slab, however, had to be considered as a simple “cladding”,
with no stiffness. This occurs for the same reason as described
in Section [3.1]: a slab with stiffness would resist the prestress’
compression of the beam, whose cross-section already includes
the slab’s effective flange width, therefore reducing the effective
stresses on the beam itself.

The dead loads here are separated into two groups: one applied once
the cables are jacked, composed of the self-weight of the beams (in-
cluding cross-beams) and the slab; and another which contains the
pavement and concrete-barrier loads which is applied after 28 days.
The live loading is identical to that described in Section [3.1].

Figure [17] presents the results file. The results are not exactly
symmetric due to the asymmetry of the pillars and therefore of the
structure’s center of rigidity. However, for brevity’s sake, only re-
sults up to section 20 (midspan) are shown in this article. Observe
how section 13, which represents the supports of the main span,
presents results of the points to the left (13E) and right (13D). This
occurs because of the stress discontinuity due to the intermediate
cables which anchor there. If a section presents a stress disconti-
nuity, be that due to substantial concentrated loads or cross-sec-
tion discontinuities, then stress calculations and SLS checks are
always shown for the points immediately to the left and to the right.

4. Conclusions

EE

Prestress, the software developed for this article, allows the user to
perform serviceability limit state checks on post-tensioned beams with
bonded tendons in a simple and expedient form, therefore also en-
abling the iteration between multiple different prestressing solutions.
There are multiple different tools which perform similar tasks to Pre-
stress, such as midas Civil®, SAP 2000°, ADAPT-ABI®, ADAPT-PT/
RCP®, and RAPT®, among others. All were developed by professional
teams and most contain tools which are far more advanced than
those demonstrated here. Only Prestress, however, works directly
in tandem with Robot and therefore allows for a far greater interoper-
ability with the rest of the Autodesk package (Revit®, for instance). As
previously stated, though the BIM philosophy does not demand the
use of a closed environment, adopting a single company’s product
package does indeed at present allow for an easier implementation
of BIM. Prestress stands as a (small) first step towards including the
calculation of prestressed beams within this philosophy.

Working within Robot also grants Prestress the ability to naturally
consider all the boundary conditions surrounding the beam. As
described above, such considerations are essential for a precise
calculation of the true effects of prestress on a beam and on the
remainder of the structure.

This software is evidently nothing more than a tool to be placed in
one’s toolbelt. As with any other software, it runs the inescapable

Table 2 - Properties of Guarita Viaduct - North
Area (m?) 1.5722 Steel CP-190 RB
Perimeter (m) 10.13 f o (KN/cm?) 190
1, (Mm% 1.2313 f i KN/cm?) 170
y, (m) 1.011 o, (kN/cm?) 140.6
y, (M) 1.757 E, (kN/mm?) 195
Concrete type CPV-ARI A, (mm2) 1184.0
f.. (MPa) 40 U 0.28
E. (MPa) 35417.5 k 0.0028
¥, (kKN/m?) 25 & (mm) 7
Slump (cm) 5-9
e
CAA Il
Tem?fcrc;fure o5
Humidity (%) 75

risk of “garbage in, garbage out”. If the user presents it with incorrect
data (including, and perhaps most importantly, the structural model),
the results will be equally incorrect. It is therefore essential that the
add-in be used by an engineer who is familiar with the concepts
behind prestress and who is capable of analyzing the results with a
critical eye and of recognizing that which is incorrect.
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Figure 17a - Results of Guarita Viaduct - North

Momentos (kNm) A Protensdo 7 Solicizante (MN/m?) o Total (MN/m?)
- Ao Prot
Secao Acidertal Acidental . | Perm+ Perm + Prot + Acidental Verificar
A Perm M (kNm)| N(kN) | AFerm - MN/m?)| "
n . Max | Min rot. | ELSD | ELSF | ELS.CE
U 001 | 000 | ooo | 07 0.73 | 0.70 | 070 | -08 n
1 P8 71| oo 00 | 8170 | 22150 = =
Inf -0.02 0.00 0.00 -2.61 -2.64 -1.51 -2.51 -3.04 -
Sup 0.36 0.00 0.00 -1.78 1.43 1.34 -1.34 -1.70 -
2 B p11| oo 00 | 2999 | 23538
Inf -0.60 0.00 0.00 -1.10 1.70 1.65 -1.65 -1.87 -
Sup 0.87 0.00 0.00 -2.11 1.24 1.13 -1.13 -1.56 -
3 -10253] 00 00 | se11 | 24697 _ - _ —= _ _
Inf -1.47 0.00 0.00 -0.76 2.23 2.19 -2.19 -2.35 -
S 013 | 000 | 000 | La7 | L7s | 164 | Llea
a P 1540 oo 00 | 4951 | 222738 |— — _ . = - >
Inf 022 | 000 | o000 | 074 | 096 | 092 | 092
< -0.38 0.00 0.00 0.82 20 1 -1.16
5 24P a496 | o0 00 | -695.1 | 21606 —= 2 120 16 116
Inf 065 | 000 [ ooo | 240 | 176 | 1ea | 164
< -0.70 0.00 0.00 ] ).5: 0 0.5
6 P e310 ] o0 00 |-18047] 20831 |2 - 017 | 0.53 22 2
Inf 119 | 000 | 000 | 395 | 275 | 256 | 256
<u 084 | 000 | 000 | 025
7 BB ogg1 | oo 00 |[-18116] 1964.9 |— _ _ 2
Inf 1.42 0.00 0.00 -3.88
5 -0.78 0.00 0.00 0.22
g P 5196 | 00 00 |-1186.7 | 1886.0 = : :
Inf 132 0.00 0.00 -2.93
g . -0.39 0.00 0.00 -0.26
g |2°PY 4583 | o0 00 | 8263 | 14714 |—= -
Inf 0.66 0.00 0.00 -2.14
S 0n.21 n.0n .00 Nn.82
10 ™ 233 oo 00 | 1123 | 14061 -
Inf 035 | 000 | 000 | 108
S 101 | 000 | 0.00 | 163
11 228 jig8a| o0 00 | 8960 | 13453 = _ -
Inf 171 | 000 | 000 | 041
S 201 | 000 | 000 | 268
12 P2 23771 o0 00 | 21724 | 12821 |2 - :
Inf 341 | 000 | 000 | 2.30
S 307 | 000 | 0.00 | 304
136 228 36202 o0 00 | 27187 | 11335 - : -
Inf 520 | 000 | 000 | 317 2
s 3.05 0.00 0.00 -5.00 1 -2.73 -
13022 36020 00 00 | 32067 | 3519.1 - > -
inf -5.17 0.00 0.00 2.32 2 -2.97 -
S 1.81 0.00 0.00 -3.86 2 -2.64 -
14 228 51408| 00 00 | 19149 | 34370 == — : :
Inf -3.07 0.00 0.00 0.52 2 -2.58 -
S 072 n.00 .00 -2 .88 217 ] -2R1 -
15— eaas | o0 00 | 7540 | 34526 - : _ :
Inf 121 | 000 | ooo | e | 237 | 22 | 232 | 2ss -
S 022 | 000 | 000 | 212 | 235 | 224 | 224 | 26 -
16 P2 2635 | oo 00 | -1620 | 347656 |——2 1 = 4 4 6/
Inf 038 | o 000 | 240 | 2110 | 295 | 199 | 250 -
S 100 | 000 | 000 | 157 | 258 250 | -2.50 | -2.82 N
17 24 11827 | o0 0.0 8330 | 35076 |—= e Lo/ - =
Inf 170 | 000 | 000 [ 348 | 178 [ 160 | 160 | 232 -
S 162 | 000 | 000 | L2t 2.88 2.82 | -282 | 30 -
18 22 1g116 | oo 0on |-12277] 35369 — - = N - -/
Inf 275 | 000 | o000 | 40e | 132 | a1 [ 111 | 1ss -
Suj -2.02 0.00 0.00 0.63 2.b5 2.62 -2.62 2.7 -
19 PP 23887 | o0 00 | -19256| 34803 - - =
Inf 3.43 0.00 0.00 -5.03 1.60 -1.35 -1.35 -2.38 -
5 2.1 0.00 0.00 -0.47 2.62 2.60 | -260 | -2.69 -
20 FP) 25431 | o0 00 |-20612| 34017 = - : 2 =
Inf 3.65 0.00 0.00 5.17 1.52 1.26 1.26 232

o First phase (after jacking of cables, t = 3 days)
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Figure 17b - Results of Guarita Viaduct - North

Momentos (kNm) A Protensdo o Solicitante (MN/m?) AoP o Total (MN/m?)
. — - o Prot - e
Secdo APerm Acidental M knm)| N kN | & perm Acidenta (MN/m?) Perm + Prot + Acidental Verificer
- ; Max | Min ELS-D | ELS-F | ELSCE
1 Sup 08 281 218 13.7 374 0.00 0.02 001 -0.68 -0.68 -
Inf 000 | ooa 004 245 | 244 ;
25 o5 | oo | 2s21| s | aen 005 024 004 L8 -
Inf -0.08 | 0.0 0.02 1 -
Sup 0.14 | 058 0.05 -
3] oo | oo | essof ass | sss 00 -
Sup 0. 039 005 -
a 297 | 2561 | 4571 | 107 | 597
Inf ’ 7! ’ 004 | 037 0.02 -
s 3 1560 | sasa | 2020 | 184 537 |05 | 025 002 -
Inf 023 | 079 0.06 -
6 P 2903 | soe7 | 1623 | as0 | sa0 |02 ] 014 001 -
Inf 032 | 116 0.10 -
Sup| ~ -0.20 0.05 .00 -
75 2308 | s228 | 607 | 386 | 426 [ 008 -
Sup .15 | 0.02 001 -
—] - 7 -
8 (o 1753 | 9185 | 196 | 117 29.4 Ty oa -
9 1224 1981 | 7508 | 1801 | 08 | -16.4 015 001 -
Inf 1.08 001 -
102" 53 | 4510 | 3781 | 150 | -110 032 002 -
Inf 0.65 0,01 -
Sup) " 0.52 003
nEH 1970 | 297 | 6125 291 | 46 oo o -
2P 4570 00 | ssas| 382 | a3 075 003 FIS-D
Inf 0.00 -0.06 B
132 7415 | 00 |-11516] 474 1.5 0.58 oo 004 ELS-D
Inf 0.00 -1.65 -0.07 -
13022 7345 | 00 |-11685| ses | -s32 0.99 009 -
Inf 0.00 -0.04 -
15 a270| 00 | 7335 | 384 | 7as 062 008 -
Inf 0.00 -0.01 -
Sup| 0.40 0.06 -
15 2P 1647 | 268 | 09| 128 | 325
Inf 0.04 004 -
161220 467 | aa13 | 2316 | o5 | -asa 0.20 005 -
Inf 0.63 007 -
17 5% 2063 | 7747 | 191 | 251 | 858 0.02 003 -
Int 111 009 -
Sup 0.00 003 -
185 3133 | 10395 | 00 311 | -826 a5 o1 -
5 500 | toi | ool -
19 2%) 4487 | 11893 | 00 | 538 | -338 =
Inf 064 | 171 0.13 -
20 2®) 4900 | 11622 | 00 | 511 | 759 2= { 0% e -
Inf 070 | 167 | ooo | o12 ELS D

9 Second phase (Pavement and concrete barrier loads, t = 28 days)
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Figure 17c¢ - Results of Guarita Viaduct - North
Momentos (kNm) A Protensdo o Salicitante (MN/m?) AcP o Total (MN/m?3)

. - - ¢ Prot - .

Sec3o APerm Acidental M(kNm)| N (k) | & perm Acidental (MN/m?) Perm + Perm + Prot + Acidental Verificar
4 - Max j ELS-D | ELS-F | ELSCE
0.00 2 -0.6 0.61 -

11°®] oo 281 | 218 | 522 | 102 | 000 | 002 0.05 0621 0

Inf 0.00 0.04 0.17 -2.24 -
2% 650 | oo | -2821| 200 | -1500 |20 | 024 0.12 -

Inf 0.00 0.00 0.07 -

Sup 000 | 058 0.14 -
3 _|I"If 0.0 0.0 685.0 -40.1 163.2 0.00 0.00 0.05 N

Sup 000 | 039 0.13 -
a = 0o | aser | sz a3 | 1as7 oo
s PO oo | sasa | -20a9 | ase | -1as7 200} 025 0.05 =

Inf 000 | 079 0.16 -
6 2® 00 | s007 | -1623 | 1300 | -1478 | 200 | 014 .01 -

Inl 0.00 1.16 0.28 -

Sup) . . 0.00 0.05 -0.02 -
7 — 0.0 923.9 -b0.7 128.4 -137.2

Inf 000 | 133 0.27 -

Sup ) 000 | ooz 0.02 N
g o 00 |ows | -es | 731 | 1208 Pt 15 -
o 3 60 | 7508 | -1801 | 427 | -sas | 200 ] 015 0.02 -

Inf 000 | 108 0.12 -
1022 o0 | asi0 | 3781 | 48 | 739 200 | 032 0.05

Int 0.00 0.65 0.04 -

Sup| 0.00 0.52 0.10
1P o0 | 207 | -6125| 639 | 664

Inf 0.00 0.04 -0.05 -
12 —SLD n.on nn -BR35 -13R7 -6F.R I};'UL? 0?5 0']:6 ELS-D

Inf 0.00 0.00 -0.16 -
13¢[2®) 00 | oo |-1:516] 1908 | 014 [ 000 ] 088 0.23 EL5-D

Inf 0.00 0.00 -0.23 -
13DS—LD 0.0 0.0 11685 -2347 -253.2 0.00 0.99 037 -

Inf 0.00 0.00 -0.17 -
1P o0 | oo | 7335 | 1046 | 2497 220 | 062 0.28 -

Inf n.nn 0.00 -0.05 -

Sup 000 | 040 0.21 y
15 Inf 0.0 26.8 -469.9 -61.0 -250.9 0.00 0.04 0.08 .
16120 oo | 4413 | 2316 71 | 2577 000 ] 020 0.16 -

Inf 0.00 0.63 0.18 -
17 S_LIJ 0.0 774.7 -19.1 60.5 -266.7 0.00 0.02 0.12 =

Inf 0oo | 11 0.26 -

Sup 0.00 0.00 0.10 -2.98 -2.93 -
13 Inf 0.0 1039.5 0.0 941 2741 0.00 1.49 0.21 ).36 0.27 ELS D
192 00 |i1s03] o0 | 1603 | -2808 |-200 } 000 0.05 293 -

Inf 0oo | 171 0.41 045 ELS-D

0.00 0.00 ) ~2.96 N

202%® 00 |ue2| oo | 1713 | 2755 - - 0.03

Inl 0.00 1.67 0.43 0.58 ELS-D

e Last phase (end of service life, t = 18250 days)
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